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Abbreviations and Symbols 

2D   two-dimensional 
3
J   vicinal scalar coupling constant 

δ   chemical shift 

∆E   conformational energy difference 

AE   anomeric effect 

B3LYP   Becke’s gradient-corrected exchange-correlation density functional 

CD   circular dichroism 

cis-ACPC  cis-2-aminocyclopentanecarboxylic acid 

COSY   correlated spectroscopy 

DLS   dynamic light scattering 

DOSY   diffusion-ordered spectroscopy 

EN   electronegativity 

EXSY   exchange spectroscopy 

FT-IR   Fourier transform-infrared 

HF   Hartree–Fock 

HMBC   heteronuclear multiple bond correlation spectroscopy 

HPLC   high-performance liquid chromatography 

HSQC   heteronuclear single-quantum coherence 

INEPT   insensitive nuclei enhanced by polarization transfer 

ISPA   isolated spin pair approximation 

LFER    linear free energy relationship 

NBO   natural bond orbital 

NMR   nuclear magnetic resonance  

NOE   nuclear Overhauser effect 

NOESY  nuclear Overhauser effect spectroscopy 

PFGSE   pulsed field gradient spin echo  

R   intensity ratio 

RHF   spin-restricted Hartree–Fock theory 

ROESY  rotating frame Overhauser effect spectroscopy 

RSA   restrained simulated annealing 

TEM   transmission electron microscopy 

TFA   trifluoroacetic acid 

TMS   tetramethylsilane 

TOCSY  total correlated spectroscopy  

trans-ACHC  trans-2-aminocyclohexanecarboxylic acid 

VT-NMR  variable-temperature NMR 
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1. Introduction and Goals 

In recent decades, 1,3-X,N-heterocycles1,2 and β-amino acid derivatives3 have played 

an important role in drug therapy and drug research. These compounds serve as good models 

for a better comprehension of several important phenomena in chemistry, for example the 

dynamic processes of ring–chain tautomerism and ring–ring epimerization and the behaviour 

of self-organizing foldameric systems.  

Ring–chain tautomerism involving the reversible addition of a heteroatom to a 

heteropolar double bond has been intensively studied for 1,3-X,N-heterocycles (Scheme 1). 

The equilibria between open-chain A and ring-closed B species can be investigated by NMR. 

SCHEME 1 

XH

N

R1

R2

X

HN

R2

R1

A B

X = O, S, NR  

 

The tautomeric equilibria of the 2-aryl-1,3-X,N-heterocycles (Kx = B/A) can be described 

successfully by the Hammett−Brown linear free energy relation ship (LFER). The LFER 

cannot only describe two- or three-component equilibria,1,2 but is also applicable to more 

complex systems.4-7 The earlier results indicated that the proportions of the ring-closed forms 

strongly depend on the electronic character of the substituent on the aromatic ring. The scope 

and limitations of LFER can be studied from the aspect of the influence of the electronic 

effects of the substituent on the aromatic ring, and its applicability to complex 

multicomponent tautomeric mixtures. It is still an open question whether the substituent-

dependent stability difference between the epimeric forms in the ring–ring epimerization can 

be explained by the stereoelectronic interactions related to the anomeric effect. 

For a long time, only proteins, RNA and DNA were known to be able to form a well-

defined hierarchy of self-assembling structural levels. The hallmark of folding is the ability of 

an amino acid sequence to reversibly acquire a well-defined, unique structure in a moderate 

amount of time, even though an exponentially large number are possible.8 The unnatural 

foldamers with well-defined secondary structure preferences, especially β-peptides, are 

attracting increasing interest and have a wide range of potential applications because they are 

able to adopt specific, compact conformations,9-15 and they could be used to create new types 

of tertiary structures. The folding propensity is influenced by local torsional, side-chain to 

backbone and long-range side-chain interactions. Although β-peptide foldamers are sensitive 

to the solvent, the systematic choice of the side-chain pattern and spatiality allows the design 
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of the desired specific secondary structure.14,16-20 The conformationally constrained β-peptide 

oligomers containing cyclic side-chains are among the most thoroughly studied models in 

foldamer chemistry. The chain length-independence of the folding pattern of β-peptide 

oligomers raises the still open question of whether these oligomers exhibit a real folding 

process, or whether the conformational space of the monomers is too preorganized to allow 

partly folded or other stable secondary structures. Another major challenge in foldamer 

science is to prove that higher-order structural levels are available for β-peptides and that their 

formation can be tailored by the β-amino acid sequence. Certain designed β-peptide helices 

have been observed to exhibit self-association, but distinct tertiary structures with specific 

morphology on the nanometre scale have not been reported thus far.  

In the field of the dynamic processes, the scope of my PhD thesis covers an analysis of 

the limitations of the Hammett–Brown equation in the ring–chain tautomerism of cis- and 

trans-1-aminomethylcyclohexane-1,2-diols and in the ring–ring epimerization of 2-aryl-1,3-

N,N-heterocyclic derivatives. In the field of the self-organizing foldamers, the goal was to 

study the limits of the conformational flexibility and self-assembling properties of the β-

peptides with constrained side-chains for the trans-2-aminocyclohexanecarboxylic acid and 

cis-2-aminocyclopentanecarboxylic acid foldamers. 

In order to achieve the above goals, mainly NMR spectroscopy was utilized, together 

with some other complementary methods, including IR, CD, DLS and TEM, besides 

molecular modelling. Accordingly, a brief theoretical background of the techniques used and 

the experimental set-ups is presented in section 2. Finally, to provide the thesis with sufficient 

clarity, the two major topics (dynamic processes and self-organization phenomena) are 

discussed in separate sections. 
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2. Methods 

2.1. NMR Spectroscopy 

2.1.1. Homonuclear Coherent Magnetization Transfer  

COSY (COrrelated SpectroscopY).21,22 Cross-peaks arise through coherence transfer 

between scalar coupled spins. The 2D experiment is composed of a o

x

o

x t 9090 1 −−  pulse 

sequence element. The first pulse creates transverse magnetization components for all allowed 

transitions. During the evolution period, the various magnetization components are labelled 

with their characteristic precession frequencencies. Finally, the mixing pulse transfers 

magnetization components among all those transitions that belong to J-coupled spins. For a 

two-spin system, initial I1z magnetization evolves through the pulse sequence elements as:  

( ) ( ) ( ) ( )111211111
22

1 sincos2coscos
1

JttIIJttII yxz

t

z
xx ππ

ππ

Ω−Ω− →








−−









 (1) 

( ) ( ) ( ) ( )111211111 sinsin2cossin JttIIJttI yzx ππ Ω−Ω+  

where Ik for k = 1, 2, …, K for a K-spin system, Ωk is a chemical shift of the kth spin and Jjk is 

a scalar coupling constant between the jth and kth spins. 

