
J. CHEM. soc. PERKIN TRANS. 2 1994 1735 

Linear Oligopeptides. Part 31 6.' Conformational Characterization of 
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Term i na I I y blocked, sy nd iotact ic I i nea r homo - pept ides from Ca,. - d isu bst ituted g I yci nes I va 
and (aMe)Val have been prepared to the hexapeptide and tripeptide amide levels, respectively, by 
solution methods and fully characterized. The molecular and crystal structures of pBrBz- (D-ha-L- 
Iva),-OBur methanol solvate, pBrBz-( D-lva-L-lva),-D-lva-OBu' methanol solvate. and Z-D- 
(aMe)Val-L-(aMe)Val-D-(otMe)Val-NHPr' (pBrBz = p-bromobenzoyl, Z = benzyloxycarbonyl) were 
determined by X-ray diffraction. While the Iva pentapeptide and the (aMe)Val tripeptide amide are folded 
in an (incipient) left- handed 3,0- helical conformation, the Iva tetrapeptide adopts a double P-bend 
conformation of the 11'-111 type. The FTIR absorption and 'H NMR analyses support our contention that 
in chloroform solution, the longest syndiotactic homo-peptides may be folded in well developed 3,0- 
helical structures. This is the first structural study reported on regularly alternating ( D-L) peptides based 
on conformationally constrained a-amino acids. 

Since the discovery of the antibiotic and ionophoric properties 
of gramicidin A, many theoretical and experimental studies 
have explored the possible structures of peptides characterized 
by protein amino acids with a strict alternation of L- and D- 
configurations (syndiotactic or heterochiral peptides).2-' New 
structures, different from those typical of poly(L-amino acid) 
chains (isotactic or homochiral peptides) have been proposed 
and identified for model peptides and gramicidin A itself. These 
include a variety of single- and double-stranded helices, and 
ribbon and sheet structures. 

In our continuing investigation of the preferred conform- 
ations of isotactic peptides rich in non-coded, Ca-methylated 
amino acids (C"*"-disubstituted glycines) 2o we have clearly 
shown that these residues are conformationally constrained, 
strongly preferring backbone q, cy torsion angles k 60, k 30°, 
i.e. in the a/3,,-helical region of the conformational map (in 
particular, short homopeptide chains fold exclusively into 3 0- 
helices).21 These amino acids have also been found in other 
regions of the conformational space (e.g. , in the semi-extended 
region, with q = T60", cy = k 120"), although rarely. On 
these bases, the most probable structures for a heterochiral 
- CO-D-AA' -L-AA'-D-AA,-L-AA~-D-AA 5-NH-pentapeptide 
sequence based on Ca-methylated amino acids may be 
envisaged as follows. 

(i) Right-handed 3,,-heli~,~' with the following sequence of 
q,v/ angles: D-AA' = 60, -120" and L-AA' = D-AA~ = L- 
AA4 = D-AA~ = -60, -30'. This helix, which does not 
include residue D-AA', has a type-11' b-bend22-24 at the N- 
terminus. 

(ii) Lef-handed 3,,-heli~,~' with D-AA' = L-AA' = D- 

(iii) Polar 310-pleated sheet,' with D-AA' = D-AA, = D- 
AA5 = 60, 30°, and L-AA~ = L - A A ~  = -60, -30". In this 
structure, no residue is able to form a C==O H-N intra- 
molecular hydrogen bond. 

(iv) (LD) P-Bendribbonstr~cture,~ withD-AA' = D-AA, = D- 
AA5 = 60, - 120°, and L - A A ~  = L-AA~ = - 60, - 30". This 
structure is generated by a series of non-consecutive type-11' p- 
bends. Only D-AAs, starting from D-AA,, form intramolecular 
hydrogen bonds as donors. 

AA3 = L - A A ~  = D-AA5 = 60,30". 

It is pertinent to note that D-AA residues in structures (i) and 
(iv), and L-AA residues in structure (ii), are not in their most 
stable left- or right-handed helical conformation, respectively. 
In addition, as reported above, structures (iii) and (iv) are not 
stabilized or only partially stabilized by intramolecular 
hydrogen bonds. 

