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ABSTRACT: The IR absorption and 'H NMR analysis of the preferred conformation of monodisperse 
Z-(Aib),-OtBu (Z = (benzyloxy)carbonyl, OtBu = tert-butoxy, Aib = a-aminoisobutpic acid; n = 1-12) strongly 
indicates the formation of fully developed stable 310-helices for the higher (n = 8-12) homooligomers 
(pleionomers). This experimental study was performed in the solid state as well as in deuteriochloroform 
solution, in the latter case as a function of concentration, temperature, and addition of dimethyl sulfoxide 
and the free radical Tempo. A picture of the mode of self-association of the helical structures has also been 
obtained. A detailed theoretical study of Aib N-acetyl-"-methyl amide by conformational energy computations 
indicates that the fully extended structure is less stable than the helical structures, irrespective of the actual 
value of the N-C"-C' valence angle. 

Introduction 
Aib (a-aminoisobutyric acid or a,a-dimethylglycine) is 

the prototype of apdialkylated a-amino acids. Confor- 
mational energy computations of Ac-Aib-NHMe (Ac = 
acetyl; NHMe = methylamino) show that the presence of 
two methyl groups on the C" carbon imposes a marked 
restriction on the available conformational spaceS3-l7 
Folded (helical) structures of the 310 (cp = &60°, J /  = f30') 
and a (cp  = & 5 5 O ,  J /  = * 4 5 O )  types are significantly more 
stable than extended (cp  ir J /  = 180') structures. Con- 
versely, the energy difference between the 310- and a-helical 
structures is small. 

A few years ago in their calculations on Ac-Aib-NHMe 
and poly(Aib),, Venkataram Prasad and Sasisekharan took 
into account the nonplanar distortion of the peptide unit. 
For the value Au = +6O, experimentally observed in the 
X-ray diffraction structures of oligopeptides containing the 
Aib-Aib sequence, a modified a-helix (cp = & 5 5 O ,  + = &60°) 
called the a'-helix, was found to be the most stable 
structure.16J7 More recently, Paterson et  a1.12 demon- 
strated that the preferred helical conformation of Ac- 
(Aib),-NHMe (n = 1-3) is also sensitive to the molecular 
geometry (in particular to the valence angles between the 
four substituents on the tetrahedral C" atom) assigned to 
this residue: a tetrahedral symmetric geometry for these 
substituents favors the a-helix, whereas an asymmetric 
geometry, derived from published X-ray diffraction 
structures, favors the 310-helix. Interestingly, in the early 
1960s, Blout and Fasman,18 and Elliott et al.,19 independ- 
ently, from simple analysis of molecular models were able 
to show that unfavorable steric interactions are more sig- 
nificant in the a-helix of poly(Aib), than in the 310-helix. 

Experimental investigations of poly(Aib), were carried 
out on polydisperse materials (prepared from N- 
carboxyanhydride p o l y m e r i z a t i ~ n ~ ~ ~ ) .  X-ray diffraction 
powder photographs and unpolarized IR absorption results 
were originally interpreted in terms of an a - h e l i ~ , ~ ~ ~ ~ ~  
whereas more recent electron-diffraction photographs and 
polarized IR absorption data of oriented specimens pro- 
duced evidence that the 3,,-helix is the preferred confor- 
m a t i ~ n . ~ ~ , ~ ~  A vibrational analysis of the normal modes 
of poly(Aib), in both the a- and 310-helices showed sig- 
nificant differences only in the 300-900-cm-' region: a 
comparison of observed with calculated frequencies sup- 
ported the view of the occurrence of the 310-helical struc- 
ture for the p ~ l y p e p t i d e . ~ ~  

Published experimental investigations on monodisperse 
Aib homooligomers are limited to the pentamer level. 
Single-crystal X-ray diffraction data of protected (Aib), 
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(n = 1-5) homopeptides are indicative of the onset of 
folded structures in the solid In addition, the 
observed intramolecular N-H...O=C H-bonding schemes 
of the trimer, tetramer, and pentamer are compatible with 
the occurrence of (incipient) 310-helices.31-34~37~3g Solution 
IR absorption and 'H NMR studies of fully protected 
(Aib), (n = 1-5) homo pep tide^^^^^"^ strongly support the 
view that the intramolecular H bonds of the Clo type,53 
characteristic of the 310-helix, are first formed at  the trimer 
level. 

