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Key Analogues of the Tetrapeptide Subunit of RA-VII and 
Deoxybouvardin 
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Abstract--The synthesis and evaluation of the analogues 3 and 4 of deoxybouvardin (1) and RA-VII (2), which contain modifica- 
tions in the tetrapeptide subunit, are described. Unlike the natural products and similar to our prior disclosure, the agents 3 and 
4, which substitute (Gly)4 and (Gly)3 for the D-AIa-Ala-NMe-Tyr(OMe)-AIa tetrapeptide subunit, exist in single rigid conforma- 
tions in which the central cycloisodityrosine amide adopts its preferred trans stereochemistry and both were found to be 
biologically inactive. Copyright © 1996 Elsevier Science Ltd 

Introduction 

Deoxybouvardin (1) ~ and RA-VII (2) 2 a re  representa- 
tive members of a large class of naturally occurring 
bicyclic hexapeptides 2 '~ which possess potent 
antitumor activity. ~7̀~s Both bouvardin and RA-VII 
have been shown to inhibit protein synthesis '7 t9 
through eukaryotic 80S ribosomal binding 2(' with inhibi- 
tion of both amino acyl tRNA binding and peptidyl 
tRNA translocation and this is presently thought to be 
the site of action responsible for their antitumor 
activity. 

In recent studies we have detailed the synthesis of a 
range of analogues of 2 in efforts to define the struc- 
tural and conformational properties of the natural 
products contributing to their biological properties. 2~-32 
Included in these efforts was the disclosure of 3 and 4 
which contain fundamental modifications within the 
tetrapeptide subunit in which (Giy)4 and (Gly)3 were 
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substituted for the D-Ala-AIa-NMe-Tyr(OMe)-AIa 
tetrapeptide.32 More recently, we disclosed an 
improved synthesis of the authentic L,L-cycloisodityro- 
sine derivatives, 33 which resulted in documentation of a 
remarkably facile epimerization and the reassignment 
of the stereochemistry of prior cycloisodityrosine inter- 
mediates. Herein, we report the resynthesis and evalu- 
ation of authentic 3 and 4 employing this authentic 
(9S,12S)-cycloisodityrosine and the reassignment of our 
prior derivatives 32 as 5 and 6. Analogous to our prior 
observations and conclusions made with 5 and 6, 3 and 
4 were found to exist in single rigid conformations in 
which the central amide in the cycloisodityrosine 
subunit adopts its inherently preferred trans stereo- 
chemistry and both were found to be biologically 
inactive. 

Results 

Synthesis of 4L-cycloisodityrosine benzyl ester (10). 
The benzyl ester of cycloisodityrosine employed in the 
synthesis of 3 and 4 was prepared from L,L-N-BOC- 
cycloisodityrosine methyl es te r  (7) 33 by saponification 
(2 equiv LiOH-H20, 3:1:1 THF:CH3OH:H20, 25 °C, 
6 h, 94%) followed by benzyl ester formation (1.2 equiv 
BnOH, 1.2 equiv DCC, CH2C12, 0-25 °C, 3 h, 81%). 
Subsequent acid-catalyzed N-BOC deprotection (2.2 N 
HCI:EtOAc, 25 °C, 0.5 h) and liberation of the free 
amine (saturated aqueous NaHCO3) provided 10 (84%, 
Scheme 1 ). 

Synthesis of 3. Coupling of 10 with 1132 (THF, 25 °C, 
4 h, 90%) followed by sequential hydrogenolysis of the 
benzyl ester 12 (H2, 10% Pd-C, CH3OH, 25 °C,'2 h, 
97%), acid-catalyzed N-BOC deprotection of the 
resulting acid 13 (2.2 N HCI-EtOAc, 25 °C, 50-60 
min, 100%), and subsequent macrocyclization of 14 
upon treatment with DPPA 34 (5.0 equiv, 10 equiv 
NaHCO3, 35 0.003 M DMF, 4 °C, 72 h) provided 3 (77% 
from 13) in good yield (Scheme 2). Compound 3 
proved distinct from that previously disclosed, 32 and the 
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Conformational properties of 3. Compound 3 was 
subjected to extensive spectroscopic studies including 
complete 1H NMR, and 2-D ~H-IH ROESY NMR in 
efforts to establish its solution conformational proper- 
ties. Unlike the naturally occurring bicyclic hexapep- 
tides which adopt a major and a minor solution 
conformation, the ~H NMR spectrum of 3 revealed a 
single solution conformation present in all solvents. In 
contrast to the predominant solution conformation 
found in deoxybouvardin and RA-VII which was 
observed to possess a characteristic N29-C3() cis amide 
and corresponds closely to the X-ray structure found 
for bouvardin, the conformation of 3 was found to lack 
the diagnostic CJ-H/C~%H NOE crosspeak in the 2-D 
~H-JH ROESY NMR spectrum and to exhibit a set of 
C'-H/N29-H and CJ%H/N2%H NOE crosspeaks 
diagnostic of a trans C3°-N 29 amide stereochemistry 
central to a typical type II 0-turn capped with a 
Gly~-NH--OzC-GIy 4 hydrogen bond. This solution 
conformation of 3 was also found to possess a trans 