In the present paper we report results of the first con- 
formational analysis of syndiotactic peptides derived from Ca- 
methylated amino acids. More specifically, the structural 
preferences of homo-peptides from Iva (isovaline or C"-methyl- 
a-aminobutyric acid) to the hexapeptide level and (aMe)Val 
(Ca-methyl valine) to the tripeptide amide level have been 
investigated in the crystal state by X-ray diffraction and in 
chloroform solution by FTIR and 'H NMR spectroscopies. 
Among the four structures listed above, only structures (9 and 
(ii) have been unambiguously authenticated in the peptides 
studied in this work. 

Experimental 
Materials.-The physical properties and the analytical data 

for the Iva and (aMe)Val syndiotactic homo-peptides discussed 
in this work and their synthetic intermediates are listed in 
Table 1. 

Crystallographic Data for the Oxazol-5(4H)-one from pBrBz- 
D-Iva-L-ha-D-ha-OH (pBrBz, para-bromobenzoyl).- 
C22H,oBrN,04, A4 = 480.4. Orthorhombic, a = 18.695(2), 
b = 12.484(2), c = 10.391(2) A, V = 2425.1(7) A3, space group 

cm-' (MoKa), final R value 0.058, final R, value 0.062. 
P2,212,, Z = 4, D, = 1.316gm-,, F(OO0) = 1 0 0 0 , ~  = 17.06 

Crystallographic Data for pBrBz-(~-Iva-~-Iva),-OBu' (OBu', 
tert-butoxy) Methanol So lva te .4 ,  H,,BrN,O,-CH,OH, 
M = 685.7. Orthorhombic, a = 20.829(2), b = 17.760(2), c = 
9.470(2) A, V = 3503.2(9) A3, space group P2,2,2,, Z = 4, 
D, = 1.30 g ~ m - ~ ,  F(OO0) = 1456, p = 12.07 cm-' (MoKa), 
final R value 0.064, final R, value 0.071. 
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Crystallographic Data for pBrBz-(~-Iva-~-Iva),-~-Iva-OBu' 
Methanol ~o/oate.-C3,Hs8BrNsO~~~H30H, M = 784.8. 
Orthorhombic, a = 22.223(2), b = 18.888(2), c = 10.587(2) A, 
Y =  4444(1) A3, space group P2,2,2,, Z = 4, D, = 1.173 g 
cm-,, F(OO0) = 1672, p = 9.61 cm-' (MoKa), final R value 
0.064, final R ,  value 0.07 1. 

Crystallographic Data for Z-D-(aMe)Val-L-(aMe)Val-D- 
(aMe)Val-NHPr' (Z, benzyloxycarbonyl; NHPr', isopropyl- 
arnin~).-C~,H,~N,O~, M = 532.7. Monoclinic, 01 = 
14.130(20), b = 10.599(10), c = 10.424(10) A, p = 98.2(1)', 
V = 1545(3) A3, space group El, 2 = 2, D, = 1.145 g 
F(000) = 580, ,u = 5.96 cm-' (CuKa), final R value 0.063, final 
R, value 0.060. 