However, it is generally agreed that the conformational 
properties of low-molecular-weight oligomers (n I 5) are 
often not representative of the corresponding pleionomers 
(the monodispersed higher homologues having a main- 
chain length greater than the critical chain length for the 
onset of the ordered structure typical of the related hom- 
opolymer) and high-molecular-weight polymers due to the 
predominance of end-group effects operative in the for- 
mer.54 Therefore, to get a clear-cut answer to the problem 
of the conformation adopted by high-molecular-weight 
poly(Aib),, we have extended the investigation of the 
complete, strictly monodispersed, fully protected Z- 
(Aib),-OtBu (Z = (benzy1oxy)carbonyl; OtBu = tert-but- 
oxy) homooligopeptides series to n = 12. In addition to 
the synthetic details, in this paper we report the results 
of a conformational analysis in the solid state as well as 
in CDC13 solution, in the latter case as a function of con- 
centration, temperature, and addition of dimethyl sulfoxide 
(Me2SO) and the free radical 2,2,6,6-tetramethyl- 
piperidinyl-1-oxy (Tempo). 

In order to complete the picture of the conformational 
characteristie of Aib oligomers, we have, finally, performed 
detailed conformational energy computations of Ac- Aib- 
NHMe, including optimization of the N-C"-C' angle, 
whose value is strongly conformation dependent.15 The 
results obtained are also expected to help our under- 
standing of the conformational preferences of the mem- 
brane-active, channel-forming, Aib-rich peptide (peptaibol) 

Experimental Section 
Synthesis of Peptides. Z-(Aib),-OtBu (n  = 3-12) were syn- 

thesized from the appropriate N- [ (benzyloxy)carbonyl]oxazolones 
(n = 2-6)34@v63 and H-(Aib),-OtBu (n = 1-6)63 in anhydrous 
acetonitrile under reflux as described by Jones et al.63 Inter- 
estingly, the analytically pure, highest oligomers (n = 6-12) were 
easily obtained by filtration of the reaction mixtures at room 
temperature. The C-deprotected derivatives Z-(Aib),-OH (n = 
2-6) were prepared from the corresponding tert-butyl esters by 
using trifluoroacetic Z-(Aib),-OtBu (n  = 1, 2),63365 Z- 

antibiotics.13,14,40,55-61 
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Table I 
Summary of Analytical Data and Physical Properties of the Z-(Aib),-OtBu (n = 7-12) Homooligomers" 

n calcd found calcd found calcd found mp,* "C 
c, % N, 90 H, % 

7 59.8 59.6 8.2 8.3 12.2 12.3 229-230 
8 59.5 59.8 8.2 8.3 12.6 12.5 247-248 
9 59.2 59.5 8.2 8.3 12.9 12.8 262-263 

10 59.0 58.5 8.2 8.2 13.2 13.1 257-258 
11 58.8 58.4 8.2 8.2 13.5 13.4 271-272 
12 58.6 58.2 8.2 8.3 13.7 13.6 >300 

a Thin-layer chromatography (silica gel plates 60F-254, Merck) was performed in (1) chloroform-ethanol 9010 and (2) chloroform-ethanol 
95:5. The compounds were revealed by the hypochloride-starch-iodide chromatic reaction. A single spot was observed in each case with 
constant R,' or RP of 0.55 and 0.35, respectively, in the whole series of compounds (n = 7-12). *Determined on a Kofler Model apparatus 
(Reichert, Wien); the compounds were recrystallized from acetonitrile. 

-Cl 73,'f173' 

.*176:i176G +173,$17Z0 / c5 
-$0 1% 4 6' 

Aib-OH,62,65v66 and its mixed anhydride with pivalic acid6, were 
synthesized as described. Z-(Aib),-OtBu (n = 1-6),63-65 Z- 
(Aib),-OH (n = 1-6),62-65 and the corresponding oxazolones (n 
= 2-6)34a62@ have physical and analytical data in agreement with 
those described in the literature. A summary of the analytical 
data and physical properties of Z-(Aib),-OtBu (n = 7-12) is 
reported in Table I. 