C~-N ~ amide central to another typical type II [3-turn 
capped with a Giy4-NH--O=C-Gly ~ hydrogen bond 
and, in fact, to possess six trans amides. Diagnostic of 
this conformation, the 2-D JH-'H ROESY NMR 
spectrum exhibited strong C7-H/Ng-H and C'('-H/N9-H 
NOEs, but no C7-H/Cm-H NOE diagnostic of a trans 

CLN 9 amide. Similarly characteristic of the trans amide 
stereochemistry, no crosspeaks between CLH/C4-H, 
C4-H/C7-H, C"'-H/C1LH and C13-H/C]6-H were 
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observed. The establishment of the two hydrogen 
bonds which cap the two type II 13-turns was derived 
from the observation of amide NH exchange rates and 
solvent dependent chemical shift perturbations. These 
studies revealed that the chemical shifts of only N3-H 
and N~2-H were not perturbed upon changes in solvent 
and to exhibit the smallest 8 in DMSO-d6 (6=7.55 and 
7.31), while N6-H, Ng-H, and N~5-H were fully solvent 
accessible, exhibited the greatest solvent dependent 
chemical shift perturbations, and were not engaged in 
the intramolecular hydrogen bonding (DMSO-d6, 
6=8.48, 8.46, and 8.66, respectively). The N29-H also 
exhibited an intermediate degree of solvent shielding 
(DMSO-d6, 6=7.76) and may also be engaged in a 
weak hydrogen bond or simply sterically less accessible 
to the solvent. Solvent exchange rates for the six 
amides were conducted in 25% CD3OD3-CHCI3 and 
confirmed these observations. The N3-H and NX2-H 
exhibited very slow exchange rates (t~/2>36 h) 
consistent with their participation in tight intra- 
molecular hydrogen bonding. In contrast, the N6-H, 
Ng-H, and N~5-H exchanged rapidly (tl/2< 1 h) and the 
N29-H only slightly slower (ill 2 = 2 h). 

An exhaustive conformational search of 3 35-37 

conducted to locate all accessible trans amide confor- 
mations followed by further minimization of the indivi- 
dual conformations with imposition of NOE distance 
constraints (+15%)  derived from the ~H-~H ROESY 
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Figure 1. (A) X-ray crystal structure of deoxybouvardin (1). t3 (B) 
Solution phase conformation of 3. 

NMR (100 kJ A -2) and fixed amide torsional angles 
(180+10 °, 1000 kJ mol -~) revealed that only one 
located conformation fit the imposed NOE distance 
constraints and satisfied the unrestricted hydrogen- 
bonding constraints (Fig. 1). The hydrogen-bond 
distances for GlyJ-NH--O=C-GIy 4 and Gly4-NH -- 
O = C - G I y  I were 2.34 and 2.48 ~, respectively. In 
addition, the calculated coupling constants for the six 
amide protons and their cx-protons matched the experi- 
mental values well without imposing deliberate 
restraints (Table 1). 

Characteristic of this conformation is the trans N2%C 3° 
amide central to the cycloisodityrosine subunit 
constrained to a typical type II 13-turn capped by a tight 
GIy~-NH--O~C-Gly 4 hydrogen bond. It also bears a 
second type II 13-turn at the N%C ~ amide capped by a 
tight Glya-NH--O~C-Gly ~ hydrogen bond and 

Table 1. Comparison of the calculated ~ and observed h ]H NMR 
coupling constants of 3 

Coupling constant (J, Hz) 

Calculated Observed 

GIyI-NH/GIyI~-HI 2.5 1.6 
GIyI-NH/Glyl~-H2 6.2 8.5 
Gly2-NH/Gly2~-HI 5.8 5.6 
GIy2-NH/GIy2~-H2 6.2 6.4 
GIy3-NH/GIy3~-HI 2.7 5.0 
GIy~-NH/GIy3~-H2 8.7 6.8 
Gly4-NH/Glya~-HI 3.3 2.6 
GIy4-NH/GIy4~-H2 4.8 6.4 
Tyr%NH/TyrS"-H 7.8 4.2 
TyrS~-HfFyrS~-H~ 4.5 4.2 
TyrS~-H/TyrS~-H~ 11.6 13.9 
Tyr6-NH/Tyr6~-H 6.6 7.4 
Tyr6~-H/Tyr~-H~ 2.5 - -  
Tyr6~-H/Tyr6~-H~ 11.8 11.0 

~Taken from the computer-generated models (Fig. 1). 
hDMSO-d6. 
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Table 2. Cytotoxic activity 

Agent ICs, (L1210, lag/mL 

1, deoxybouvardin 0.002 
2, RA-VII 0.001 
3 >10 
4 >10 
5 2 
6 >10 

resembles the predominant conformation of the 
natural products in this region. Unlike the natural 
products, 3 adopts only a single solution conformation 
which possesses the inherently preferred C3"-N 29 as well 
as C8-N 9 trans amides, which are central to two typical 
type II 13-turns capped with hydrogen bonds. 