  

TOCSY (TOtal Correlation SpectroscopY).23,24 Cross-peaks are generated between all 

members of a coupled spin network. The 2D experiment is composed of a 

o

xm

o

x

o

x t 909090 1 −−−− τ  pulse sequence element. After the evolution period (t1), the 

magnetization is spin-locked with a composite pulse scheme in which the magnetization 

behaves as a strongly coupled spin system and evolves under the influence of a “collective 

spin-mode”. In that collective mode, coherence transfer is possible between all coupled nuclei 

in a spin system. Following the o

x

o

x t 9090 1 −−  sequence, which is decribed by equation 1, the 

terms I1x and 2I1zI2y are eliminated by the TOCSY phase cycle. During the isotropic mixing 

sequence, magnetization proportional to I1z is transferred through the spin system via a strong 

coupling Hamiltonian as follows: 

( ) ( ) ( ) ( ) ( )∑
=

Ω−→Ω−
K

k

mkkzz
JttaIJttI m

1
11111111 coscoscoscos πτπ τ  (2) 

in which a1k(τm) are mixing coefficients for the transfer of magnetization through the spin 

system from spin I1 to spin Ik, and zero-quantum terms have been ignored. 

a1k(τm): ( ) ( ) ( )mmm qΦaa τττ 22
2211 sinsin1−==  

( ) ( ) ( )mmm qΦaa τττ 22
2112 sinsin==  
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After the last o

x90  pulse and Hahn echo, the density operator prior to t2 is given by: 

( ) ( ) ( )∑
=










Ω →
K

k

mkky JttaIx

1
1111

2 coscos πτ

π

 (3) 

2.1.2. Heteronuclear Coherent Magnetization Transfer 

HSQC (Heteronuclear Single-Quantum Coherence).25-28 The experiment correlates 

protons with their directly attached X-nuclei. The experiment starts with proton 

magnetization. The first INEPT step is used to create proton antiphase magnetization, which 

is then transferred to the directly attached heteronuclei. This X-nucleus magnetization is left to 

evolve with its chemical shift. The effects of proton coupling and chemical shift are removed 

by the use of an 180o proton pulse applied at mid-evolution time.  

For an IS heteronuclear spin system (I = 1H, S = 13C or 15N), in which the I and S spins 

are covalently bonded, the proton I is scalar-coupled to a remote proton, K, and the delay 

( )ISJ2/12 =τ , the pulse sequence elements are as follows: 

( ) ( ) ( )
yz

SKISKIKI

z SII
xyyxxxxx

22
,

2
,

2 − →
+−−+−−+

ππ
τππτ

π

 (4) 

( )
( ) ( )11

22 sin2cos2
11

tSItSI sxzsyz

t
KI

t
xx

Ω−Ω →
−+−π

 (5) 

( ) ( )
( ) ( )11

,
2

,
2 sin2cos tSItI sxysx

SKISKI xxxxxx

Ω−Ω− →
−+−−+ τππτ

ππ

 (6) 

 

HMBC (Heteronuclear Multiple Bond Correlation spectroscopy).29,30 This is suitable 

for determining long-range 1H-X connectivity. The pulse sequence utilizes zero- and double-

quantum coherence between J-coupled protons and X-nuclei to label each proton with the 

frequency of a remote X in the F1 dimension of a 2D experiment. The experiment converts 

transverse magnetization into zero- and double-quantum coherence, delay is matched to the 

inverse of the long-range coupling constant XH

nJ , and there is a filter to suppress cross-peaks 

arising from one-bond proton-carbon interactions. The one-bond filter has a delay that is 

matched to the inverse of XHJ1 : 

( )

yx

SKI

z SII
xxx

22
2

2 − →
−−+

π
τ

π

 (7) 

( )
( ) ( ) ( ) ( )1111

22 sincos4coscos2
11

tJtSKItJtSI IKsyzyIKsyx

t
KI

t
xx

ππ
π

Ω−Ω− →
−+−

 (8) 

( ) ( ) ( ) ( )1111

2
2 sincos2coscos tJtKItJtI IKszxIKsy

S x

ππ
τ

π

Ω+Ω− →
−

 (9) 



 5 

2.1.3. Homonuclear Incoherent Magnetization Transfer 

NOESY (Nuclear Overhauser Effect SpectroscopY).31,32 The experiment allows the 

correlation of nuclei through space (distance < 5 Å). The 2D experiment involves a 

o

xm

o

x

o

x t 909090 1 −−−− τ  pulse sequence element. The second 90o pulse transmits some of the 

magnetization to the Z-axis. During the following mixing period, this non-equilibrium Z 

component will exchange magnetization through relaxation, which is known as NOE. After a 

shorter time than the relaxation time T1, the transverse magnetization is restored and detected. 

If relaxation exchange (or chemical exchange) has taken place during the mixing time, cross-

peaks will be observed in the spectrum. For a spin system containing two scalar-coupled 

spins, evolution through the o

x

o

x t 9090 1 −−  sequence is described by equation 1. Evolution of 

the I1z term in equation 1 during τm is governed by the Solomon equations, in which the initial 

condition is ( ) ( )112111 coscos tJtI z πΩ−  and the equilibrium magnetization, o

zI1 , is rejected by 

phase cycling for axial peak suppression. If K – 1 spins (Ik for k = 2, …, K) are close in space 

to spin I1, the resulting evolution during τm is 

( ) ( ) ( ) ( ) ( )112
1

111112111 coscoscoscos tJtaItJtI
K

k

mkkzz
m πτπ τ ∑

=

Ω−→Ω−  (10) 

in which a1k(τm) = [exp(-Rτm)]1k is the (1, k)th element of the matrix exponential and R is the 

matrix of the rate constants ρi and σij. After the final 90o pulse, the density operator terms that 

result from the longitudinal magnetization are given by  

( ) ( ) ( )112
1

111 coscos tJtaI
K

k

mkky πτ∑
=

Ω  (11) 

W0

WI
(2)

WS
(1)

WS
(2)

WI
(1)

|ββ>

|βα>|αβ>

|αα>

W2

W0

WI
(2)

WS
(1)

WS
(2)

WI
(1)

|ββ>

|βα>|αβ>

|αα>

W2

 

FIGURE 1. The relaxation-induced transitions, which are possible amongst the same set of levels. 