Infrared Absorption. Infrared absorption spectra were re- 
corded by using a Perkin-Elmer Model 580 B spectrophotometer 
equipped with a Perkin-Elmer Model 3600 IR data station. The 
band positions are accurate to il cm-l. Cells with path lengths 
0.1 and 1.0 cm (with CaF, windows) were used for the solution 
measurements. Spectrograde deuteriochloroform (99.8% deu- 
terated) was purchased from Merck. For the measurements at 
variable temperature a Specac Model P/N 21.000 (Analytical 
Accessories, Ltd., Orpington, Kent, U.K.) thermostatically con- 
trolled cell was used. Spectra were taken by using a 1.0 mm 
pathlength sample cell with AgCl windows. Temperature was 
measured directly in the sample by using a thermocouple. Because 
some of the bands exhibited sensitivity to humidity, the presence 
of which was revealed by the occurrence of significant absorptions 
at 3670 and 3580 cm-l, great care was paid to ensure the absence 
of water in the solvent. The thermal stability of the urethane 
N-blocking group and the ester C-blocking group was checked 
by thin-layer chromatography after standing 60 min at 55 "C in 
chloroform. For the solid-state measurements the KBr disk 
technique was used. 

'H Nuclear Magnetic Resonance. The 'H nuclear magnetic 
resonance spectra were recorded by using a Bruker WP 200 SY 
spectrometer. Measurements were carried out in deuterio- 
chloroform (99.96% deuterated; Merck) and dimethyl sulfoxide 
(99.96%, d; Stohler) with tetramethylsilane as the internal 
standard. The free radical Tempo (2,2,6,6-tetramethyl- 
piperidinyl-1-oxy) was purchased from Sigma. 

Conformational Energy Computations. Conformational 
energy calculations have been performed by employing the ef- 
ficient package NB/83,67 which evaluates the conformational 
energy as a sum of nonbonded, electrostatic, hydrogen-bond, and 
intrinsic torsional contributions, as suggested by Momany et al.,OS 
and taking into account the recent updating of NBmethy et al.69 
The net atomic charges, as well as the geometry of the peptide, 
were taken from ref 12, but for the averaging of the geometrical 
parameters relative to the methyl groups on the C"." After an 
initial search into the whole conformational space (employing a 
grid mesh of loo), minimum-energy conformations were obtained 
in the low-energy regions by the OPT/83 packages7 using Da- 
vidon-Flet~her-Powell~~ or Newton-Raphson'2 algorithms with 
analytical evaluation of both the gradient and the Hessian. The 
precision in the determination of minima was set to about 0.1' 
for any of the variables. Conformational energies are expressed 
as AE = E - Eo, where E, is the energy of the most stable con- 
formation including variability of the N-C"-C' angle. Intrinsic 
bending potentials have also been included in this study. 

Results and Discussion 
Conformational Energy Computations. It is well 

d ~ c u m e n t e d ~ ~ - ~ ~  that many of the properties of oligomers 
are determined by the interatomic forces within each 
residue of the chain. It is possible therefore to arrive at 

3E 
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Figure 1. Conformational energy, AE (kcal/mol), of the fully 
extended (C,) and helical (H) conformations of Ac-Aib-NHMe 
vs. the N-C"-C' angle (8). The optimized values of cp and $ are 
also reported for both conformations at 8 = 102O, 106', and 111'. 

a first approximation of the most likely regular confor- 
mations of the oligomers from the (cp, J / )  energy surface for 
the individual residue. In  the case of Aib, several theo- 
retical studies have predicted that the conformational 
space is sterically restricted and low-energy conformations 
are found only in the region of helical ~ t ruc tures .~- l~  We 
have, however, recently shown that other apdialkylated 
a-amino acids actually prefer fully extended conforma- 
t i o n ~ ' ~ * ~ ~  and X-ray data indicate that this modification 
is paralleled by a strong reduction of the N-C"-C' angle, 
whereas the other intramolecular geometrical parameters 
remain practically u n m ~ d i f i e d . ' ~ ~ ~ ~  Furthermore, IR 
measurements in CCll suggest (although the evidence is 
not conclusive) the presence of some low-energy extended 
conformation also in the case of blocked Aib itself.*' 

Figure 1 shows the trend of the conformational energy 
computed for the extended and helical structures of 
blocked Aib as a function of the N-C"-C' valence angle 
( 0 ) .  It is apparent that in the whole range of values con- 
sidered (which covers the complete set of X-ray values for 
peptides) the helical structure remains the most stable, 
although the energy difference decreases on decreasing the 
N-C"-C' angle. Bending contributions evaluated according 
to ref 76 or 77 amount to 1.1 and 0.5 kcal/mol, respectively, 
at N-C"-C' = 102' and become negligible (C0.1 kcal/mol) 
in the range 107O < N-C"-C' < 112O. Furthermore, the 
five valence angles on the Ca involving the CP atoms as- 
sume values in the range 109°-1110 irrespective of the 
value of the N-Ca-C' angle. A comparison with ab initio 
computations for Gly and L-Ala suggests that the param- 
eters used in the present study overestimate the relative 
stability of helical structures with respect to extended ones 
by a constant amount of about 3.5 k c a l / m ~ l . ~ ~  Taking into 
account this correction, the most stable helical structure 
(0 = 11l0, p = *53", rc/ = *40°) still remains 0.3 kcal/mol 
lower in energy than the most stable extended conforma- 
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Figure 2. IR absorption spectrum of Z-(Aib)12-OtBu in the solid 
state: (A) 3450-3250-cm-' region, (B) 1750-1600-cm-' region; (C) 
700-610-cm-' region. 