Cytotoxic activity. The in vitro cytotoxic activity of 
1-6 is summarized in Table 2. Consistent with prior 
observations in which agents that adopt a trans Nzg-C 3° 
amide were found to be biologically inactive, the agents 
3 and 4, like 5 and 6, exhibited no cytotoxic activity and 
were > 10,000 x less potent than 1 and 2. 

Experimental 

12(S)-[N-(tert-Butyloxy)carbonyl]amino- 4-methoxy-ll- 
oxo-10-aza-2-oxatricyclo [ 12.2.2.13, 7] nonadeca-3,5,7 (19), 
14,16,17-hexaen-9(S)-carboxylic acid (8). A solution 
of (9S,12S)-733 (24 mg, 0 .05 mmol) in THF: 
CH3OH:H20 (3:1:1, 2 mL) was treated with LiOH- 
H20 (4.3 mg, 0.10 mmol, 2.0 equiv) at 25 °C under Ar. 
The resulting reaction mixture was stirred at 25 °C for 
6 h. The organic solvents were removed under a steady 
stream of N2 and the residue was treated with H20 (2 
mL), EtOAc (5 mL) and 10% aq HCl (pH 3.0). The 
two layers were separated, and the aq phase was 
extracted with EtOAc (4x5 mL). The combined 
EtOAc extracts were washed with H20 (2 mL) and 
satd aqueous NaCI (2 mL), dried (MgSO4), and 
concentrated in vacuo to afford 8 (21.9 mg, 23.3 mg 
theoretical, 94%) as a white solid, which was directly 
used in the following reaction without further purifica- 
tion: tH NMR (CDC13, 400 MHz) ~ 7.25-7.30 (m, 2H, 
C15- and C18-H), 7.14 (dd, 1H, J=2.0, 8.2 Hz, C16- or 
C17-H), 7.04 (dd, 1H, J=2.0, 8.2 Hz, C17- or CI6-H), 
6.73 (d, 1H, J=8.2 Hz, C5-H), 6.56 (dd, 1H, J=2.0, 8.2 
Hz, C6-H), 6.01 (br s, 1H, N10-H), 5.10 (br s, 1H, 
NHBOC), 4.90 (d, 1H, J=2.0 Hz, C19-H), 4.56 (m, 
1H, C12-H), 4.10 (m, 1H, C9-H), 3.93 (s, 3H, 
ArOCH3), 3.48 (rid, 1H, J=4.6, 13.6 Hz, C13-H[3), 
2.88-2.96 (m, 2H, C13-Hct and C8-H13), 2.74 (dd, 1H, 
J=7.3, 16.2 Hz, C8-H~), 1.47 (s, 9H, CO2C(CH3)3); IR 
(neat) Vm,x 3313, 2954, 2862, 1759, 1707, 1662, 1585, 
1497, 1441, 1364, 1226, 1200, 1164, 1092, 1046, 908, 
867, 774, 728 cm-t; FABHRMS (NBA-CsI): m/e 
589.0965 (M + + Cs, C24H28N207 requires 589.0951). 

Benzyl 12(S).[N.(tert.butyioxy)carbonyi]amino-4-meth- 
oxy- 11-oxo- 10- aza-2 - oxatricyclo [ 12.2.2.13'7 ] nonadeca-3, 

