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Our studies of structurally constrained peptides have 
prompted us to design and synthesize compounds which 
contain the sterically hindered residues N-methyl-2- 
aminoisobutyric acid and N-methyl-1-aminocyclopentane- 
carboxylic acid ((NMe)Aib and (NMe)aAc5c, respectively). 
The challenges of incorporating such a-amino acid de- 
rivatives into peptide compounds were addressed in recent 
studies.' Syntheses of the hexapeptides.c[(NMe)Aib-Phe- 
D-Trp-Lys-Thr-Phe] (la) and c[ (NMe)aAc%-Phe-D-Trp- 
Lys-Thr-Phel ( lb) were planned via a direct application 
of these findings. During the independent protocols in 
the synthesis of la and l b  we observed products of 
unexpected amide bond cleavage reactions which have 
not been reported before in similar procedures. Infor- 
mation from the characterization and analysis of the 
structures of both the desired and unexpected products 
may provide insight into the effect of highly sterically 
hindered substituents on peptide backbone stability. 

Target hexapeptides la,b were to be obtained (Scheme 
I) by acidolytic deprotection of the protected derivatives 
c[(NMe)AibPhe-~Trp-Lys(Boc)-Thr(tBu)-Phel(2a) and 
c[ (NMe)c~Ac~c-Phe-~-Trp-Lys( Boc)-Thr(tBu)-Phel(2b). 
Compounds 2a,b were isolated after two steps including 
cyclization between the residues Phe and D-Trp. Fully 
protected linear hexapeptides 3a,b were obtained from a 
fragment condensation reaction between Cbz-D-Trp-Lys- 
(Boc)-Thr(tBu)-OH (4) and the tripeptide H-Phe-Xaa- 
Phe-OBzl (Sa,b where Xaa = (NMe)Aib and (NMe)aAc5c, 
respectively). Syntheses of the Nu-Boc protected deriv- 
atives of compounds Sa,b have been described in detail.la 

The tripeptide 4 (Scheme 11) is a common fragment in 
both families of peptides and was synthesized in a stepwise 
manner. Precursor Nps-Lys(Boc)-Thr(tBu)-OMe (6) was 
isolated from a mixed anhydride reaction between Nps- 
Lys(Boc)-OH and H-Thr(tBu)-OMe using isobutyl chlo- 
roformate. The Nps protection was selectively removed 
in the presence of the tert-butyl-based side chain pro- 
tections with 1 equiv of HC1 in EbO at  0 "C to give the 
hydrochloride 7. By subsequent coupling reaction with 
Cbz-D-Trp-OH using EDC/HOBt, we obtained the tri- 
peptide 8. Saponification of the methyl ester with LiOH 
in THF/H20 gave the carboxylic acid Cbz-D-Trp-Lys(Boc)- 
Thr(tBu)-OH (4) in good yield (89%). The lH- and I3C- 
NMR spectra of carboxylic acid 4 strongly indicate the 
absence of epimerization under the basic conditions of 
reaction. 

Fragment condensation reactions (Scheme 111) were 
carried out between Cbz-D-Trp-Lys(Boc)-Thr(tBu)-OH 
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Scheme I 
c[Xaa-PheD-Trp-Lys-Thr-Phe] (la,b) 

la: Xaa = (NMe)Aib 
lb: Xaa = (NMe)aAc5c 

U 
c[Xaa-PheD-Trp-Lys(Boc)-Thr(tBu)-Phe] (2a,b) 

u 
Cbz-D-Trp-Lys(Boc)-Thr(tBu)-Phe-Xaa-Phe-OBzl (3a,b) 

U 
Cbz-0-Trp-Lys(Boc)-Thr(tBu)-OH H-Phe-Xaa-Phe-OBzl 

Scheme I1 
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(4) and H-Phe-Xaa-Phe-OBzl (Sa,b) using EDC/HOOBt 
(3-hydroxy-1,2,3-benzotriazin-4(3H)-one).z Catalytic hy- 
drogenolysis of the linear hexapeptides provided for the 
removal of benzyloxycarbonyl and benzyl ester protections 
simultaneously, giving H-D-Trp-Lys(Boc)-Thr(tBu)-Phe- 
Xaa-Phe-OH (9a,b). After cyclization with diphenyl 
phosphorazidate3 at 4-6 OC, the cyclic products 2a and 2b 
were obtained. 