tion ( I 9  = 107O, cp = 173O, # = 172O), but the very small 
energy difference becomes compatible with the detection 
of a nonnegligible percentage of extended structures. 
When the chain length is increased, (n  2 3), a further 
stabilization is obtained only in the case of helical struc- 
tures due to the formation of intramolecular H bonds 
between different residues, thus suggesting a shift of the 
conformational equilibrium toward helical structures. 

As a last point we observe that the 29, (a, and # values 
of the most stable helix are very similar to those obtained 
in ref 12 for an asymmetric geometry ( I 9  = 11l0, cp = 
i55.5O, # = i40.3O). Since the contour diagram of hy- 
drogen-bond distances in the 310- and a-helical regions in 
the (a, # map of regular oligomers depends only on the 
backbone geometrical parameters, also in our case the 
310-helix is the preferred conformation (Figure 6 of ref 12). 
When the N-C*-C' angle is decreased, the energy mini- 
mum moves toward (a, # values characteristic of the a-helix 
(Figure 1). We can therefore conclude that the most sig- 
nificant parameter in determining the preferred confor- 
mation is the N-C*-C' angle. 

Solid-state Conformational Analysis. We have ex- 
tended the IR absorption study of the modes of folding 
and self-association of the Z-(Aib),-OtBu peptides (already 
reported for the oligomers with n = 3-5)32 to the higher 
oligomers (n  = 6-12). The most informative frequency 
ranges are the f o l l o ~ i n g : ~ ~ ~ ~ ~  (i) 3450-3270 cm-', corre- 
sponding to the N-H stretching vibrations of the peptide 
(amide A) and urethane groups; (ii) 1800-1600 cm-', cor- 
responding to the C=O stretching vibrations of the pep- 
tide (amide I), urethane, and ester groups; and (iii) B O M O O  
cm-', corresponding to the N-H out-of-plane bending mode 
of the peptide (amide V) and urethane groups. As an 
example, the spectrum of the dodecamer is shown in Figure 
2. 

In the 3450-3270-cm-' region a band of low intensity is 
seen at a frequency 23422 cm-' in all n = 6-12 oligomers, 
the position of which is indicative of the occurrence of free 
(or extremely weakly H-bonded) N-H groups. In addition, 
a more intense band, related to strongly H-bonded N-H 
groups, is visible at 3315-3298 cm-'. In this spectral region 
a single absorption a t  3275 cm-' is shown by poly(Aib),,28 
whereas the corresponding absorptions of the peptaibol 
antibiotics alamethicin and suzukacillin fall at 3300 cm-1.80 

In the 1800-1600-~m-~ region three bands are seen: the 
weak bands at 1737-1728 and 1707-1700 cm-' are assigned 
to absorptions of the C=O groups of free tert-butyl ester 
moieties and weakly H-bonded urethane moieties, re- 

spectively, whereas the intense band at 1664-1656 cm-' is 
attributed to absorptions of the C=O groups of H-bonded 
peptide moieties. The band of the bonded C=O groups 
of poly(Aib),,28 alamethicin,80 and suzukacillinsO appears 
at 1660-1652 cm-'. 

The characteristic feature of the spectra in the 800- 
600-cm-' range is a relatively broad band centered near 680 
cm-' the intensity of which increases with increasing 
main-chain length. The critical chain length for the onset 
of this band is n = 5-6. The amide V band of poly(Aib), 
is found at 694 cm-1,28 whereas that of a typical a-helix is 
a t  620-630 In this region the IR spectra of the 
oligomers are markedly affectd by the extent of cristallinity 
of the compounds. 