This two-spin system can be described by the Solomon equations as follows: 

( )
( ) ( )tStI

dt

tId
zISzI

z ∆−∆−=
∆

σρ ; 
( )

( ) ( )tItS
dt

tSd
zISzS

z ∆−∆−=
∆

σρ  (12) 

where ρI and ρS are the autorelaxation rate constants for the I and S spins, respectively, and σIS 

= W2-W0 is the cross-relaxation rate, W0 and W2 are the transition probabilities for the zero-

quantum and double-quantum transition, respectively, ( ) ( ) 0
zzz ItItI −=∆ , and 0

zI  is the 
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equilibrium magnitude of the Iz operator. Corresponding relationships hold for Sz. Generally, 

for a multispin system in matrix nomenclature: 

( )
( )t

dt

td
z

z MR
M

∆−=
∆

 (13) 

in which R is an N x N matrix with elements Rkk = ρk and Rkj = σkj, and ( )tzM∆  is an N x 1 

column vector with entries ( ) ( )tItM kzz ∆=∆ . 

The cross-peak intensities contain information about the relative distances of the 

nuclei that contribute to the cross-peak. The build-up of cross-peak intensity in a multispin 

system is given by: 

( ) ( )0}...
2
1

{ 2
iimkjijmijmij ARRRA ∑ ++−= τττ  (14) 

where A(τm) is the cross-peak intensity as a function of the mixing time τm, and Rij is the 

relaxation rate between spins i and j. 

For a short mixing time, the cross-peak intensity is directly proportional to the cross-

relaxation rate and thus to the distance between the nuclei, because the quadratic term and 

those of higher order in τm can be neglected.  

ANOE ≈ σij ≈rij
-6 (15) 

where  









−

+
= 1

41

6

104 2262

24

cij

c
ij

r

h

τωπ

τγ
σ  (16) 

in which σ is the cross-relaxation rate, γ is the gyromagnetic ratio, h is Planck’s constant, τc is 

the correlation time, ω is the Larmor frequency, and r is the distance between nuclei. 

On the basis of the isolated spin-pair approximation (ISPA), which is the assumption 

that the cross-relaxation can be treated as occurring between an isolated pair of spins i and j, 

since the influence of any other nearby nuclei is minimal, the distance between nuclei can be 

calculated as follows: 

ref

ref
r

I

I
r

6/1









=  (17) 

where ‘ref’ means the reference intensity and distance. 

 

ROESY (Rotating frame Overhauser effect SpectroscopY).33 The sequence is very 

similar to that of NOESY in that it provides information concerning the distance between 

nuclei. The 2D experiment involves a spinlockt
o

x −− 190  pulse sequence element. This 

technique is based on NOE in the rotating frame. For a scalar-coupled two-spin system, I1z is 

given by:  
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( ) ( ) ( )1121121112111
2/

1 sin)cos(2cos)cos(1 tJtIItJtII zxy

t

z
x πππ Ω+Ω− → −  (18) 

( ) ( )1121121112111 sin)sin(2cos)sin( tJtIItJtI zyx ππ Ω+Ω+   

During the subsequent spin-locking period:  

1
'
11

'
11 cossin θθ yzy III +⇒   

( )( )2
'
22

'
21

'
11

'
121 sincoscossin22 θθθθ yzyzzy IIIIII −+⇒  (19) 

in which θ1 and θ2 are the tilt angles of the effective field for spins I1 and I2. Those terms that 

commute with the spin-lock Hamiltonian are proportional to I1z’ and 2I1z’I2z’. If K – 1 spins 

(Ik for k = 2, …, K) are close in space to spin I1, the resulting evolution of the longitudinal 

magnetization is:  

( ) ( ) ( ) ( ) ( )∑
=

Ω−→Ω−
K

k

mkkzz tJtaItJtI m

1
1121111

'
112111

'
1 coscossincoscossin πθτπθ τ  (20) 

in which a1k(τm) = [exp(-Rτm)]1k is the (1, k)th element of the matrix exponential and R is the 

matrix of the rotating frame relaxation rate constants Rkk(θi) and σjk(θi, θj). Transforming back 

from the tilted frame to the rotating frame: 

( ) ( ) ( )∑
=

Ω
K

k

kmkky tJtaI
1

1121111 coscossinsin πθθτ  (21) 

 The cross-peaks are generated by cross-relaxation of transversal magnetization. In 

the rotating frame, σ is given by: 














+

+
= 2

41

3

104 2262

24

c

c

ij
r

h

τωπ

τγ
σ  (22) 

 

2.2. Other Techniques 

2.2.1. Theoretical Methods 

Force Field Calculations. A molecular mechanics/dynamics force field may reasonably 

be asked to reproduce all of a number of molecular properties, including the following: 

molecular geometries, conformational and stereoisomeric energies, torsional barriers and 

torsion-deformation energies, intermolecular-interaction energies and geometries, vibrational 

frequencies and heats of formation.  

During our calculations, the MMFF94 force field was used. The potential energy of the 

MMFF94 can be written:34 

 

EMMFF94 = ΣEBij + ΣEAijk +ΣEBAijk + ΣEOOPijk;l + ΣETijkl + ΣEvdBWij + ΣEQij  (23) 
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where ΣEBij relates to the bond-stretching, ΣEAijk to the angle-bending, ΣEBAijk to the 

stretch-bend interactions, ΣEOOPijk;l to the out-of-plane bending at tricoordinate centres, 

ΣETijkl to the torsion interactions, ΣEvdBWij to the van der Waals interactions, and ΣEQij to 

the electrostatic interactions, and i, j, k, and l denote different atoms. 

Quantum Mechanics. The starting point of quantum mechanics is the time-

independent Schrödinger equation: 

( ) ( )rr Ψ=Ψ








+








∂

∂
+

∂

∂
+

∂

∂
− EV

zyxm
2

2

2

2

2

22

2
h

 (24) 

where m is the mass of an electron, V is the external field, h is Planck’s constant divided by 

2π, E is the energy of the particle, Ψ is a wavefunction which characterizes the motion of the 

particle, and r = xi + yj + zk is the position vector. 