X-Ray Crystal Structure Determination of the oxazol- 
5(4H)-one from pBrBz-D-ha-L-ha-D-ha-OH, pBrBz-(D-Iva-L- 
Iva),-OBu' Methanol Sohate, pBrBz-(~-Iva-~-ha),-~-Iva- 
OBu' Methanol Sohate, and Z-D-(aMe)Val-L-(aMe)Val-D- 
(aMe)Val-NHPr'.-Colourless crystals of the Iva tripeptide 
oxazolone, Iva tetrapeptide, Iva pentapeptide, and (aMe)Val 
tripeptide were grown by slow evaporation of diethyl ether- 
light petroleum, chloroform-methanol, methanol and meth- 
anol solutions, respectively. Crystal sizes were 0.15 x 0.15 
x 0.40, 0.8 x 0.8 x 0.8, 0.4 x 0.6 x 0.8, 0.15 x 0.25 x 0.20 
for the Iva tripeptide oxazolone, Iva tetrapeptide, Iva penta- 
peptide and (aMe)Val tripeptide, respectively. Philips PW 
1 100 diffractometer (Eindhoven, The Netherlands), 8-26 scan 
mode to 8 = 28" or 44" [the latter for the (aMe)Val tripeptide]; 
graphite monochromated MoKa radiation (1 = 0.7107 A) or 
CuKa radiation (h  = 1.5418 A) [the latter for the (aMe)Val 
tripeptide]; 329 1 independent reflections and 1293 with 
F 3 4a(F) considered observed for the Iva tripeptide oxazol- 
one; 4719 independent reflections and 2185 with F 2 7a(F) 
considered observed for the Iva tetrapeptide; 5924 independent 
reflections and 1916 with F 3 6 4 F )  considered observed for 
the Iva pentapeptide; and 1278 independent reflections and 
1145 with F 2 5a(F) considered observed for the (aMe)Val 
tripeptide. The structures of the Iva tripeptide oxazolone and 
the Iva tetrapeptide were solved by direct methods using the 
SHELXS 86 program.25 Refinements were carried out by full- 
matrix blocked least squares using the SHELX 76 program,26 
w = 1/[02(F) + 0.002 98 F 2 ]  for the Iva tripeptide oxazolone 
and w = 1/[a2(F) + 0.004 F2] for the Iva tetrapeptide. The 
thermal parameters were anisotropic for all non-hydrogen 
atoms, except for C2y2 and C3y2 of the Iva tripeptide oxazolone 
which were kept isotropic. Positional disorder was observed for 
the carbon atom of the methanol molecule co-crystallized with 
the Iva tripeptide. This carbon atom was located at two 
positions with population parameters 0.56 and 0.36, respec- 
tively, and subsequently isotropically refined. The structure of 
the Iva pentapeptide was phased by the Patterson method. 
Non-hydrogen atoms were located on subsequent difference 
Fourier maps. The structure of the (aMe)Val tripeptide was 
solved using the coordinates of a segment taken from the nearly 
isomorphous structure of Z-[D-(~M~)V~~],-NHP~'.~' The 
remaining non-hydrogen atoms were located on a difference 
Fourier map. Refinements were carried out by full-matrix 
blocked least squares using the SHELX 76 program, w = 
l/[a2(F) + 0.0019 F 2 ]  for the Iva pentapeptide and w = 
l/[a2(F) + 0.019 F 2 ]  for the (aMe)Val tripeptide. The thermal 
parameters were anisotropic for all non-hydrogen atoms. The 
hydrogen atoms of the Iva tripeptide oxazolone were calculated 
and not refined; those of the Iva tetrapeptide were in part 
located on a difference Fourier map and in part calculated, and 
only their isotropic thermal parameters were refined; those of 
the Iva pentapeptide were in part located on a difference 
Fourier map and in part calculated, and not refined; those of 

the (aMe)Val tripeptide were in part located on a difference 
Fourier map and in part calculated, most of them being 
treated in the 'riding mode' with fixed U,,,, while the remaining 
were not refined. Complete lists of bond lengths, bond angles, 
and torsion angles, the final positional parameters of the non- 
hydrogen atoms along with equivalent and anisotropic thermal 
factors have been deposited and are available from the 
Cambridge Crystallographic Data Centre. * 

FTIR Absorption Spectra.-FTIR absorption spectra were 
recorded with a Perkin-Elmer model 1720X spectrophotometer, 
nitrogen flushed, equipped with a sample-shuttle device, at 2 
cm-' nominal resolution, averaging 100 scans. Solvent (base- 
line) spectra were recorded under the same conditions. Cells 
with path lengths of 0.1, 1.0 and 10 mm (with CaF, windows) 
were used. Spectrograde [2H2]chloroform (99.8% ,H) was 
purchased from Merck. 

'H NMR Spectra.-'H NMR spectra were recorded with 
a Bruker model AM 400 spectrometer (Karlsruhe, Germany). 
Measurements were carried out in [2H2]chloroform (99.96% 
2H; Merck) and in [2H6]DMS0 ([2H,]dimethyl sulfoxide) 
(99.96% 2H6; Fluka, Buchs, Switzerland) with tetramethyl- 
silane as the internal standard. The free radical TEMPO 
(2,2,6,6-tetramethyl- 1 -piperidyloxy) was purchased from Sigma 
(Milwaukee, WI). 