In the three regions the spectra of the higher oligomers 
are very similar and significantly simplified if compared 
with those of the lower oligomers. The IR absorption 
results allow us to conclude that in the solid state the Aib 
higher oligomers adopt an ordered secondary structure 
characterized by strong H bonds. As for the type of sec- 
ondary structure formed, the amide I band position 
(-1660 cm-') is not compatible with the onset of a 0- 
structure (1630 ~ m - ' ) . ~ ~  It is not possible to discriminate 
between a- and 310-helices from the spectra in the amide 
A and amide I regions, since the predicted frequencies are 
very nearly the same.30 From an analysis of the amide V 
region, where significant differences between the two types 
of helical structure are expected,30 evidence has been ob- 
tained for the formation of the 310-helix a t  the n = 5-6 
level. 

To ascertain unambiguously the molecular structure and 
the packing modes of the Aib homopeptides in the solid 
state, we took advantage of the high crystallinity of these 
compounds for an extensive single-crystal X-ray diffraction 
investigation. The structures of Z-(Aib),-OtBu, Z- 
(Aib),-OH, and Z-(Aib),-OtBu are characterized by the 
formation of (incipient) 310-helices, formed by one, two, 
and three intramolecular H bonds of the Clo type.31-33 The 
same type of structure is exhibited by Tos-(Aib),-OMe 
(Tos = tosyl or p-toluenesulfonyl; OMe = m e t h ~ x y ) . ~ ~ , ~ ~  
Recently, we have been able to grow single crystals suitable 
for an X-ray diffraction analysis from Z-(Aib),-OtBu and 
pBrBz-(Aib),-OtBu (pBrBz = p-bromobenzoyl). The 
structure of the latter octapeptide has been solved and 
found to be of the 3,,-helical type. The details of this 
structure will be reported elsewhere. 

Solution Conformational Analysis. The conforma- 
tional preferences of the 2-(Aib),-OtBu (n  = 1-12) hom- 
opeptides have been investigated in a solvent of low po- 
larity (CDC13) at various concentrations and temperatures 
by using IR absorption in the amide A and the amide I 
regions and 'H NMR. The IR absorption and 'H NMR 
data of the (n  = 3-5) lower oligomers where already re- 
p ~ r t e d . ~ ~ , ~ ~  

The most significant IR absorption results are illustrated 
in Figures 3-6. Relevant conclusions are the following: 

(i) Using the Mizushima's dilution technique,81 we have 
been able to demonstrate that at 1.5 mM concentration 
intermolecular H bonding is negligible for all oligomers but 
the dodecamer, whereas self-association occurs at  con- 
centrations higher than 10 mM for the oligomers with n 
2 3. In fact at low concentrations the bands at 3450-3400 
cm-' are assigned to the free urethane and peptide NH 
groups, while the bands a t  3380-3317 cm-' are assigned 
to the intramolecular H-bonded N-H g r o ~ p s . ~ ~ , ~ ~ ~ ~ ~ , ~ ~ , ~ ~  
When the concentration is increased over 10 mM, the area 
of the bands at 3380-3317 cm-' increases (Figure 3)& since 
the broad band assigned to intermolecularly H-bonded 
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Figure 3. Concentration dependence of the NH stretching bands 
in the IR absorption spectrum of Z-(Aib)ll-OtBu in CDC13: (-) 
15 and (- - -) 1.5 mM. 
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Figure 4. Frequency variation of absorption maximum of the 
IR absorption band in intramolecularly H-bonded peptide NH 
groups (A) and intramolecularly H-bonded peptide CO groups 
(B) vs. n, number of peptide residues in the homologous series 
Z-(Aib),-OtBu (n = 3-12) in CDC13. Concentration: 1.5 mM. 

N-H groups is overlapping the corresponding band of 
intramolecularly H-bonded N-H groups. This phenome- 
non becomes increasingly important as peptide chain 
length increases (the dodecapeptide is insoluble in CDC1, 
at concentrations higher than 10 mM). In this connection, 
it should be recalled that it is the N(1)-H that plays the 
role of the H-bonding donor in the self-association process 
of the Blo-helices formed by Z-(Aib),-OtBu (n  = 3-5)32 and 
pBrBz-(Aib),-OtBu in the solid state. 