 

Hartree–Fock Methods. The Hartree–Fock (HF) equations are obtained when the 

first derivative of the energy, δE, is zero in the time-independent Schrödinger equation of a 

many-electron system in a coulombic potential of fixed nuclei. As the nuclei are modelled as 

fixed point charges, it is only applicable after the Born–Oppenheimer approximation has been 

made. The starting point for the HF method is a set of approximate orbitals. Typically, in HF 

calculations, the wavefunction is approximated as a product of one-electron wavefunctions, 

which are in turn approximated by a linear combination of atomic orbitals. HF calculations 

can be used as the starting point for more sophisticated methods, such as many-body 

perturbation theory. 

  

Density Functional Methods. Density functional theory is an approach to the 

electronic structure of atoms and molecules. From the Hohenberg–Kohn theorem, the total 

electronic energy as a function of the electron density ρ is: 

( ) ( ) ( ) ( ) ( )ρρρρρ XCHCKE EEEEE +++=  (25) 

where ( )ρKEE  is the kinetic energy, ( )ρCE  is the electron-nuclear interaction term, ( )ρHE  is 

the electron-electron coulombic energy, and ( )ρXCE  contains the exchange and correlation 

distribution. 

 During our calculations, the B3LYP method was used, which gives approximate 

solutions to both exchange and correlation energies, but is not based on a purely quantum 

mechanical solution. B3LYP is a hybrid method, which includes a mixture of HF exchange 

with DFT exchange-correlation. It can be described as follows35: 

( ) localnon

C

VWN

C

Becke

x

HF

x

Slater

x ECEEBEAEA
−

∆++∆+−+ ***1*  (26) 
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Natural Bond Orbital (NBO) analysis. This process generates NBOs.36-42 These 

orbitals are localized electron-pair orbitals for bonding pairs and lone pairs. The hybridization 

of the atoms and the weight of each atom in each localized electron-pair bond is calculated in 

the idealized Lewis structure. The exact analysis of the delocalization energy contributions to 

the substituent-dependent AE can be tackled through a second-order perturbative analysis of 

the Fock matrix in the NBO basis. Although this procedure is known to overestimate 

stabilizing interactions, they closely parallel the energies afforded by the more accurate Fock 

matrix deletion method. The second-order energy stabilization due to the electron donation 

from orbital i to orbital j is given by equation 27, where qi is the donor orbital occupancy, εi 

and εj are diagonal elements and Fij is the off-diagonal NBO Fock matrix element.  

ij

ij

iij
εε

F
qE

2

−
=  (27) 

2.2.2. Vibrational and Chiroptical Spectroscopies 

FT-IR Specroscopy.
43 The IR spectra of polypeptides exhibit a number of amide 

bands, which represent different vibrational modes of the peptide bond. Of these, the amide I 

band is most widely used for secondary structure analyses. The amide I band results from the 

C=O stretching vibration of the amide group coupled to the bending of the N-H bond and the 

stretching of the C-N bond. These vibrational modes, present as IR bands in the range 1600–

1700 cm-1, are sensitive to H-bonding and coupling between the transition dipoles of adjacent 

peptide bonds, and hence are sensitive to the secondary structure. 

 

Circular Dichroism Spectroscopy.
44

 Circular dichroism (CD) spectroscopy is a form 

of light absorption spectroscopy that measures the difference in absorbance of right- and left-

circularly polarized light by a substance. It has been shown that CD spectra between 260 and 

approximately 180 nm can be analysed for the different types of secondary structures: alpha 

helix, parallel and antiparallel β-sheet, turn, and other.  

2.2.3. Particle Size Measurements 

Pulse Field Gradient NMR Spectroscopy. Diffusion-Ordered SpectroscopY 

(DOSY)45 seeks to separate the NMR signals of different species according to their diffusion 

coefficients. A series of gradient spin echo spectra are measured with different pulsed field 

gradient strengths, and the signal decays are analysed to extract a set of diffusion coefficients 

with which to synthesize the diffusion domain of a DOSY spectrum. If a spherical molecule is 

assumed, the diffusion coefficient D is described by the Stokes–Einstein equation: 
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sr

kT
D

πη6
=  (28) 

where k is the Boltzman constant, T is the temperature, η is the viscosity of the liquid and rs is 

the hydrodynamic radius of the molecule. 

By the use of a field gradient, molecules can be spatially labelled. If they move after 

this encoding during the following diffusion time ∆, their new position can be decoded by a 

second gradient. The measured signal is the integral over the whole sample volume and the 

NMR signal intensity is attenuated, depending on ∆ and the gradient parameters (g, and δ). 

This intensity change is described by:  

( )3/
0

222 δδγ −∆−= gD
eII  (29) 

where I is the observed intensity, I0 is the reference intensity, γ is the gyromagnetic ratio of 

the observed nucleus, g is the gradient strength, and δ is the length of the gradient.  

 

Dynamic Light Scattering (DLS).46 Scattering experiments can provide a wealth of 

detailed information about the structural and dynamic properties of matter. Dynamic light 

scattering in particular has important applications in particle and macromolecule sizing. When 

a beam of light passes through a colloidal dispersion, the particles scatter some of the light in 

all directions. When the particles are very small compared with the wavelength of the light, 

the intensity of the scattered light is uniform in all directions; for particle diameters > 

approximately 250 nm, the intensity is angle-dependent. Analysis of the autocorrelation 

function in terms of the particle size distribution is done by fitting the data numerically with 

calculations based on assumed distributions.  

 

Transmission Electron Microscopy (TEM).47
 Electron microscopes are scientific 

instruments that use a beam of highly energetic electrons to examine objects on a very fine 

scale. This examination can yield the following information: a. topography: the surface 

features of an “how it looks”; b. morphology: the shape and size of the particles making up 

the object; c. composition: the elements and compounds that the object is composed of, and 

the irrelative amounts; and d. crystallographic information: how the atoms are arranged in the 

object. 
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2.3. Experimental  

The NMR spectra were recorded on JEOL L400 and Bruker Avance DRX 400 

spectrometers, with the deuterium signal of the solvent as the lock. During 1H and 13C 

measurements, TMS was applied as internal standard. For 1H spectra, the number of scans 

was usually 128 or 256. For kinetic measurements, 0.046, 0.19, 0.38, 0.51 and 0.675 M 

CD3OD solutions were prepared with respect to both the aldehydes and the aminodiols. For 

study of ring–ring epimerization, 10 mg of heterocycle was dissolved in 500 µL of CDCl3. In 

these cases, the solutions were left to stand at ambient temperature for 1 day for the equilibria 

to be established before the VT-NMR spectra were run at 223.1-263.1 K for 11a–d and 12a–

d, or at 300.0–325.1 K for 11e–i and 12e–i. During the signal assignments of β-peptide homo-

oligomers, 8 mM CD3OD and DMSO solutions were used at 303.1 K.  