Results and Discussion 
Synthesis and Characterization.-For the large-scale pro- 

duction of the optically pure Iva and (aMe)Val enantiomers, we 
exploited an economically attractive, chemoenzymatic synthesis 
recently described by some of us.28 Preparation and charac- 
terization of the Iva and (aMe)Val syndiotactic homopeptide 
series were performed to the hexapeptide and tripeptide amide 
levels, respectively. During coupling reactions of these sterically 
hindered residues (in anhydrous acetonitrile under reflux for 
20-80 h), the carboxy group of the Na-blocked amino acid or 
peptide was activated using either the symmetrical anhydride 
[(aMe)Val peptides] or the oxazol-5(4H)-one (Iva peptides) 
method. The Na-blocked peptide free acids were obtained by 
treatment of the corresponding tert-butyl esters with dilute 
trifluoroacetic acid. Removal of the benzyloxycarbonyl Na- 
protecting group was achieved by catalytic hydrogenation. 

The various peptides and their synthetic intermediates were 
characterized (Table 1) by melting point determination, optical 
rotatory power at two wavelengths (due to the usually low value 
of this parameter is syndiotactic peptides), TLC in three solvent 
systems, and solid-state IR and 'H NMR spectroscopies (the 
latter data are not reported). 

Final characterization of the synthetic intermediate oxazol- 
5(4H)-one from pBrBz-D-Iva-L-Iva-D-Iva-OH was achieved by 
X-ray diffraction (Fig. 1). The displacements of the atoms in the 
nearly planar oxazolone ring from its mean plane vary from 
-0.012 to 0.020 A. The C381 and C382 atoms, both linked to the 
C," atom, are displaced on the opposite sides of the average 
plane of the ring by - 1.295 and 1.303 A, respectively. The 
exocyclic 0, and C," atoms deviate from the plane by 0.068 and 
- 0.037 A, respectively. The C2'-N3 bond length, 1.268( 15) A, 
is appropriate for a C-N double bond. The C2'-0, and C3'-O2 

bond lengths [ 1.39 1( 14) and 1.379( 15) A, respectively] indicate 
that the effect of the delocalization is small, though significant. 
The C3"-C3' and C3a-N3 bond lengths [ 1.553( 18) and 1.445( 15) 
A, respectively] are close to those expected for an sp3- 
hybridized C3" atom. The exocyclic bond angles about the 

* For details of the CCDC deposition scheme, see 'Instructions for 
Authors (1994)', J. Chem. SOC., Perkin Trans. 2, 1994, issue 1. 



1738 J. CHEM. SOC. PERKIN TRANS. 2 1994 

C:' 

Fig. 1 
Bz-D-Iva-L-Iva-D-Iva-OH with numbering of the atoms 

X-Ray diffraction structure of the oxazol-5(4H)-one from pBr- 

E r  

Fig. 2 X-Ray diffraction structure of pBrBz-(D-Iva-L-Iva),-OBu' 
(methanol solvate) with numbering of the atoms. The two intra- 
molecular hydrogen bonds are indicated by dashed lines. 

carbonyl group C3'=03 of the lactone moiety differ by 7.0°, 
with a larger value for the C3'-C3'-0, bond angle, 131.0(12)". 
This latter value is probably the result of intramolecular 
interactions between the 0, atom and the two substituents on 
the C," atom. An additional relevant property is the widening 
of the C,"-C,'-N, bond angle to 126.0(11)". These geometrical 
parameters of the oxazolone ring agree well with the 
corresponding mean values obtained from published X-ray 
diffraction  structure^.^' The D-Iva' residue is left-handed 
helical with q,, ty, torsion angles3' of 48.8(11) and 51.9(1 l)', 
while the L-Iva2 residue is semi-extended [q, = -49.2(14)", 
v / ,  = 143.3( 1 l)"]. The values for the side-chain torsion anglex' 
are - 173.7(9)", 167.9(5)", and 72.5(14)" for D-Iva', L-Iva2, and 
~ - I v a ~ ,  respectively. 