(ii) In the absence of self-association (concentration, 1.5 
mM), as the peptide chain length is enhanced, the fre- 
quencies of the absorption maxima of the stretching bands 
of intramolecularly H-bonded peptide N-H and C=O 
groups (the latter absorption32 is seen at 1685-1659 cm-l) 
tend to decrease (Figure 4). This variation is steeper in 
the range of n = 3-8, whereas significantly less pronounced 
in the range of n = 8-12. This finding is in favor of the 
conclusion that a fully developed, stable, intramolecularly 
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Figure 5. (A) Plot of the AH/AF over n’ratios vs. n’(n = 1-9), 
where n’is the number of intramolecular H bonds of the 310-helices 
formed by the homopeptides Z(Aib),-OtBu (n = 3-11). (B) Table 
listing the percentages of intramolecular H bonds vs. n and n’. 
Solvent, CDCl,; concentration, 1.5 mM. 

H-bonded structure is formed at about the octamer level. 
The dodecamer shows the two maxima at 3320 and 1659 
cm-l, respectively. If these two frequencies are compared 
with the corresponding frequencies of the same peptide 
in the solid state (3298 and 1657 cm-’, respectively) (Figure 
2A,B), it is clear that the strong self-association effect 
operative in the solid state plays a significant role on the 
frequency of the absorption maximum of bonded peptide 
N-H groups, much less so on that of bonded peptide C=O 
groups. 

(iii) In the plot of the AH/AF over n’as a function of n’ 
(where AH/AF is the ratio of the integrated intensity of the 
band of H-bonded N-H groups to free N-H g r o ~ p s ~ ~ - ~ ~ ~ ~ ~  
and n’ = n - 2 is the number of the intramolecular H bonds 
of the corresponding 310-helices) a trend parallel to the 
abscissa is expected when stable 310-helices are formed in 
the absence of self-association. Figure 5 shows that this 
is verified for n’ = 6-9 (n  = 8-11). The lower oligomers 
exhibit decreasing percentages of intramolecular H bonds, 
as peptide chain length is reduced. This percentage is still 
remarkably high for the oligomers from tetramer to hep- 
tamer, while clearly reduced, although still consistent, for 
the trimer. The AH/AF over n’ value for the dodecamer 
(not reported in Figure 5) is much higher than expected, 
thereby confirming that this peptide is still partially 
self-associated at 1.5 mM. Interestingly, the results shown 
in Figure 4 as well as those in Figure 5 all indicate that 
a fully developed, stable, intramolecularly H-bonded 
structure (most probably a 310-helix32) is formed at the 
octamer level in the absence of self-association. 

(iv) The thermal stability of the structures adopted by 
the oligomers with n = 3-11 in the absence of self-asso- 
ciation is notably high, as typically shown by the amide 
A region of the octamer in Figure 6. 

The lH NMR experiments on the Z-(Aib),-OtBu (n  = 
1-12) peptides have been performed as a function of tem- 
perature (at two concentrations) (Table 11), addition of the 
strong H-bonding acceptor solvent Me$OE2 (Table 111) and 
the free radical Tempom (Table 111). Figure 7 graphically 
describes the results for the octamer. 

On the basis of a comparison with model  peptide^^^,^,^^ 
among the various resonances of NH protons we could 
assign unambiguously only those of the urethane N(1)H 
proton a t  higher fields (5.17-6.06 ppm) and the peptide 
N(2)H at immediately lower fields (6.29-6.92 ppm). As 
for the other NH protons, it is evident that the number 
of related peaks at lower fields (7.08-7.73 ppm) increases 
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Table I11 
Variations of t he  Chemical Shifts of NH Protons in the  'H NMR Spectra of the 2-(Aib),-OtBu (n = 1-11) Oligomers as a 

Function of Addition of Me.SO to the  CDCL Solutions (15 mM). Ab/A(%Me,SO) X lo5 D D ~ ~  

n N(1)H N(2)H N(3)H N(4)H N(5)H N(6)H N(7)H N(8)H N(9)H N(1O)H N(11)H 
1 -49.8 (3.1) 
2 -72.7 (4.1) -10.3 (1.6) 
3 -93.0 (16) -27.3 (2.7) -9.1 (1.0) 
4 -112.5 -38.4 -15.7 -7.0 
5 -108.1 (50) -47.5 (7.1) -8.2 (0.7) -5.2 (0.7) -5.7b 
6 -97.5 (70) -49.6 (11) -5.9 (0.6) -8.gb -11.5 (1.2) -10.6 (0.4) 
7 -89.7 -38.4 -0.4 Ob -2.8 -4.3 -6.2 
8 -80.8 (50) -46.0 (15) -0.4 (0.8)b -0.4 (0.8)b -3.0 (0.8) -3.3 (1.0) -4.0 (1.0) -5.7 (1.0) 
9 -83.2 -47.8 O . l b  0.4b -2.7 -3.0 -2.2 -3.2 -6.4 