The assignment of the 1H and 13C NMR signals could be systematically achieved via 

the application of the standard 2D methods, such as COSY, TOCSY, HSQC, HMBC, NOESY 

and ROESY. The COSY measurements were performed with a o

x45  pulse for a different peak 

shape of vicinal and geminal protons. The number of scans was 40; 2k time domain points 

and 256 increments were applied. The TOCSY measurements were performed with the 

MLEV17 mixing sequence, with a mixing time of 80 ms; the number of scans was 32; 2k 

time domain points and 512 increments were applied. During the HSQC measurements, the 

number of scans was 40. For all the HSQC spectra, 2k time domain points and 256 increments 

were applied. During the HMBC measurements, the number of scans was 80; 2k time domain 

points and 512 increments were applied. The NOESY measurements were performed with a 

mixing time of 400 ms; the number of scans was 64; 2k time domain points and 512 

increments were applied. The ROESY measurements were performed with a cw spinlock with 

gradients and the 3-9-19 pulse sequence for water suppression. For the ROESY spinlock, 225 

ms and 400 ms mixing times were used; the number of scans was 64; 2k time domain points 

and 512 increments were applied. For processing, a cosine bell function was applied before 

transformation, except for the COSY spectra, for which a sine bell function was used. 

The integrated peak volumes were determined by using the program NMRView.48 The 

distances from the ROESY cross-peak intensities were calculated by application of the ISPA, 

using an approximate average of a geminal proton-proton distance of 1.78 Å as reference. 

 

Force Field Calculations were carried out on an HP workstation xw6000 in the 

Chemical Computing Group’s Molecular Operating Environment.49 For the energy 

calculations, the MMFF94s force field was used, with a 15 Å cutoff for van der Waals and 

Coulomb interactions. The lowest-energy structures of the 10- and 14-helices for 22–24 were 
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determined by using relevant H-bond pillar atom distance restraints: NHi–COi+1 and NHi–

COi+2 for the 10-helix and the 14-helix, respectively. Before the restrained simulated 

annealing (RSA), a random structure set of 100 molecules was generated by saving the 

conformations during a 100 ps dynamics simulation at 1000 K every 1000 steps. The RSA 

was performed for each structure with an exponential temperature profile in 75 steps, and a 

total duration of 25 ps, and the H-bond restraints were applied as a 10 kcal mol-1 Å-2 penalty 

function. Minimization was applied after every RSA in a cascade manner, using the steepest-

descent, conjugate gradient and truncated Newton algorithm.  

 

The molecular structure, stereochemistry and geometry of the ACHC and ACPC 

oligomers were exclusively defined in terms of their z-matrix internal coordinate system. The 

optimizations were carried out with the Gaussian03 program by using the RHF/3-21G basis 

set with a default set-up. Single point energies were additionally calculated by using density-

functional theory at the B3LYP/6-311G** level. 

 

During the NBO, the ab initio calculations were carried out with Gaussian 9450 at the 

HF/3–21G*//HF/6–31G* level. The NBO analysis36-42 was performed by using the NBO 3.1 

software implemented in Gaussian 94 with default parameters. The overlapping NBO orbitals 

were visualized with the molecular graphics package MOLEKEL.51 

 

The FT-IR measurements were performed on a Bio-Rad Digilab Division FTS 

65A/869 FT-IR spectrometer. The samples were prepared as 8 mM solutions in CD3OH. The 

experiments were run with the spectral window 4000-400 cm-1 at an optical resolution of 4 

cm-1 with 256 scans. The detector was DTGS (deuterated triglycyl sulfate); the sample was 

placed in a 0.1 mm liquid cell and KBr windows were applied. 

 

CD spectra were measured on a Jobin–Yvon Mark VI dichrograph at 25 °C in a 0.02 

cm cell. Four spectra were accumulated for each sample. The baseline spectum recorded with 

only the solvent was subtracted from the raw data. The concentration of the sample solutions 

was 4 mM in CD3OH. Molar ellipticity, [Θ], is given in deg cm2 dmol-1. The data were 

normalized for the number of chromophores. 

 

The PFGSE NMR measurements were performed by using the stimulated echo and 

longitudinal eddy current delay (LED) sequence. 1 ms was used for the dephasing/refocusing 

gradient pulse length (δ), and 250 ms for the diffusion delay (∆). The gradient strength was 



 13 

changed quadratically from 5% to 95% of the maximum value (B-AFPA 10 A gradient 

amplifier) and the number of steps was 16. Each measurement was repeated three times with 

128 scans and 16k time domain points. For the processing, an exponential window function 

and single zero filling were applied. The fluctuation of the temperature was less than 0.1 K. 

Prior to the NMR scans, all the samples were equilibrated for 30 min at 302.98 K. 

 

DLS were measured on a Zetasizer Nano ZS at 25 °C in a maintenance-free ζ-

potential cell with a volume of 0.75 mL. The experiments were conducted in back-scattering 

mode to gain a picture of the particle size distribution in the solvent over a wide diameter 

range. The DLS autocorrelation data were analysed by utilizing the CONTIN52 algorithm with 

maximum-entropy regularization implemented in the progam SEDFIT.53 In the same 

experimental set-up, the ζ-potential was measured too. 

 

TEM were measured on a Philips CM 10 transmission electron microscope at 100 kV, 

routinely at magnifications of 25,000 and 46,000. Following the method of Walsh et al.,54 10 

µL samples were applied to 400 mesh carbon-coated copper grids, fixed with 0.5% (v/v) 

glutaraldehyde solution, washed three times with 10 µL droplets of dd water, and stained with 

2% (w/v) uranyl acetate.  
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3. Substituent Effects on Tautomeric Equilibria 

3.1. Preliminaries  

Ring–chain tautomerism involving the reversible addition of a heteroatom to a 

heteropolar double bond has been studied for 1,3-X,N-heterocycles.1 Qualitative studies on the 

equilibria could be established by NMR spectroscopy with the integration of well-separated 

indicator protons.1 The tautomeric character of the 1,3-X,N-heterocycles can be used in the 

enantioselective synthesis of chiral amines or as aldehyde or ketone sources in the Hantzsch 

and Pictet–Spengler reactions.55-59 

Aliphatic aminodiols play an important role in drug therapy and drug research.60-65 