5,7(19),14,16,17-hexaen-9(S)-carboxylate (9). A solution 
of 8 (8.0 mg, 0.018 mmol) in anhydrous CH2CI2 (1.0 
mL) was treated with benzyl alcohol (2.3 mg, 2.2 gL, 
0.021 mmol, 1.2 equiv), DCC (4.4 mg, 0.021 mmol, 1.2 
equiv), and DMAP (1.1 mg, 0.0088 retool, 0.5 equiv) at 
0°C under Ar. The resulting reaction mixture was 
stirred at 0°C for 1 h and 25 °C for 2 h before the 
solvent was removed in vacuo. Chromatography (SiO2, 
1 ×5 cm, 10-30% EtOAc-hexane gradient elution) 
afforded 9 (7.7 mg, 9.6 mg theoretical, 81%) as a color- 
less oil, which solidified upon standing: ~H NMR 
(CDCI3, 400 MHz) 8 7.25-7.36 (m, 7H, C15- and 
C18-H and ArH), 7.05 (m, 2H, C16- and C17-H), 6.75 
(d, 1H, J=8.2 Hz, C5-H), 6.56 (dd, 1H, J=2.0, 8.2 Hz, 
C6-H), 5.80 (br s, 1H, N10-H), 5.21 (d, 1H, J=12.3 Hz, 
CO2CHH), 5.13 (d, 1H, J=12.3 Hz, CO2CHH), 5.08 
(br s, 1H, NHBOC), 5.00 (d, 1H, J=2.0 Hz, C19-H), 
4.57 (m, 1H, CI2-H), 4.26 (m, 1H, C9-H), 3.93 (s, 3H, 
ArOCH3), 3.50 (dd, 1H, J=4.8, 13.4 Hz, C13-HI3), 
2.75-2.95 (m, 3H, C8-Hz and Cl3-Hct), 1.48 (s, 9H, 
CO2C(CH3)3); IR (neat) Vm~x 2926, 2851, 1717, 1672, 
1518, 1261, 1163, 1130, 1026, 912, 867, 803, 728 cm ~; 
FABHRMS (NBA-CsI) m/e 679.1435 (M + + Cs, 
C31H34N207 requires 679.1420). 

Benzyl 12(S)-amino-4-methoxy-11-oxo-10-aza-2-oxatri- 
cyclo [12.2.2.13'7] nonadeca-3,5,7(19), 14,16,17-hexaen-9- 
(S)-carboxylate (10). A solution of 9 (15.2 mg, 0.028 
mmol) in 2.2 N HCI-EtOAc (2.0 mL) was stirred at 
25 °C for 30 min. The volatiles were removed in vacuo 
and the residue was treated with satd aq NaHCO3 (1.5 
mL). The resulting aqueous solution was extracted with 
EtOAc (4 × 4 mL). The combined EtOAc extracts were 
washed with H20 (2 mL) and satd aq NaC1 (2 mL), 
dried (MgSO4), and concentranted in vacuo. Flash 
chromatography (SiO2, 1 x4 cm, 0-8% CH3OH- 
CHCI3 gradient elution) afforded 10 (10.5 mg, 12.5 mg 
theoretical, 84%) as a white solid: ~H NMR (CDCI3, 
400 MHz) ~ 7.30-7.34 (m, 6H, C15- or C18-H and 
ArH), 7.23 (br s, 1H, N10-H), 7.12 (dd, 1H, J=2.0, 8.2 
Hz, C18- or C15-H), 7.10 (dd, 1H, J=2.0, 8.2 Hz, C16- 
or C17-H), 7.00 (dd, 1H, J=2.0, 8.2 Hz, C17- or 
C16-H), 6.73 (d, IH, J=8.2 Hz, C5-H), 6.56 (dd, 1H, 
J=2.0, 8.2 Hz, C6-H), 5.12 (d, 1H, J=12.3 Hz, 
CO2CHH), 5.10 (d, 1H, J=12.3 Hz, CO2CHH), 5.03 (d, 
1H, J--2.0 Hz, C19-H), 4.19 (m, IH, C9-H), 3.93 (s, 
3H, ArOCH3), 3.90 (m, 1H, C12-H), 3.49 (dd, 1H, 
J=3.0, 11.4 Hz, C13-H[3), 2.83 (d, IH, J=16.0 Hz, 
C8-H[3), 2.81 (t, 1H, J = l l . 4  Hz, C13-H~t), 2.70 (dd, 
1H, J =  10.5, 16.0 Hz, C8-Hat), 1.71 (br s, 2H, NH2); IR 
(neat) Vm,x 3345, 2926, 2841, 1744, 1662, 1588, 1502, 
1441, 1263, 1206, 1174, 1128, 1024, 974, 903, 867, 789, 
728 cm ~; FABHRMS (NBA-CsI) m/e 579.0890 
(M + + Cs, C26H26N205 requires 579.0896). 