Crystal-state Conformational Analysis.-We determined by 
X-ray diffraction the molecular and crystal structures of the 

Table 2 Selected torsion angles for pBrBz-(D-Iva-L-Iva),-OBu' 
(methanol solvate), pBrBz-(D-ha-L-ha),-D-Iva-OBu' (methanol sol- 
vate) and Z-D-(aMe)VaI-L-(aMe)Val-D-(aMe)Val-NHPr' 

Torsion Iva Iva (aMe)Val 
angle (") tetrapeptide pentapeptide tripeptide 

- 

24.4(10) 

57.1(8) 
- 176.6(6) 

- 130.2(7) 
- 174.7(6) 
- 58.8(9) 
- 23.1(9) 

- 57.2(8) 
- 37.7(8) 
- 174.1(6) 

178.0(6) 

48.1(9) 

1 73.1(7) 
39.7(9)" 

- 

- 176.9(7) 
- 

52.6( 10) 
- 

5939)  
- 

- 59.8(9) 

- 

- 1 1.2( 1 4) 
1 68.7( 9) 
58.2(13) 
34.q 13) 

56.0( 12) 
26.1( 12) 

51.6(11) 
35.3( 11) 

62.8( 11) 
23.6(12) 

175.2(9) 

179.7(8) 

173.9(8) 

172.1(8) 
- 50.5( 11) 
- 45.3( 11)' 
- 174.2(8) 

1 78.6( 14) 
-_ 

-56.5(13) 
- 

177.9(8) 

- 56.3( 11) 
56.6( I 1) 

90.0(9) 
1 78.1 (6) 
177.4(6) 
164.0(6) 
62.1(9) 
21.1(9) 

37.7( 9) 
- 174.2(6) 

39.0(8) 
174.7(6) 
62.3( 8) 
29.1(8) 

- 174.3(6) 
- 

- 

- 62.6(7) 
1 75.2(6) 

62.8(9) 
68.4( 7) 

- 61.2(9) 

- 167.2(6) 
- 

a N4-C4"-C4'-0,. C4"-C,'-0,-C(7). ' N,-C,"-C,'-O,. C,"-C,'- 
0,427). 

following three, terminally blocked, syndiotactic homo-pep- 
tides: pBrBz-(~-Iva-~-Iva),-OBu' (methanol solvate), pBrBz- 
(~-1va-~-Iva),-~-Iva-OBu' (methanol solvate) and 2-L- 
(aMe)Val-D-(aMe)Val-L-(aMe)Val-NHPr'. The para-bromo- 
benzoyl group was incorporated into the longest peptides to 
help solve the phase problem in the X-ray diffraction analyses, 
since it possesses a suitable heavy atom (bromine). The 
molecular structures, with the atomic numbering schemes, are 
illustrated in Figs. 2-4. Relevant backbone and side-chain 
torsion angles are given in Table 2. In Table 3 the intra- and 
inter-molecular hydrogen bond parameters are listed. 

Bond lengths and bond angles (deposited) are in general 
agreement with previously reported values for the geometry of 
the para-bromobenzamido ' and benzyloxycarbonylamino 32 

moieties, the tert-butyl ester 3 3  and i s~propy lamido~ ' .~~  groups, 
the peptide unit3' and Iva36-42 and (aMe)Va127343 residues. 

The Iva tetrapeptide forms a slightly distorted type-11' p-turn 
followed by a regular type-I11 p-turn. The two 1 4  G O  H- 
N intramolecular hydrogen bonds have N, e e 0, and 
N, 0, distances within the range expected (2.8-3.1 
The molecules of the Iva pentapeptide are folded in a regular, 
left-handed 3 ,,-helical structure, characterized by three 
intramolecular hydrogen bonds (N3 0,, N, 0,, and 
N, 0,) of normal strength. The opposite handedness of the 
C-terminal residue of the tetra- and penta-peptides with respect 
to that of the preceding ones is a common observation for 
(incipient) 3 , ,-helix forming peptide e~ te r s .~ '  The (aMe)Val 
tripeptide amide adopts an incipient, left-handed 3 , ,-helical 
structure, somewhat distorted at the central residue. The two 
type-111' p-turns are characterized by intramolecular hydrogen 
bonds, one very weak (N, 0,) and one of normal strength 

The distribution of the ethyl side-chain x1 torsion angles for 
the five D-Iva residues of the tetra- and penta-peptides is 3t 
(trans) and 2gf (gauche'), while that for the four L-Iva residues 

(NT 0,). 
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Fig. 3 X-Ray diffraction structure of pBrBz-(D-Iva-L-Iva),-o-Iva-OBu' (methanol solvate) with numbering of the atoms. 
hydrogen bonds are indicated by dashed lines. 