Simultaneous acidolysis of tert-butyl ether and Nc-Boc 
protections from compounds 2a,b was carried out with 
TFA in the presence of scavengers. While the deprotected 
compounds c[Xaa-Phe-D-Trp-Lys-Thr-Phel (la,b) were 
expected, linear peptide compounds were isolated from 
RP HPLC separation of the reaction mixtures. Results 
of FAB-MS and 2D ROESY 'H-NMR experiments iden- 
tified these compounds as H-Phe-D-Trp-Lys-Thr-Phe- 
Xaa-OH (10a,b). Sequencing analysis confirmed that both 
compounds 10a and 10b contained a free N-terminal Phe, 
thus revealing an unanticipated cleavage of the Xaa-Phe 
amide bond. The extent of these reactions was measured 
by HPLC integration in each case. Deprotection of the 
cyclic hexapeptide containing the (NMe)Aib residue (2a) 
resulted in a proportion of linear to cyclic compounds of 
42:58 (i.e., peptides 10a:la). However, after deprotection 
of cyclic hexapeptide 2b (containing the (NMe)aAc5c 
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Scheme I11 

residue) under these conditions, only the linear compound 
10b was isolated. 

To our knowledge there are no reports of amide bonds 
within cyclic homodetic peptides that cleave under depro- 
tection conditions using TFAe4s5 The presence of water 
was not rigorously excluded during this procedure because 
it is critical for such cleavages. Interestingly, in related 
compounds containing Aib or ci-Ac5c at the same position 
as their N-methylated derivatives, amide bond scission 
during procedures which used TFA was not observed. 
Thus, the N-alkylation, not discernably affecting the Phe- 
Xaa amide bond, may actually have the effect of desta- 
bilizing the neighboring Xaa-Phe amide bond. 

We suggest that the Xaa-Phe amide bond which is 
contained within the cyclic, deprotected peptide is sub- 
jected to a special strain. Support for this suggestion rests 
in the observation of scission at low pH of this particular 
bond. The 1D 'H-NMR spectrum of cyclic compound la 
reveals the Xaa-Phe NH resonance as a broadened singlet 
while all other NH resonances are sharp doublets. Such 
broadening of resonance is witnessed among amide protons 
which show rapid exchange through acid or base catalysk6 
In addition, slight perturbations (e.g., diminution) in the 
amide proton vicinal coupling constant, JHN,,, may be 
indicative of nonplanar bond distortion.7 Nonplanarity 
of the amide bond is both energetically allowable in 
unstrained amide bond modelss and well documented by 
NMR techniques in strained cyclic peptide  system^.^ In 
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short, we believe the observed resonance broadening is 
related to a diminished amide character of the Xaa-Phe 
1inkage.lO This property, not observed in amides in less 
constrained environments, is certainly linked to the 
unusual susceptibility toward the facile cleavage reactions 
reported in this manuscript. 

Experimental Section 

General Information. Analytical data were obtained as 
described previously.l8 The N-terminal amino acid analyses were 
obtained from The Scripps Research Institute, La Jolla, CA. RP 
HPLC was carried out on a Vydac CIS semipreparative column 
(1.0 X 25 cm) with detection at  215 nm. All materials were reagent 
grade and were used without further purification, with the 
following exceptions: HOBt-Hz0 was dissolved and reevaporated 
from ethanol and toluene successively and then dried; EDCeHCl 
was dried under reduced pressure at 50 "C over PzO5; DMF and 
THF were anhydrous as purchased from Aldrich. For IH-NMR 
assignments the phenylalanines are referred to by the following 
numbering: c[Xaa-Phel-~-Trp-Lys-Thr-Phe~]. 
H-D-TrpLys(Boc)-Thr(tBu)-Phe-(NMe)Aib-Phe-OH (9a). 