Besides the pharmacological interest, aminodiols are also useful starting materials for the 

syntheses of oxazines or oxazolidines, depending upon which hydroxy group undergoes ring 

closure with the amino group. The products of the reaction between an aldehyde and an 

alicyclic aminodiol containing three or more functional groups can potentially present a novel 

example of ring−chain tautomerism.66-70 

The 1,3-X,N-heterocycles are apt to participate in equilibrium processes involving 

opening of the heterocyclic ring at C2. Electron acceptors increase the relative contribution of 

the ring form, while electron donors decrease it in favour of the chain form. Electronic effects 

of the aryl substituent control the ring–chain ratio. These processes include ring–ring 

epimerization and ring–chain tautomerism.1 The early works of Kleinpeter et al.,71,72 our own 

previous studies on 2-aryl-1,3-X,N-heterocycles73 and the recent work of Neuvonen et al.74 

turned our attention to the fact that not only the ring–chain equilibrium ratios, but also the 

ring–ring epimerization equilibrium can be influenced by the 2-aryl substituent.  

Our present aim was to study the ring closures of stereoisomeric alicyclic aminodiols 

and the ring−chain tautomeric equilibria involved in the ring closures of cis- and trans-1-

aminomethylcyclohexane-1,2-diols with various aromatic aldehydes. It was anticipated that 

both 1,3-oxazines and oxazolidines could be formed under the reaction conditions applied. 

We also sought an answer to the question of whether the substituent-dependent stability 

difference between the epimeric forms in the ring–ring epimerization of 2-aryl-1,3-N,N-

heterocycles can be explained by the stereoelectronic interactions.  
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3.2. Results and Discussion 

Ring–chain tautomerism. The reactions of the cis- and trans-aminodiols 1 and 2 with 

seven aromatic aldehydes 3a−−−−g in EtOH resulted in complex mixtures (Scheme 2). These 

involve five-component equilibria with the participation of the two epimeric spiro-

oxazolidines (4a−−−−gB and 4a−−−−gC for 1, and 5a−−−−gB and 5a−−−−gC for 2), the two epimeric 

condensed 1,3-oxazines (4a−−−−gD and 4a−−−−gE for 1, and 5a−−−−gD and 5a−−−−gE for 2) and the 

corresponding Schiff bases (4a−−−−gA for 1, and 5a−−−−gA for 2) and tricyclic compounds (6 or 7). 
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The relative configurations of the various structures were determined from the 

NOESY spectra via the observation of NOEs between the O-CHAr-N hydrogen and the O-

CH hydrogen of the ring forms (4C, 4E, 5C and 5E) or one of the O-CHAr-N hydrogens of 

the tricyclic forms (6C, 6D, 7C and 7D). Interestingly, the conformation of the major 

component 4E or 5E was not forthcoming since the C-CH2-NH methylene protons form a 

degenerate singlet and they therefore do not provide any information regarding possible 

coupling constants or NOE contacts and hence stereochemical relationships. 

For the tautomeric study of these compounds, the samples were dissolved in CDCl3, 

and, as illustrative examples, phenyl derivatives 4d and 5d are discussed in detail. Although 

the spectrum of the dissolved sample 4d (or 5d) was quite complex, structures could readily 

be assigned due to the well-separated singlets from the azomethine hydrogen resonating at 

8.21 ppm (or 8.29 ppm) and the O-CHAr-N hydrogens resonating in the region 5.25–6.18 

ppm (or 5.17–5.75 ppm). By the application of various selective 1D and standard 2D homo- 

and heteronuclear experiments, the NMR analysis revealed that the signals in the region 5.25–

6.18 ppm (or 5.17–5.75 ppm) are those of 1,3-oxazine 4dE (or 5dE) and the tricyclic 

compounds 6dB and 6dC (or 7dC). Initially upon dissolution, the tricyclic compounds, the 

condensed 1,3-oxazine 4dE (or 5dE) and the corresponding Schiff base were the major 

components; the other condensed 1,3-oxazine 4dD (or 5dD) and the two epimeric spiro-
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oxazolidines were not formed initially. A period of 2 months was found to be adequate for the 

establishment of equilibrium, resulting in an increase in concentration of the initially minor 

compounds at the expense of the tricyclic compounds, which were reduced in concentration 

by a factor of 10.  

To test the applicability of the Hammett−Brown linear free energy equation, 

regression analysis was performed on plots of log K versus σ+ for compounds 4B−−−−D and 

5B−−−−D (Figures 2 and 3). The tautomeric ratios are based on the integration of the 4B−−−−E, 

5B−−−−E, 6A−−−−D and 7A−−−−D ring form O-CHAr-N protons and the 4A and 5A chain form N=CH 

proton singlets.  
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FIGURE 2. Plots of log Kx versus σ+ for compounds 4a−−−−g: B (x), C (∆), D (o), E (+). 
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FIGURE 3. Plots of log Kx versus σ+ for compounds 5a−−−−g: B (x), C (∆), D (o), E (+). 

 

Tables 1 and 2 list the chemical shifts of these indicator protons for compounds 4−7 and 

Tables 3 and 4 the relative contributions of the compounds to the multicomponent equilibria. 

Exact thermodynamic comparisons for the condensed 1,3-oxazines and the spiro-oxazolidines 

B−−−−E were performed7 separately for each of the ring-closed isomers. The slopes for the 

condensed 1,3-oxazines were determined to lie in the range 0.72−0.75, and those for the 

spiro-oxazolidines in the range 0.62−0.65, in close accord with those described in the 

literature.1 Since the plots are linear and the regression coefficients are all higher than 0.96, 

the systems are deemed to be adequately described by the Hammett−Brown linear free energy 
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equation. An attempt was also made to fit the same relationship to the tricyclic compounds 

6B, 6C and 7C, but the resulting regression coefficients were all generally less than 0.95, 

using few experimental points. As regards the mole fractions within the multi-component 

equilibria (Tables 3 and 4), the highest amounts of tricyclic compounds were observed for 

6dC (i.e. when benzaldehyde was used) and 7bC (i.e. when m-chlorobenzaldehyde was used), 

in their respective series. 