The three intramolecular 

Fig. 4 X-Ray diffraction structure of Z-D-(aMe)Val-L-(aMe)Val-D-(aMe)Val-NHPr' with numbering of the atoms. The two intramolecular hydrogen 
bonds are indicated by dashed lines. 

Table 3 Intra- and inter-molecular hydrogen bond parameters for pBrBz-(D-Iva-L-ha),-OBu' (methanol solvate), pBrBz-(o-Iva-L-Iva),-D-Iva- 
OBu' (methanol solvate) and Z-D-(aMe)Val-L-(aMe)Val-D-(aMe)Val-NHPr' 

Distance/A 
Donor Acceptor Angle (") 

Peptide D-H A Symmetry operations of A D - - A H A D-H A 

Iva tetrapeptide N3-H 
N4-H 
N 1-H 
O h 4  

Iva pentapeptide N3-H 
N4-H 
N5-H 
N2-H 
0hf-H 

(aMe)Val tripeptide N,-H 
NT-H 
NI-H 

3.055(8) 
2.940(7) 
3.050(9) 
2.7 1 6( 9) 
3.055( 10) 
3.051(9) 
2.959( 10) 
3.005(11) 
2.7 1 4( 1 0) 
3.255(6) 
2.857(7) 
2.8 85( 6) 

2.048( 6) 
1.963(5) 
2.059( 7) 
1.808(5) 
2.14 
2.24 
1.89 
1.94 
1.81 
2.176(6) 
1.906(7) 
1.962(6) 

156.8( 3) 
150.4(4) 
154.5(4) 
179.3(5) 
162 
163 
1 64 
164 
179 
178.0(6) 

141.2(6) 
144.9(7) 

is 3g- and lg+.3642 The three (aMe)Val side-chain con- torsion angles), as expected, with only one amide bond (ao 
formations of the tripeptide are ( t ,  g-) for (aMe)Val', (g-, g') for the Iva pentapeptide) and one urethane bond [o, for 
for (aMe)Va12 and (g+, t )  for (aMe)Va13.27.43 the (aMe)Val tripeptide] deviating more than 8" from 

All amide, urethane, peptide and ester groups are trans (o The e1 torsion angle of the p-bromobenza- 
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3500 3400 3300 
v /cm-' 

Fig. 5 FTIR absorption spectra (3500-3250 cm-' region) of the Iva 
syndiotactic homo-peptide series from dimer through hexamer in 
CDCl, solution. Numbers refer to peptide main-chain length. 

mido group, giving the orientation of the aromatic ring relative 
to the amide plane, is 24.4( 10)' in the Iva tetrapeptide, while it is 
- 11.2(14)" in the Iva pentapeptide. The conformation of the 
benzyloxycarbonylamido group of the (aMe)Val tripeptide (6' 
and coo torsion angles) is the usual trans-trans or type-b 
c~nformation.~' The ester dispositions with respect to the Ca-N 
bond are close to the anticlinal c~nformation,~' the N4-C,0L- 
c4'-04 torsion angle of the Iva tetrapeptide and the N,-CSa- 
c,'-o, torsion angle of the Iva pentapeptide being - 147.0(8)' 
and 137.4( 1O)O, respectively. The C-terminal tert-butyl ester 
groups of the two Iva peptides are observed in a conformation 
in which the three methyl substituents of the quaternary carbon 
atom are staggered with respect to the plane of the -Ca-C'(=O)- 
0- moiety, as usually found in ester groups from tertiary 
alcohols.33 The conformation of the isopropylamido group of 
the (aMe)Val tripeptide allows the C-C bonds of the alkyl 
substituents to avoid the synperiplanar orientation with respect 
to the amide C'-N bond, as commonly ~ b s e r v e d . ~ ~ . ~ ~  