BOC-Glycyi -glycyl -glycyi- glycyl-L-tyrosyi -O- methyl -L- 
tyrosine cyclic 54--,63 ether, benzyl ester (12). A solution 
of 10 (2.8 rag, 0.0062 mmol) in anhyd THF (0.5 mL) 
was treated with 1132 (3.8 mg, 0.0075 mmol, 1.2 equiv) 
at 25 °C under Ar. The resulting reaction mixture was 
stirred at 25 °C for 4 h under Ar before the solvent was 
removed under a steady stream of N2. Chromatography 
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(SiO:, 1 x5 cm, 0-10% CH3OH-CHC13 gradient 
elution) afforded 12 (4.3 mg, 4.8 mg theoretical, 90%) 
as a white solid mp >250 °C (dec); ~H NMR (CD3OD, 
400 MHz) 6 7.39 (dd, 1H, J=2.0, 8.2 Hz, Tyr~"-H), 
7.28-7.30 (m, 5H, ArH), 7.19 (dd, 1H, J=2.0, 8.2 Hz, 
Ty¢~"-H), 7.00 (dd, 1H, J=2.0, 8.2 Hz, Tyr~':"-H), 6.91 
(dd, 1H, J=2.0, 8.2 Hz, Ty¢~-H), 6.79 (d, 1H, J=8.2 
Hz, Tyr"~"-H), 6.54 (dd, 1H, J=2.0, 8.2 Hz, Tyr~"-H), 
5.16 (d, 1H, J=2.0 Hz, Tyr"~b-H), 5.03 (d, 1H, J=12.8 
Hz, CO~CHH), 4.99 (d, 1H, J=12.8 Hz, CO2CHH), 
4.64 (m, 1H, TyrS~-H), 4.06 (m, 1H, Tyr"~-H), 3.95 (s, 
3H, ArOCH3), 3.71-3.91 (m, 8H, GIy~-H), 3.30-3.34 
(m, 1H, Tyr~l~-HI3, partially obscured by solvent), 2.99 
(dd, 1H, J=8.3, 16.2 Hz, Tyr6~-Ha), 2.95 (dd, 1H, 
J=6.9, 12.0 Hz, TyrSP-Ha), 2.83 (d, 1H, J=16.2 Hz, 
Tyr"~-Hl~), 1.44 (s, 9H, CO2C(CH3)3); IR (neat) Vm,~ 
3299, 3086, 2924, 2852, 1647, 1554, 1519, 1417, 1368, 
1250, 1174, 1028, 864,  668 cm ~; FABHRMS 
(NBA-CsI) m/e 907.2245 (M + +Cs, C39Ha6N60~, 
requires 907.2279). 

Cyclo (glycyl- glycyl- glyeyl- glycyl- L- tyrosyl- 0 -  methyl- L- 
tyrosyl) cyclic 54--~63 ether (3). A solution of 12 (4.3 
mg, 0.0055 mmol) in anhydrous CH3OH (2 mL) was 
treated with 10% Pd-C (1.0 mg, 25% wt equiv) and 
stirred under an atmosphere of H~ (1 atm) at 25 °C for 
2 h. The reaction mixture was filtered through Celite 
(CH3OH wash), concentrated in vacuo, and dried 
thoroughly under vacuum to afford 13 (3.7 mg, 3.8 mg 
theoretical, 97%) as a white solid, which was directly 
used in the following reaction without further 
purification. 

A solution of 13 (3.7 mg, 0.0053 mmol) in 2.2 M 
HCI-EtOAc (1.0 mL) was stirred at 0°C for 10 min 
and 25 °C for 50 min. The volatiles were removed in 
vacuo and the residue was dried thoroughly under 
vacuum to afford 14 (3.3 mg, 3.3 mg theoretical, 100%) 
as a white solid, which was used directly in the next 
reaction. 

A solution of 14 (3.3 mg, 0.0053 mmol) in anhydrous 
DMF (2.0 mL) was cooled to 0°C and treated with 
NaHCO3 (4.6 mg, 0.0053 mmol, 10.0 equiv) and 
diphenylphosphoryl azide (DPPA, 7.5 mg, 6.0 pL, 0.027 
mmol, 5.0 equiv) under Ar. The resulting reaction 
mixture was stirred at 4 °C for 72 h before the solvent 
was removed in vacuo. The residue was treated with 
H20 (2.0 mL) and 15% iPrOH-CHCI3 (4 mL), and 
the aqueous layer was extracted with 15% iPrOH- 
CHCI3 (4 x 4 mL). The combined organic extracts were 
washed with H20 (2 mL) and satd aq NaCI (2 mL), 
dried (MgSO4), and concentrated in vacuo. Chroma- 
tography (SIO2, l x5 cm, 0-15% iPrOH-CHC13 
gradient elution) afforded 3 (2.3 mg, 3.0 mg 
theoretical, 77%) as a white solid: mp >250°C; 
[a]~+ 15 (c 0.1, 50% CH3OH-CHCI.0; ~H NMR (25% 
CD3OD-CDC13, 400 MHz) 6 7.65 (dd, 1H, J=2.0, 8.2 
Hz, Tyr~b-H), 7.16 (dd, 1H, J=2.0, 8.2 Hz, TyrS~"-H), 
7.13 (dd, IH, J=2.0, 8.2 Hz, TyrS':"-H), 6.90 (dd, 1H, 
J = 2.0, 8.2 Hz, Tyr5':"-H), 6.76 (d, 1 H, J =  8.2 Hz, Tyr "':'- 
H), 6.60 (dd, 1H, J=2.0, 8.2 Hz, Tyr"~"-H), 4.96 (d, 1H, 
J=2.0 Hz, Tyr~6~-H), 3.58-4.61 (m, 10H, Tyr ~-, Tyr "~- 