TABLE 1. Chemical shifts (ppm) of the indicator protonsa for compounds 4 and 6 in CDCl3 

 4A 4B 4C 4D 4E 6A 6B 6C 6D 

a 8.33 5.74 5.55 5.67 5.32 – – – – 
b 8.14 5.47 5.42 5.57 5.19 – 5.79, 6.08 5.47, 5.57 – 
c 8.18 5.59 5.45 5.61 5.21 – – 5.50, 5.57 – 
d 8.21 5.58 5.48 5.66 5.25 – 5.88, 6.18 5.56, 5.71 – 
e 8.16 5.54 5.45 5.63 5.21 – 5.84, 6.15 5.51, 5.68 – 
f 8.12 5.53 5.43 5.62 5.19 – 5.82, 6.13 5.50, 5.68 – 
g 8.04 5.49 5.41 5.63 5.17 – – – – 
a For 4A, N=CH; all others, O–CHAr–N. 

TABLE 2. Chemical shifts (ppm) of the indicator protonsa for compounds 5 and 7 in CDCl3 

 5A 5B 5C 5D 5E 7A 7B 7C 7D 

a 8.41 5.72 5.61 5.63 5.25 – – 5.59, 5.68 – 
b 8.25 5.62 5.45 5.47 5.14 – – 5.58, 5.62 – 
c 8.29 5.62 5.49 5.51 5.17 – 5.58, 5.61 5.65, 5.76 – 
d 8.29 5.62 5.49 5.51 5.17 – – 5.65, 5.75 – 
e 8.17 5.57 5.47 5.51 5.22 – – 5.52, 5.68 – 
f 8.29 5.57 5.44 5.47 5.13 – – 5.59, 5.72 – 
g 8.10 5.53 5.42 5.17 5.10 – – – – 
a For 5A, N=CH; all others, O–CHAr–N. 

TABLE 3. Tautomeric compositions (%) at equilibrium for compounds 4 and 6 in CDCl3 at 300 K 

 σ
+ 4A 4B 4C 4D 4E 6A 6B 6C 6D 

a 0.79 9.8 2.3 2.7 2.0 83.3 0.0 0.0 0.0 0.0 
b 0.40 8.8 0.9 1.5 0.9 26.8 0.0 14.3 46.8 0.0 
c 0.11 25.7 1.7 2.8 1.7 50.9 0.0 0.0 17.1 0.0 
d 0.00 17.9 1.2 1.7 0.6 24.2 0.0 3.2 51.2 0.0 
e -0.31 39.3 2.0 2.2 0.9 33.3 0.0 2.3 20.1 0.0 
f -0.78 60.4 1.3 1.9 0.9 30.2 0.0 0.5 5.0 0.0 
g -1.70 89.8 0.4 0.7 0.3 8.8 0.0 0.0 0.0 0.0 

TABLE 4. Tautomeric compositions (%) at equilibrium for compounds 5 and 7 in CDCl3 at 300 K 

 σ
+ 5A 5B 5C 5D 5E 7A 7B 7C 7D 

a 0.79 8.3 7.6 15.7 6.1 53.4 0.0 0.0 8.9 0.0 
b 0.40 10.0 6.1 10.5 5.5 22.0 0.0 0.0 46.0 0.0 
c 0.11 14.5 5.5 7.6 2.8 12.8 0.0 14.7 42.1 0.0 
d 0.00 19.4 6.6 10.6 5.1 18.6 0.0 0.0 39.7 0.0 
e -0.31 40.2 7.4 11.2 4.7 24.2 0.0 0.0 12.3 0.0 
f -0.78 57.8 6.7 10.7 2.4 19.1 0.0 0.0 3.4 0.0 
g -1.70 86.8 2.1 4.2 1.1 5.8 0.0 0.0 0.0 0.0 

 
Reaction Pathway for the Tricyclic Compounds. As concerns the possible reaction 

pathways for the formation of the tricyclic compounds 6 (or 7), three hypotheses were 

postulated. On the basis of the well-known literature finding that oxazolidines and tetrahydro-

1,3-oxazines can be used as aldehyde sources,56-59 the tricyclic forms 6 (or 7) could be formed 
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by the reaction between two condensed 1,3-oxazines 4E (or 5E), or between the condensed 

1,3-oxazine 4E (or 5E) and the Schiff base 4A (or 5A), or between the condensed 1,3-oxazine 

4E (or 5E) and an aldehyde 3a–g in the five-component tautomeric system. To select the most 

appropriate of these different hypotheses, the following experiments were performed.  

First, 2D EXSY measurements were carried out in CD3OD solutions of the phenyl-

substituted systems 4dA−−−−E and 6dA−−−−D (or 5dA−−−−E and 7dA−−−−D), in order to detect direct 

magnetization transfers between the indicator protons of tricyclic compounds 6dC (or 7dC) 

and the indicator protons in question of the compounds in the different reaction pathways. 

First-order chemical exchange cross-peaks were observed between the well-separated 

N=CHAr proton singlet of the corresponding Schiff base 4dA (or 5dA) and one of the 

O-CHAr-N protons of the tricyclic compound 6dC (or 7dC), and also between the other 

O-CHAr-N proton of 6dC (or 7dC) and the indicator proton of the condensed 1,3-oxazine 

4dE (or 5dE).  

However, a reaction pathway involving a slower addition of the condensed 1,3-

oxazine to aldehyde cannot be ruled out with the above method, if the reaction rate is too low 

as compared to the NMR time scale. If the tricyclic forms 6 (or 7) are formed by the reaction 

between the condensed 1,3-oxazine and an aldehyde, the pure tricyclic molecules after 

dissolution decompose under the reaction conditions applied to form the multicomponent 

equilibrium. On the other hand, the reaction between two condensed 1,3-oxazines 4E (or 5E) 

or between the condensed 1,3-oxazine 4E (or 5E) and the Schiff base 4A (or 5A) involve an 

aminodiol elimination. Assuming the microscopic reversibility of the reaction, the aminodiol 

is necessary in the first step of the decomposition of the pure tricyclic compounds. In order to 

test the stability of the pure forms and the effect of the aminodiol in solution, the pure 

tricyclic products were prepared. Preparation of the major isomeric tricyclic compounds 6aC 

(or 7aC) was accomplished by reacting the appropriate aminodiol 1 (or 2) with 3 equivalents 

of p-nitrobenzaldehyde in EtOH under reflux. After evaporation of the solvent and 

recrystallization of the resulting crude product, pure samples of 6aC (or 7aC) were isolated in 

each case. After dissolution in CDCl3, the pure p-nitrophenyl-substituted 6aC (or 7aC) did 

not decompose during an observation period of 3 months. When the aminodiol was added to 

the solution, a multicomponent equilibrium formed immediately.  