The molecules of both Iva tetra- and penta-peptides pack 
into the unit cell without any stabilization arising from (pep- 
tide) C==O * * * H-N (peptide) intermolecular hydrogen bonds. 
Rather, the co-crystallized methanol molecules of the tetra- and 
penta-peptides play the role of acceptors of the hydrogen bonds 
from the (amide) N,-H and (peptide) N,-H groups, 
respectively, and donors of the hydrogen bonds to the 
(peptide) C,'=O, and (peptide) C4'=04 groups, respectively. In 
the packing mode of the (aMe)Val tripeptide, we find a linear 
array of molecules in the z-direction, linked together by 
(urethane) N,-H o,=c,' (amide) intermolecular hydro- 
gen bonds. All the N = * * 0 and 0 * * * 0 intermolecular separ- 
ations are in the ranges typically shown by such hydrogen 
bonds.4446,50,5 1 

Solution Conformational Analysis.-The conformational 
preferences of the Iva and (aMe)Val syndiotactic homo- 
peptides in solution were determined in the turn- and helix- 
supporting solvent CDCl, by FTIR and 'H NMR spectro- 
scopies as a function of concentration (over the range to 
lo4 mol drn-,). Fig. 5 illustrates the FTIR absorption spectra 
(N-H stretching region) of the Iva series from the di- to the 
hexapep tide. 

The curves are characterized by two broad bands at 3440- 
3434 (free NH groups) and 3398-3335 cm-' (hydrogen-bonded 
NH groups), respectively. 52 The intensity of the low-frequency 
band relative to the high-frequency band (&/A, ratio) 
significantly increases as main-chain length increases; con- 
comitantly, the absorption maximum shifts markedly to lower 
wavenumber. Using Mizushima's dilution method, 53 we have 

been able to show that even at mol dm-3 concentration, 
self-association via N-H o=C intermolecular hydrogen- 
bonding is absent for the tri- and tetra-peptides, and of limited 
significance (less than 10%) for the penta- and hexa-peptides 
(results not shown). Therefore, the observed hydrogen bonding 
should be interpreted as arising almost exclusively from 
intramolecular N-H O=C interactions. In any event, even at 
the highest dilution examined, the intensity of the band of the 
longest oligomers related to hydrogen-bonded NH groups is 
remarkable, suggesting the occurrence of large populations of 
highly intramolecularly hydrogen bonded species. The results 
obtained for the syndiotactic (aMe)Val homo-peptide amides to 
the tri'mer level (not shown) strictly parallel those reported 
above for the analogous Iva peptides and those already 
published for the isomeric, isotactic (aMe)Val pep tide^.'^ The 
present FTIR absorption investigation has provided convincing 
evidence that main-chain length dependent intramolecular 
hydrogen bonding is an important factor for the structural 
stabilization of the terminally blocked Iva and (aMe)Val 
syndiotactic homo-peptides in CDCl, solution. 

To get more detailed information on the preferred con- 
formation of these peptides in this halocarbon, we carried out 
a 400 MHz 'H NMR investigation. The delineation of 
inaccessible (or intramolecularly hydrogen bonded) NH groups 
by 'H NMR was performed by using (i) solvent dependence of 
NH chemical shifts by adding increasing amounts of the 
hydrogen bonding acceptor DMSO 5 4 7 5 5  to the CDCl, solution 
and (ii) free-radical (TEMPO)-induced line broadening of NH 
resonances. 56 

With regard to the Iva peptides, a partial tentative 
assignment has been performed for the two upfield resonances, 
to the N( 1)H and N(2)H protons, by analogy with the chemical 
shifts in chloroform of other Na-p-bromobenzoylated peptides 
from different types of C"*"-disubstituted glycine. 738 In 
contrast, complete assignment of the NH protons of the 
(aMe)Val peptides has been achieved by comparison with the 
corresponding protons of the isomeric isotactic peptides, which 
were assigned by analysis of their COSY and ROESY spectra.27 

From an analysis of the spectra as a function of concentration 
(10-2-10-3 mol drn-,) in CDC1, solution (results not shown), we 
have been able to conclude that dilution induces a negligible 
( < 0.02 ppm) shift to higher fields of the NH resonances of the 
Iva di-, tri-, and tetra-peptides and all (aMe)Val peptide amides 
investigated in this work. However, this effect becomes 
somewhat significant for the Iva penta- and hexa-peptides. In 
particular, their N(2)H protons shift by 0.12 and 0.40 ppm, 
respectively. 