To a solution of hexapeptide 3a (0.38 mmol, 0.46 g) in 6.0 mL 
of 20% AcOH in MeOH was added 10% Pd/C (71 mg). HZ was 
introduced at atmospheric pressure at 20 OC and the mixture 
allowed to react for 2 h. The catalyst was removed by filtration 
and the solvent removed under reduced pressure. Purification 
was carried out by silica gel chromatography (CHCL/MeOH/ 
AcOH = 88/12/1). Beprotected 9a was obtained as a white solid 
(0.33 g, 88%) after crystallization in water: mp 166-170 OC; [aIz5D 
-1.4O (c 0.35, EtOH); R, 0.48 (CHCl3/MeOH/AcOH = 85/15/3); 
IH-NMR6" (360 MHz, DMSO-&) 10.92 (8,  1 H, indole NH), 8.95 
(br s, 1 H, NH), 7.90 (m, 2 H, two NH), 7.60 (d, 1 H, J =  11 Hz, 
Trp arom), 7.35 (d, 1 H, J = 11 Hz, Trp arom), 7.30-7.05 (m, 13 
H, Trp, Phel, PheZ arom and NH), 7.00 (t, 1 H, J = 11 Hz, Trp 
arom), 6.82 (br 8, 1 H, Lye NH*), 4.87 (m, 1 H, CHn), 4.27 (m, 1 
H, CHo), 4.18 (m, 2 H, two CHO), 3.89 (m, 1 H, CH.), 3.75 (m, 
1 H, Thr CHP), 3.20-2.75 (m, 11 H, three CH$, NCH3 and Lys 
CHf), 1.53 (m, 2 H, Lys CH$), 1.40-1.07 (m, 4 H, two Lys CHz), 
1.36 (s,9 H, Boc CH3), 1.21, 1.17 (s,s,  6 H, Aib CH3@ and CH3@'), 
1.12 (s,9 H, tBu CH3), 1.00 (d, 3 H, J = 9 Hz, Thr CH,?); IR umax 
(KBr) 3337,3030,2977,1654,1522,1251,1173,1081 cm-l; FAB- 
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4.29 (m, 1 H, Lys CHI?), 4.13 (m, 1 H, Thr CHI ,  3.98 (br s, 1 H, 
Phel CHOO, 3.80 (m, 1 H, Thr CH3,3.00,2.82 (m, m, 2 H, Trp 
CHdand CHP), 2.92 (e, 3 H, NCH& 2.90, 2.74 (m, m , 2  H,Phe2 
CH@ and CHT), 2.72,2.51 (m, m, 2 H, Phe' CHd and CHP), 2.64 
(br s, 2 H, Lys CH29, 1.52,1.38 (m, m, 2 H, Lys CHd and CHU), 
1.41 (m, 2 H, Lys CH26), 1.27,1.25 (s, s, 6 H, Aib CH3oand CH3% 
1.10 (m, 2 H, Lys CH27), 0.94 (d, 3 H, J = 6.2 Hz, Thr CH37); 
FAB-MS m/z 809 (M + H)+; HR FAB-MS calcd for C ~ ~ H ~ ~ N B O ,  
(M + H)+ 809.4350, found 809.4346. 

c[ (NMe)aAc5c-Phe-~-Trp-Lys(Boc)-Thr(tBu)-Phe] (2b). 
To a solution of hexapeptide 3b (0.16 mmol, 201 mg) in 20 mL 
of 5% AcOH in MeOH was added 10% Pd/C (20 mg). Hz was 
introduced at  atmospheric pressure at  20 "C and the mixture 
allowed to react for 2 h. The catalyst was removed by filtration 
and the solvent removed under reduced pressure. Purification 
was carried out by silica gel chromatography (CHC13/MeOH/ 
AcOH = 90/10/1, TLC Rf0.50) and deprotected 9b was obtained 
as a solid (67 mg, 39%) and was used directly. 