10 -77.3 -43.6 0.8b lAb -2.1 -0.7 -1.0 -3.4 -4.5 -3.0 
11 -72.0 (100) -47.0 (25) 0 (0.4)b 1.8 (0.4)b -1.9 (1.2) -1.4 (1.0) -1.4 (1.0) -3.6 (1.0) -4.6 (1.0) -2.1 (1.0) -1.8 (1.0) 

"In parentheses, variations as a function of addition of Tempo (AAvl */A(%Tempo) X lo-' Hz) under the same experimental conditions. 
This resonance is overlapped by that of the aromatic protons of the (benzy1oxy)carbonyl N-protecting group. 

I r w 
Figure 6. Temperature dependence of the stretching band of 
the intramolecularly H-bonded NH groups (3331 cm-') in the IR 
absorption spectrum of Z-(Aib),-OtBu in CDC1, (concentration, 
2 mM) relative to the band of free NH groups a t  3427 cm-'. 

with increasing peptide chain length. This finding rep- 
resents a preliminary indication of the involvement of these 
NH protons in a H-bonding scheme. It  is pertinent to 
mention here that we number the amino acid residues as 

u ~ u a l ~ ~ ~ , ~ ,  i.e., from the N terminus of the peptide chain, 
so that the proton attached to the nitrogen of the N-ter- 
minal residue is labeled N(1)H. 

A detailed analysis of the spectra of the homooligomers 
as a function of concentration (Table 11) shows that an 
approximately 10-fold dilution (from 18-13 to 4-0.8 mM) 
produces a significant variation (to higher fields) of the 
chemical shifts of N(1)H and N(2)H protons, more evident 
for the urethane N(l)H.ffi This phenomenon is particularly 
relevant for the oligomers with n 1 8, although still ap- 
preciable for the hexamer and heptamer. For the protons 
at lower fields, N(3)H - N(ll)H, the concentration effect 
is negligible. The dodecamer is not sufficiently soluble in 
CHC13 to allow a concentration study to be performed. 

Marked variations of the temperature dependencies of 
NH chemical shifts at the two concentrations (Table I1 and 
Figure 7A) are seen only for the urethane N(1)H protons, 
beginning a t  the tetramer level. More limited variations 
are observed for the peptide N(2)H protons, beginning at 
the hexamer level. For all other protons, N(3)H - N- 
(11)H, the A 6 / A T  values are slightly influenced by a 
change in concentration. The extent of the concentration 
effect on the A 6 / A T  values of N(1)H protons is similar for 

Figure 7. (A) Plot of NH chemical shifts in the 'H NMFt spectra of Z-(Aib)8-OtBu in CDC13 vs. temperature. (B) Plot of NH chemical 
shifts of the same peptide vs. increasing percentage of M e a 0  to the CDC13 solution (v/v). (C) Plot of the bandwidth of the NH putons  
of the same peptide vs. increasing percentages of Tempo (w/v) in CDC1,. Concentration: 15 mM. 
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the oligomers with n = 8-11. 
The solvent accessibilities of the NH protons of the 

various oligomers, indicative of a possible participation of 
inter- or intramolecular H bonds, have been examined as 
a function of addition of MezSO and Tempo to the CDC13 
solution. As far as the addition of MezSO is concerned, 
two types of NH protons are obser~ed:~'  the N(1)H and 
N(2)H protons are much more sensitive to MezSO than 
all other NH protons, N(3)H - N(11)H. In addition, the 
sensitivity of the N(1)H protons is notably higher than that 
of the N(2)H protons (Table 111 and Figure 7B). The 
variation of the chemical shifts upon addition of this strong 
H-bonding acceptor solvents2 is to lower fields.*' 

A precise determination of the resonance broadening 
induced by the paramagnetic free radical Tempoa3 has 
proved difficult for some NH protons due to overlapping 
with resonances of the aromatic NH protons of the (ben- 
zy1oxy)carbonyl N-protecting group. However, two classes 
of NH protons can easily be observed: the first class in- 
cludes the N(1)H and N(2)H protons, the resonances of 
which broaden significantly upon addition of Tempo, 
whereas the second class includes all other NH protons, 
the resonances of which are only slightly sensitive to 
Tempo (Table 111 and Figure 7C). 