In the Iva and (aMe)Val peptides examined in the CDC1,- 
DMSO solvent mixtures and in the presence of the para- 
magnetic perturbing agent, TEMPO, at 2 x lop3 mol dm-, 
peptide concentration (for two representative examples see Fig. 
6) ,  two classes of NH protons were observed. Class (i) [N(l)H 
and N(2)H protons] includes protons whose chemical shifts are 
sensitive to the addition of DMSO and whose resonances 
broaden significantly upon addition of TEMPO. Interestingly, 
the sensitivity of the N( l)H proton is higher than that of the 
N(2)H proton; in addition, the extent of the perturbation on the 
N(2)H proton appears to decrease progressively as main-chain 
length is reduced. Class (ii) m(3)H to N(6)H protons] includes 
those displaying a behaviour characteristic of shielded protons 
(relative insensitivity of chemical shifts to solvent composition, 
and of linewidths to the presence of TEMPO). 

In summary, these 'H NMR results allow us to conclude that, 
in CDC1, solution at mol dm-, concentration, only the 
penta- and hexa-peptides have a tendency (although modest) to 
self-associate and that in this process, the amide N(2)H proton 
plays a major role as hydrogen bonding donor. At lower 
concentrations, the N(3)H to N(6)H protons of the tri-, tetra-, 
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Fig. 6 Plot of NH chemical shifts in the 'H NMR spectra of (a)pBrBz- 
(D-Iva-L-Iva),-D-Iva-oBuf and (b) pBrBz-(~-lva-~-Iva),-OBu' as a 
function of increasing percentages of DMSO (u /u )  added to the CDCI, 
solution. Plot of the bandwidth of the NH protons of same peptides [(c) 
and ( d ) ,  respectively] as a function of increasing percentages of TEMPO 
(w /v )  added to the CDCI, solution. Peptide concentration = 2 x 
mol drn-,. 

penta-, and hexa-peptides are almost inaccessible to perturbing 
agents and are, therefore, most probably intramolecularly 
hydrogen bonded. In view of these observations, it is reasonable 
to conclude that the most populated structures adopted in 
CDCl, solution by the terminally blocked Iva and (aMe)Val 
syndiotactic tri-, tetra-, penta- and hexa-peptides are the p-turn, 
two consecutive p-turns and the 3 ,,-helix, respectively. These 
conclusions are in agreement with those extracted from the 
FTIR absorption study discussion above. 

Conclusions 
In this first detailed investigation of the conformational 
preferences of syndiotactic homo-peptides (with a D-amino 
acid as the N-terminal residue) from the sterically hindered Ca.*- 
disubstituted glycines Iva and (aMe)Val, we have been able to 
show that these compounds may fold either into a type-11' p- 
bend followed by an incipient right-handed 3,,-helix or into a 
left-handed 3 ,-helix. No experimental evidence has been found 
supporting the onset of either the polar 3,,-pleated sheet or the 
(LD) P-bend ribbon structure. In view of the absence of the 
polar 3,,-pleated sheet, we are inclined to conclude that 
intramolecular hydrogen-bonding stabilization would more 
than compensate for the energy loss due to the unfavourable 
(semi-extended or 'inverse' helical) conformations which part of 
the residues are forced to adopt in either 3,,-helical structure. In 
addition, in the homo-oligopeptide amides with an odd number 
of residues, the numerically prevailing D-amino acids are in their 

most stable conformation if the peptide is left-handed 310- 
helical but not if it is type-11' P-bend/right-handed 3 ,,-helical. 
Therefore, it is not surprising that the (aMe)Val tripeptide 
amide should prefer the left-handed 3,,-helix, as found in this 
work. Finally, it is noteworthy that in the crystal state, the 
isomeric, isotactic pBrBz-(D-Iva),-OBu' 59 and z-[D-(aMe)- 
Val],-NHPr' 27 homo-oligomers have also been shown to adopt 
the left-handed 3,,-helical structure. 
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