and eight GIy~-H), 3.90 (s, 3H, ArOCH3), 3.45 (dd, 1H, 
J =  6.8, 14.2 Hz, Tyr~P-HI3), 2.81-3.07 (m, 3H, TyrSP-H~ 
and Tyr61LH2); 'H NMR (DMSO-d6, 400 MHz) ~ 8.66 
(d, 1H, J=4.2 Hz, TyrS-NH), 8.48 (dd, 1H, J=5.6, 6.4 
Hz, GIy2-NH), 8.46 (dd, 1H, J=5.0, 6.8 Hz, GIy3-NH), 
7.89 (dd, 1H, J=2.3, 8.2 Hz, TyrS6"-H), 7.76 (d, 1H, 
J=7.4 Hz, Tyr6-NH), 7.55 (d, 1H, J=7.8 Hz, GIy~-NH), 
7.31 (d, 1H, J=6.4 Hz, Gly4-NH), 7.13 (dd, 1H, J=2.3, 
8.2 Hz, TyrS~"-H), 7.12 (dd, 1H, J=2.3, 8.2 Hz, Tyr 5~b- 
H), 6.94 (dd, 1H, J=2.3, 8.2 Hz, TyrS':"-H), 6.88 (d, 1H, 
J=8.3 Hz, Tyr6~"-H), 6.64 (dd, 1H, J=2.0, 8.2 Hz, 
Tyr6~"-H), 4.91 (d, 1H, J=2.0 Hz, Tyr6~"-H), 4.39 (m, 
1H, TyrS~-H), 4.29 (dd, 1H, J=7.7, 17.2 Hz, Gly4~-Ha), 
4.10 (dd, 1H, J=8.5, 16.8 Hz, GlyJ~-Ha), 3.89 (dd, IH, 
J=2.6, 17.2 Hz, Gly4~-Hb), 3.82 (s, 3H, ArOCH3), 3.81 
(dd, 1H, J=6.8, 15.8 Hz, Gly~-Ha), 3.76 (dd, 1H, 
J=5.2, 11.0 Hz, Tyr~'-H), 3.69 (dd, 1H, J=6.6, 14.8 Hz, 
Gly2~-Ha), 3.62 (d, 1H, J=5.6, 14.8 Hz, Gly2~-Hb), 3.59 
(dd, 1H, J=4.9, 15.8 Hz, Gly3~-Hb), 3.46 (dd, 1H, 
J=l .6 ,  16.8 Hz, GlyJ'-Hb), 3.31 (dd, 1H, J=4.2, 13.9 
Hz, TyrS~-Hl~), 3.03 (d, 1H, J =  13.9 Hz, Tyr~f~-H:t), 2.89 
(dd, 1H, J= l l . 0 ,  16.2 Hz, Tyr6~-Ha), 2.73 (d, 1H, 
J =  16.2 Hz, Tyr6P-HI3); IR (neat) Vm,x 3491, 3341, 2919, 
1628, 1531, 1461, 1426, 1327, 1260, 1210, 1129, 1033, 
981, 863, 789 cm ~; FABHRMS (NBA-CsI) m/e 
699.1158 (M + + Cs, C27H3~N6Os requires 699.1179). 

~H NMR (DMSO-d6, 400 MHz) with irradiation at 8.66 
ppm (d, TyrS-NH) led to the change of the signal at 
4.39 ppm (m, TyrS~-H) to a doublet; irradiation at 8.48 
ppm (dd, Gly2-H) led to the collapse of the signal at 
3.69 ppm (dd, Gly2-Ha) to a doublet and to the 
collapse of the signal at 3.62 ppm (dd, Gly2~-Hb) to a 
doublet; irradiation at 8.46 ppm (dd, Gly3-NH) led to 
the collapse of the signal at 3.81 ppm (dd, Gly3"-Ha) to 
a doublet and to the collapse of the signal at 3.59 ppm 
(dd, Giy3~-Hb) to a doublet; irradiation at 7.89 ppm 
(dd, TyrS~h-H) led to the collapse of the signal at 7.13 
ppm (dd, Tyr56"-H) to a doublet and to the collapse of 
the signal at 7.12 ppm (dd, TyrS':b-H) to a doublet; 
irradiation at 7.76 ppm (d, Tyr~-NH) led to the collapse 
of the signal at 3.76 ppm (dd, Tyr6~-H) to a doublet; 
irradiation at 7.55 ppm (d, GIyI-NH) led to the 
collapse of the signal at 4.10 ppm (dd, GlyJ~-Ha) to a 
doublet and the signal at 3.46 ppm (dd, GlyJ'-Hb):to a 
doublet; irradiation at 7.31 ppm (d, Glyn-NH) led to 
the collapse of the signal at 4.29 ppm (dd, Gly4~-Ha) to 
a doublet and to the collapse of the signal at 3.89 ppm 
(dd, Gly4~-Hb) to a doublet; irradiation at 6.64 ppm 
(dd, Tyrant'-H) led to the collapse of the signal at 6.88 
ppm (d, Tyr~"-H) to a singlet and to the collapse of the 
signal at 4.91 ppm (d, Tyr~h-H) to a singlet; irradiation 
at 3.03 ppm (d, Tyr~P-HQ¢) led to the collapse of the 
signal at 3.31 ppm (dd, Tyr~-HI3) to a doublet; irradia- 
tion at 2.73 ppm (d, Tyr6~-HI3) led to the collapse of 
the signal at 2.89 ppm (dd, Tyr6P-H~t) to a doublet. 