Taking together all the 'H NMR data, it is evident that 
a t  higher concentration (above 15 mM) the N(1)H as well 
as the N(2)H protons of the Z-(Aib),-OtBu (n  = 3-11) 
oligomers are involved in the intermolecular H-bonding 
schemes, i.e., in the self-association process, whereas all 
other protons form intramolecular H bonds. Self-associ- 
ation can be disrupted either by heating or by addition of 
MezSO and Tempo. At an approximately 10-times lower 
concentration, self-association is negligible for all the ol- 
igomers examined, with the single exception of the dode- 
camer. The intramolecular H-bonding schemes are not 
sensitive to changes in concentration. The intramolecular 
H bonds have been observed to be markedly stronger than 
the intermolecular H bonds, since they are stable to in- 
creasing temperature and addition of both MezSO and 
Tempo. Since all NH protons (beginning from the N(3)H 
proton) of the polypeptide chains of the Z-(Aib),-OtBu (n  
= 3-12) oligomers form stable intramolecular H bonds, it 
may be concluded that the secondary structure adopted 
by the aforementioned oligomers in CDC13 is the 310-helix. 

These conclusions are in agreement with those obtained 
from the IR measurements (described above). Finally, a 
comparison between solid-state and solution results leads 
us to conclude that the pleionomers from the conforma- 
tionally restricted Aib residue form a (310) helical structure 
insensitive to environmental effects. We believe that the 
present results (i) represent a decisive proof in favor of the 
310-helix as the preferred conformation of poly(Aib), and 
(ii) are relevant to the nature of the channel formed in the 
membranes by the self-associated helices of the peptaibol 
antibiotics, whose sequence is characterized by long 
stretches of Aib residues. 
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ABSTRACT A local chain motion is proposed for the low-temperature loss peak in glassy polycarbonate: 
namely, a correlated conformational interchange between two neighboring carbonate units. One carbonate 
unit starts with a trans-trans conformation and the other with a cis-trans conformation. The interchange 
is produced by a rotation about one of the CO bonds in each of the carbonate units. The cis-trans conformation 
diffuses down the chain composed of largely trans-trans units by the repeated action of this process. The 
phenylene group attached to the other side of the carbonate unit from the rotating CO bond undergoes a 
s flip as rotation about the CO bond occurs though intermolecular couplings in the bulk polymer may also 
link the s flips to  the interchange. This motion is consistent with existing solid-state proton, carbon, and 
deuterium line shape data on the phenylene group. It also agrees with the presence of a substantial dielectric 
and dynamical mechanical loss peak linked in time to the occurrence of s flips. This motion produces a volume 
fluctuation by translation of the bisphenol A unit between the rearranging carbonate units; and this volume 
fluctuation can diffuse down the polymer chain as the cis-trans conformation diffuses. Diffusion of a change 
in backbone shape and a volume fluctuation down the polymer chain is a process which could initiate the 
rapid reduction of a macroscopic strain. 

The local chain dynamics of glassy polycarbonate has 
intrigued m a n y  investigators over the past 25 years.  
Tradi t iona l  experiments probing  dielectric r e l a x a t i ~ n ' - ~  
and dynamic  mechanical re1axationa-l3 below the glass 
transition indicated large-scale motion with very broad loss 
peaks  at low temperatures ( the  y relaxation). These ex- 
periments were not su i tab le  for  defining the specific ge- 
ometry  of the motions in polycarbonate (Figure l) though 
certain implications f rom studies of a variety of structural 
analogues74J3 did provide useful information in developing 
proposals for motions. Wide-line NMR studies14J5 also 
observe relaxation effects below the glass transit ion; but 
the lack of structural specificity produced only general  
conclusions comparable to the dielectric and dynamic  
mechanical work. 

Recently, more sophisticated solid-state NMR line shape 
studies have provided some very detailed geometric in- 
formation. The first  definitive l ine shape result16 was 
obtained on a s t ruc tura l  analogue of BPA polycarbonate 
which contained only phenylene protons (Figure 2). The 
proton spectrum showed the undiminished persistence of 
a dipolar splitting between adjacent phenylene protons up 
to the glass transition. This implied that the virtual bond 
corresponding to the phenylene  group could not be re- 
orientating i n  space. It d id  allow for either translation of 
the phenylene  g roup  or reorientation of the phenylene  
g roup  about the C1C4 axis. T h i s  conclusion was later 
confirmed for the polycarbonate i n  Figure 1 th rough  ob- 
servations on a partially deuterated f0rm.l' 

Subsequent a t ten t ion  centered on the phenylene group 
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