A solution of compound 9b (0.063 mmol, 67 mg) in dry DMF 
(42 mL) was chilled to -10 "C. To this solution were added 
diphenylphosphorazidate (0.097 mmol, 21 pL) and K2HP04 (0.32 
mmol, 55 mg). After 15 min at  -10 "C, the reaction was allowed 
to stir at  4-6 "C for 3 d. The solvent was removed under reduced 
pressure, and the resulting residue was suspended in AcOEt (250 
mL) which was washed with saturated NaCl (3 X 30 mL) and 
dried (MgS04). Purification was carried out by silica gel 
chromatographies (5% MeOH/CHC13 and 2.5 % MeOH/CHC13), 
and cyclic peptide 2b was obtained as a pale yellow solid (42 mg, 
68%) aftercrystallization in water: mp 12&132 "C; [(Y]25D+28.30 
(c 0.35, CHCl,); Rf 0.44 (CHC13/MeOH/AcOH = 95/5/3); IH- 
NMR 8~ (360 MHz, DMSO-&) 10.87 (8 ,  1 H, indole NH), 8.60 
(br s, 1 H, NH), 8.39 (br s, 1 H, NH), 7.70 (d, 1 H, J = 11 Hz, 
Trp arom), 7.40-6.97 (m, 12 H, Trp, Phe', Phe2 arom and three 
NH), 6.87 (m, 2 H, arom), 6.75 (br s, 1 H, Lys NHt), 6.59 (m, 2 
H, arom), 6.35 (m, 1 H, arom), 4.86 (m, 1 H, CH"), 4.57 (m, 1 H, 
CH"), 4.28 (m, 1 H, CH"), 4.10 (m, 2 H, two CH"), 3.89 (m, 1 H, 
Thr CH", 3.07-2.57 (m, 11 H, three CHf, NCH3, and Lys CHz'), 
1.93,1.62 (m, 2 H, Lys CH$), 1.55-0.80 (m, 12 H, two Lys CH2 
and four Ac5c CH2), 1.36 (s ,9  H, Boc CH3), 1.05 (8 ,  9 H, tBu CH3), 
0.90 (d, 3 H, J = 11 Hz, Thr CH,?); IR v,,, (KBr) 3328, 3030, 
2975,1654,1508,1250,1171,1080 cm-I; FAB-MS m/z 992 (M + 
H)+; HR FAB-MS calcd for Cs5H75N809 (M + H)+ 991.5657, found 
991.5688. 

Deprotection of c[ (NMe)aA~~c-Phe-~-Trp-Lys(Boc)-Thr- 
(tBu)-Phe] (2b). Cyclic peptide 2b (0.013 mmol, 12.8 mg) was 
added to a chilled (0 "C) mixture of TFA (5 mL), anisole (10% 
v/v, 0.5 mL), and indole (0.085 mmol, 10 mg). Stirring was 
continued for 1 h at  0 "C and 3 h at 20 "C. The solvent was 
removed under reduced pressure, and toluene (2 X 10 mL) was 
added and removed under reduced pressure. The residue was 
crystallized in cold ether, isolated, and purified by RP HPLC (a 
20-min gradient elution of 36 - 40% MeCN/H20,0.1% TFA). 
H-Phe-~-Trp-Lys-Thr-Phe-(NMe)aAc~c-OH (lob). Obtained 

as a white powder (4.3 mg, 31 5%) after lyophilization: mp 135- 
137 "C dec; Rf 0.38 (CHC13/MeOH/NH40H = 75/25/5); HPLC 
t~ 13.9 min (36 - 40% MeCNIH20, 0.1 % TFA over 20 min); 
'H-NMR 8~ (500 MHz, DMSO-&) 11.80 (br s, 1 H, COOH), 10.81 
(s, 1 H, indole NH), 8.82 (d, 1 H, J = 8.2 Hz, Trp NH), 8.50 (d, 
1 H, J = 8.0 Hz, Lys NH), 8.02 (d, 1 H, J = 8.0 Hz, Phe2 NH), 
7.94 (br s, 3 H, Phel NH), 7.87 (d, 1 H , J =  8.6 Hz, Thr NH), 7.71 
(m, 4 H, Lys NH3* and Trp arom), 7.33-6.97 (m, 12 H, Trp, Phe' 
and Phe2 arom), 6.89 (d, 2 H, J = 7.0 Hz, Phel arom), 4.93 (m, 
1 H, Phe2 CHn), 4.81 (m, 2 H, Trp CH" and Thr OH), 4.32 (m, 
1 H, Lys CH-), 4.16 (m, 1 H, Thr CHI?), 4.02 (br s, 1 H, Phel CHI?), 
3.85 (br s, 1 H, Thr CH@), 3.04, 2.86 (m, m, 2 H, Trp CHd and 
CH@'), 2.94, 2.78 (m, m, 2 H, Phe2 CHd and CHP'), 2.94 (s, 3 H, 
NCH3),2.78,2.57 (m,m,2  H,Phe' CH@and CHT),2.66 (m,2 H, 
Lys CH29, 2.17, 2.08 (m, m, 2 H, Ac5c CHzB), 1.77 (m, 2 H, Ac5c 
CH2@'), 1.58 (m, 6 H, Ac5c CH27, CH27' and Lys CH&, 1.45 (m, 
2 H, Lys CH2*), 1.14 (m, 2 H, Lys CHZ~) ,  0.90 (d, 3 H, J = 6.2 Hz, 
Thr CH37); FAB-MS m/z 892 (M + K)+. N-terminal amino acid 
analysis: Phe. 
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MS m/z  983 (M + H)+; HR FAB-MS calcd for C53H71N8010K (M 
+ K)+ 1021.5165, found 1021.5206. 