The ~H-~H ROESY NMR spectrum of 3 (DMSO-d,, 
400 MHz) displayed diagnostic NOE crosspeaks for 
TyrS-NH/TyrS~h-H, TyrS-NH/TyrS~-H, Tyr%NH/Gly4~-Hb, 
Tyr-~-NH/TyrS~-Hc¢, Gly2-NH/Giy~'-Hb, Gly2-NH/Gly2~-Ha, 
Gly3-NH/GIy4-NH, GIy3-NH/GIy3~-Ha, GIy3-NH/Gly 3~- 
Hb, GIy3-NH/Gly2~-Hb, Tyr56b-H/TyrS':b-H, Tyr56h-H/Tyr 5~- 
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Ha, Tyr6-NH/GlyJ-NH, Tyr%NH/Tyr66b-H, Tyr6-NH/ 
Tyr-~-H, Tyr6-NH/Tyr6"-H, GIy~-NH/Gly~-Hb, Tyr TM- 

H/Tyr~b-H, TyrS~"-H/TyrS~-HI3, TyrS~-a-H/Tyr6~h-H, Tyr ~.- 
H/Tyr6-OCH3, Tyr6~"-H/Tyr6~"-H, Tyr6~"-H/Tyr~-HI3, 
Tyr66h-H/Tyr6~-H, Tyr~h-H/Tyr6~-Ha, TyrS~-H/TyrS~-H~, 
TyrS~-H/TyrS~-HI3, Gly4~-Ha/Gly4~-Hb, Gly~-Ha,/GP ~- 
Hb, Gly3~-Ha/Gly3~-Hb, Tyr6~-H/Tyr6~-HI3, Gly2~-Ha/ 
Gly2~-Hb, Tyr~-HI3/TyrS~-Ha, Tyr6~-H~/Tyr~l~-HI3. 

BOC-Glycyl-glycyl-glycyl-L-tyrosyI-O-methyl-L-tyrosine 
cyclic 44--*53 ether, benzyl ester (15). A solution of 10 
(2.8 mg, 0.006 mmol) in anhydrous THF (0.5 mL) was 
treated with 1532 (3.4 mg, 0.0075 mmol, 1.2 equiv) at 
25 °C under Ar and the resulting reaction mixture was 
stirred at 25°C for 2 h under Ar. The solvent was 
removed under a steady stream of N2. Chromatography 
(SiO2, 1 x5 cm, 0-8% CH3OH-CHCI3 gradient 
elution) afforded 16 (4.0 mg, 4.4 mg theoretical, 91%) 
as a white solid: mp >250°C (dec); ~H NMR 
(CD3OD , 400 MHz) 6 7.39 (dd, 1H, J=2.0, 8.2 Hz, 
Tyr4~-H), 7.28-7.30 (m, 5H, ArH), 7.20 (dd, 1H, 
J--2.0, 8.2 Hz, Tyr4~b-H), 7.01 (dd, 1H, J=2.0, 8.2 Hz, 
Tyr4~"-H), 6.89 (dd, I H, J=2.0, 8.2 Hz, Tyr~b-H), 6.80 
(d, 1H, J=8.2 Hz, Tyr~"-H), 6.54 (dd, 1H, J=2.0, 8.2 
Hz, TyrS~"-H), 5.16 (d, 1H, J=2.0 Hz, Tyr56b-H), 5.03 
(d, 1H, J =  12.4 Hz, CO2CHH), 5.00 (d, 1H, J =  12.4 Hz, 
CO2CHH), 4.64 (m, 1H, Tyr4~-H), 4.05 (m, 1H, 
TyrS~-H), 3.95 (s, 3H, ArOCH3), 3.66-3.91 (m, 6H, 
GIy~-H), 3.30-3.34 (m, 1H, Ty¢~-H[3, partially 
obscured by solvent peak), 2.99 (dd, 1H, J=4.3, 16.0 
Hz, TyrS~-Ha), 2.95 (dd, 1H, J=6.7, 12.7 Hz, Tyr4~-Ha), 
2.83 (d, 1H, J=16.0 Hz, TyrS~-H[3), 1.44 (s, 9H, 
CO2C(CH3)3); IR (neat) Vm,~ 3320, 2926, 2851, 1653, 
1521, 1350, 1261, 1164, 1129, 1027, 864 cm ~; 
FABHRMS (NBA-CsI) m/e 850.2048 (M ~ +Cs, 
C37H43N501o requires 850.2064). 

Cycio (glycyl- glycyl- glycyl- L-tyrosyl- O-methyl-L-tyrosyl) 
cyclic 44--~53 ether (4). A solution of 15 (4.0 mg, 
0.0055 mmol) in anhyd CH3OH (2 mL) was treated 
with 10% Pd-C (1.0 rag, 25% wt equiv) and stirred 
under an atmosphere of H2 (1 atm) at 25 °C for 2 h. 
The reaction mixture was filtered through Celite 
(CH3OH wash), concentrated in vacuo, and dried 
thoroughly under vacuum to afford 16 (3.4 mg, 3.5 mg 
theoretical, 97%) as a white solid, which was used 
directly in the following reaction without further 
purification. 

A solution of 16 (3.4 mg, 0.0053 mmol) in 2.2 M 
HC1-EtOAc (1.0 mL) was stirred at 0 °C for 10 min 
and 25 °C for 50 min. The volatiles were removed in 
vacuo and the residue was dried thoroughly under 
vacuum to afford 17 (3.1 mg, 3.1 mg theoretical, 100%) 
as a white solid, which was used directly in the next 
reaction. 

A solution of 17 (3.1 rag, 0.0053 mmol) in anhydrous 
DMF (2.0 mL) was cooled to 0 °C and treated with 
NaHCO3 (4.6 mg, 0.053 mmol, 10.0 equiv) and DPPA 
(7.5 mg, 6.0 gL, 0.027 mmol, 5.0 equiv) under Ar. The 
resulting reaction mixture was stirred at 4 °C for 72 h 
before the solvent was removed in vacuo. The residue 

was then treated with H20 (1.0 mL) and 15% iPrOH- 
CHC13 (4.0 mL), and the aqueous layer was extracted 
with 15% iPrOH-CHC13 (4x5 mL). The combined 
organic extracts were washed with H20 (2 mL) and 
satd aq NaC1 (2 mL), dried (MgSO4), and concentrated 
in vacuo. Chromatography (SiO2, 1 x5 cm, 0-10% 
iPrOH-CHCI3 gradient elution) afforded 4 (1.8 mg, 
2.9 mg theoretical, 63%) as a white solid: mp > 250 °C; 
[a]~-68 (c 0.1, 50% CH3OH-CHCI3); 'H NMR (25% 
CD3OD-CDC13, 400 MHz) 5 7.54 (dd, 1H, J=2.4, 8.4 
Hz, Tyr4~b-H), 7.28 (dd, 1H, J=2.4, 8.4 Hz, Tyr46a-H), 
7.26 (dd, 1H, J=2.4, 8.4 Hz, Tyr4~"-H), 7.07 (dd, 1H, 
J=2.4, 8.4 Hz, Tyr4~b-H), 6.71 (d, 1H, J=8.2 Hz, Tyr ~"- 
H), 6.50 (dd, 1H, J=2.0, 8.2 Hz, Tyr56"-H), 4.97 (d, 1H, 
J=2.0 Hz, TyrS6b-H), 4.41 (t, 1H, J=5.2 Hz, Tyr4~-H), 
3.58-4.14 (m, 7H, TyrS~-H and six GlyZ-H), 3.87 (s, 3H, 
ArOCH3), 3.35 (dd, 1H, J=6.8, 12.7 Hz, Tyr4~-HI3), 
3.04 (dd, 1H, J=4.6, 14.6 Hz, Ty¢~-Ha), 2.87-2.90 (m, 
2H, TyrS~-HI3 and Tyr4~-Ha); IR (neat) Vm,x 3355, 2945, 
2851, 1663, 1641, 1516, 1447, 1415, 1260, 1205, 1126, 
1025, 877, 836 cm-l; FABHRMS (NBA-CsI) m/e 
642.0986 (M + + Cs, C25H27N507 requires 642.0965). 

~H NMR (25% CD3OD-CDC13, 400 MHz) with irradi- 
ation at 7.54 ppm (dd, Tyr4~h-H) led to the collapse of 
the signal at 7.28 ppm (dd, Tyr46"-H) to a doublet and 
to the collapse of the signal at 7.07 ppm (dd, Tyr4~h-H) 
to a doublet; irradiation at 6.50 ppm (dd, Tyr56"-H) led 
to the collapse of the signal at 6.71 ppm (d, Ty¢':"-H) 
to a singlet and to the collapse of the signal at 4.97 
ppm (d, TyrS~b-H) to a singlet. 
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