c[ (NMe) Aib-Phe-~-Trp-Lys( Bot)-Thr( tBu)-Phe] (2a). A 
solution of compound Sa (0.25 mmol, 250 mg) in 95 mL of dry 
DMF was chilled to-10 "C. To this solution were added diphenyl 
phosphorazidate (0.36 mmol, 0.10 g) dissolved in DMF (5 mL) 
and K2HP04 (1.3 mmol, 0.23 g). After 20 min at  -10 "C, the 
reaction was allowed to stir at  4-6 "C for 2 d. The mixture was 
treated with an ion-exchange resin (2.5 g of Biorad AG 501-X8 
mixed bed, 20-50 mesh) for 3 h a t  4-6 "C. Solid materials were 
removed by filtration, and the solvent was removed under reduced 
pressure. Purification was carried out by silica gel chromatog- 
raphy (CHC13/MeOH/AcOEt/AcOH = 90/5/5/1), and cyclic 
peptide 2a was obtained as a pale yellow powder (150 mg, 61 %) 
after crystallization in water: mp 144-147 "C; [(uIz5D +46.9" (c 
0.35, CHC13); R, 0.24 (CHC13/MeOH/AcOH = 95/5/3); 1H-NMR 
8~ (360 MHz, DMSO-d6) 10.80 (8 ,  1 H, indole NH), 8.37 (d, 1 H, 
J = 11 Hz, NH), 8.15 (d, 1 H, J = 11 Hz, NH), 7.58-6.93 (m, 18 
H, Trp, Phel, and Phe2 arom and three NH), 6.75 (t, 1 H, J = 
11 Hz, Lye NH*), 4.67 (m, 1 H, CH"), 4.49 (m, 1 H, CH"), 4.27 
(m, 2 H, two C H ) ,  4.00 (m, 1 H, CH"), 3.85 (m, 1 H, Thr CHI1), 
3.15-2.72 (m, 11 H, three CH20, NCH3 and Lys CH29, 1.60 (m, 
2 H, Lys CH29, 1.37 (s ,9  H, Boc CHd, 1.25 (m, 2 H, Lys CHd, 
1.20, 1.13 (s, s, 6 H, Aib CH30 and CH3@'), 1.03 (s,12 H, tBu CH3 
and Thr CH37), 0.92 (m, 2 H, Lys CH2); IR vmax (KBr) 3324,3030, 
2977,2933,1655,1511,1366,1249,1173,1081 cm-I; FAB-MS m/z 
965 (M + H)+; HR FAB-MS calcd for C53H,3Ng09 (M + H)+ 
965.5501, found 965.5557. 

Deprotection of c[ (NMe)Aib-Phe-D-Trp-Lys(Boc)-Thr- 
(tBu)-Phe] (2a). To a solution of cyclic peptide2a (0.027 mmol, 
26 mg) in CHZC12 (4.5 mL) were added anisole (10% v/v, 0.9 mL) 
and ethanedithiol (5% v/v, 0.45 mL). The mixture was chilled 
(0 "C) and treated with TFA (4.5 mL) for 1 h at  0 "C and 2 h 
a t  20 OC. The solvent was removed under reduced pressure (using 
a bleach trap to oxidize the ethanedithiol), and toluene (3 X 10 
mL) was added and removed under reducedpressure. The residue 
was crystallized in cold (0 "C) ether, isolated by filtration, and 
purified by RP HPLC. Two compounds were obtained after 
successive chromatographies employing gradient elutions of 
aqueous acetonitrile containing 0.1 % TFA. Initial separation 
was carried out with a 25 min elution of 32 - 42% MeCN/H20 
(0.1 % TFA). Linear compound 10a was repurified by a 20-min 
elution of 28 - 38% MeCN/H20 (0.1% TFA) and cyclic 
compound la by a 20-min elution of 30- 60% MeCN/H20 (0.1 % 
TFA) . 
H-Phe-D-Trp-Lys-Thr-Phe-(NMe)Aib-OH (loa). Obtained as 

a white powder (10.2 mg, 36%) after lyophilization: mp 158-163 
"C; R, 0.24 (CHC13/MeOH/NH40H = 75/25/5); HPLC t~ 10.7 
min (20 - 80% MeCN/H20,0.1% TFA over 20 min); 'H-NMR 
b~ (500 MHz, DMSO-&) 11.93 (br 8, 1 H, COOH), 10.82 (s,1 H, 
indole NH), 8.83 (d, 1 H, J = 8.5 Hz, Trp NH), 8.50 (d, 1 H, J 
= 8.0 Hz, Lys NH), 8.04 (d, 1 H, J = 8.0 Hz, Phe2 NH), 7.93 (br 
s , 3  H, Phe' NH), 7.87 (d, 1 H, J = 8.5 Hz, Thr NH), 7.73 (d, 1 
H, J = 8.0 Hz, Trp arom), 7.69 (br s, 3 H, Lys NH39, 7.30-6.97 
(m, 12 H, Trp, Phel and Phe2 arom), 6.87 (d, 2 H, J = 7.5 Hz, 
Phel arom), 4.85 (m, 3 H, Phe2 C H ,  Trp CHCr, and Thr OH), 4.32 
(m, 1 H, Lys C H ) ,  4.15 (m, 1 H, Thr CH"), 4.01 (br s, 1 H, Phel 
CHct), 3.85 (m, 1 H, Thr CH@), 3.03, 2.85 (m, m, 2 H, Trp CH@ 
and CH@'),2.92, 2.75 (m, m, 2 H,Phe2 CHP and CHP), 2.82 (s, 3 
H, NCH3), 2.74, 2.55 (m, m, 2 H, Phe' CH@ and CHT), 2.67 (br 
s , 2  H, Lys C H ~ I ) ,  1.56,1.42 (m, m, 2 H, Lys CH@ and CH@'), 1.45 
(m, 2 H, Lys CHz6), 1.25 (s, 6 H, Aib CH3@ and CH3@), 1.13 (m, 
2 H, Lys CHzy), 0.96 (d, 3 H, J = 6.0 Hz, Thr CH37); FAB-MS 
m/z 827 (M + HI+; HR FAB-MS calcd for C44H59N808 (M + H)+ 
827.4456, found 827.4441. N-terminal amino acid analysis: Phe. 
c[(NMe)Aib-Phe-D-Trp-Lys-Thr-Phe] (la). Obtained as a 

white powder (9.2 mg, 37%) after lyophilization: mp 135-139 
"C; R, 0.52 (CHCls/MeOH/NH40H = 75/25/5); HPLC t~ 13.3 
min (20 - 80% MeCN/H20,0.1% TFA over 20 min); 'H-NMR 
8~ (500 MHz, DMSO-de) 10.79 (s, 1 H, indole NH), 8.80 (d, 1 H, 
J = 8.4 Hz, Trp NH), 8.48 (d, 1 H, J = 8.0 Hz, Lys NH), 8.11 (d, 
1 H, J = 8.2 Hz, Phe2 NH), 7.91 (br s, 1 H, Phe' NH), 7.81 (d, 
1 H, J = 8.2 Hz, Thr NH), 7.70 (d, 1 H, J = 8.0 Hz, Trp arom), 
7.66 (br s, 3 H, Lys NH,It),7.27-6.95 (m, 12 H, Trp, Phe' and Phe2 
arom), 6.83 (d, 2 H, J = 7.5 Hz, Phel arom), 4.90 (m, 1 H, PheZ 
CHif), 4.79 (m, 1 H, Trp C H ) ,  4.74 (d, 1 H, J = 4.7 Hz, Thr OH), 
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