These results indicate that the reaction pathway for the formation of the tricyclic 

compounds is via the reaction between the condensed 1,3-oxazine and the Schiff base in the 

five-component ring−chain tautomeric system. For the examined system, this means that the 

tricyclic compound 6dC (or 7dC) was formed from the Schiff base 4dA (or 5dA) and the 
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condensed 1,3-oxazine 4dE (or 5dE) by aldehyde transfer and aminodiol elimination 

(Scheme 3). 
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To answer the question of whether the substituent-dependent stability difference can 

be explained by the stereoelectronic interactions, the epimerization equilibria of 2-aryl-1,3-

N,N-heterocycles were used.  

The generalized anomeric effect (AE) is recognized in an Lp-X-A-Y moiety as a 

preference for an antiperiplanar arrangement of the lone pair (Lp) and the A-Y bond, where X 

is a heteroatom, A is an element with intermediate electronegativity (EN) and Y is a group 

with higher EN.75,76 During the anomeric effect, interaction is observed between a lone pair n 

and a neighboring antibonding σ* orbital (Scheme 4). 
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It is generally accepted that the stability difference observed between two specific geometries 

of the same molecular moiety stems from two-electron/two-orbital hyperconjugative 

interactions resulting in an excess stabilization energy.77,78 There are four major factors that 

influence the excess of the electron delocalization energy: (i) the EN difference along the A-Y 

bond, (ii) the acceptor orbital energy level, (iii) the nature of the atom X, and (iv) the Lp-X-A-

Y dihedral angles observed in the compared structures. Handling the stability difference as a 

function of the acceptor ability of the A-Y bond and that of the Lp-X-A-Y dihedral angle 

allows a further generalization of the concept. This approach has resulted in a number of 

studies involving the use of various functional groups as Y and elements with intermediate 

EN as A.79-81 Despite the difficulties in the detection of the low energy differences in systems 

containing carbon as Y (e.g. -COR, -COOR or -Ar),82-84 it has been revealed that the stability 

difference between the C2 epimers in the epimerization equilibrium of 2-aryl-trans-1,3-X,S-

decalins is affected by the electronic properties of the aromatic substituent.71,72 As regards the 

local geometry, observations of AE have been reported in conformations other than 

antiperiplanar.85 
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Ring–ring epimerization. The condensations of diamines 3 and 8 with equivalent 

amounts of nine aromatic aldehydes in CDCl3 at 300 K resulted in three-component 

tautomeric mixtures 11A-C and 12A-C (two C-3 epimeric imidazoisoquinolines and the 

corresponding Schiff base) (Scheme 5), containing angularly and linearly condensed 

imidazoisoquinolines in epimerization equilibria.  
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After the attainment of equilibrium, the spectra of compounds 11a-i or 12a-i contained 

well-separated singlets resonating from the azomethine group at 8.31-8.46 ppm or 8.23-8.44 

ppm and the two N-CHAr-NH hydrogens in the region 4.11-4.63 ppm or 4.22-4.92 ppm. With 

the aim of an unambiguous signal assignment, standard 2D homo- and heteronuclear spectra 

were recorded. The proportions KX of the chain (11A, 12A) and diastereomeric ring forms 

(11B, 11C and 12B, 12C) of the tautomeric equilibria 11a-i and 12a-i were determined by 

integration of the well-separated N=CHAr (chain) and N-CHAr-NH (ring) proton singlets in 

the 1H NMR spectra in CDCl3 at 300 K (Table 5).  

TABLE 5. Proportions (%) of tautomeric forms in tautomeric equilibria for compounds 11and 12. 

Compd. σ+ 11A 11B 11C 12A 12B 12C 

a 0.79 3.4 88.7 7.9 4.1 25.8 70.1 
b 0.612 4.8 88.2 7.0 4.7 32.0 63.3 
c 0.15 7.6 86.1 6.3 14.7 28.9 56.4 
d 0.114 6.9 88.0 5.1 8.1 38.1 53.8 
e 0 9.0 86.3 4.7 12.8 28.1 59.1 
f -0.073 9.6 85.4 5.0 9.9 38.6 51.5 
g -0.311 11.6 85.0 3.4 14.3 28.9 56.8 
h -0.778 14.3 82.5 3.2 24.3 29.5 46.2 
i -1.7 34.6 63.7 1.7 57.0 14.6 28.4 
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LFER analysis of the reaction free energies (Scheme 2, calculated at 300 K) 

demonstrates an acceptable linear correlation with the Hammett–Brown substituent constants 

(σ+) for epimerization I (K11 = 11C/11B), while the linear fit falls off for epimerization II (K12 

= 12C/12B) (Figure 4).  

y = -0.2723x + 1.6955

R
2
 = 0.9003

y = -0.0499x - 0.3711

R
2
 = 0.0811

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

2.50

-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 σ +

∆G0

kcal mol
-1

 

FIGURE 4. Plots of ∆G
0 vs. Hammett–Brown σ+ values for epimerizations I (‘+’) and II (‘x’). 

 
The conformationally restrained condensed ring systems 11B and 11C display 

significant substituent effects on the epimerization equilibrium, but the angularly condensed 

imidazoisoquinolines 12B and 12C do not exhibit net substituent effects on the relative 

stabilities. Our conclusion at this point is that the selected models are suitable for detailed 

analysis of the stereoelectronic interactions probably responsible for the substituent-dependent 

AE. 

Conformational Analysis. Since the stereoelectronic interactions are highly 

dependent on the geometry of the studied molecules, thorough conformational analysis was 

performed. Our goal was to determine the predominant geometry for all the models and to 

identify the possible minor conformers influencing the correlation between the calculated and 

the measured data. The resulting structures proved to be rigid, since no minor conformation 

was found within the 6 kcal/mol energy window. The final conformations for 11eB, 11eC, 

12eB and 12eC are shown in Figure 5. 
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FIGURE 5. Final predominant minimum energy molecular structures for 11eB, 11eC, 12eB and 12eC, obtained 
by using ab initio HF/3-21G* calculations. 
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The conformations obtained are supported by the NOE patterns determined via the 

NOESY spectra. It is clear from the structures that the ideal, antiperiplanar arrangement 

cannot be found for the nitrogen lone pairs and the possible endocyclic and exocyclic 

substituents on C3. 

NBO Analysis. In the present model compounds, each nitrogen lone pair can overlap 

with three different vicinal antibonding orbitals associated with C3: σ*C3-N, σ*C3-Ar and σ*C3-

H. (From here, the exact numbering of the model ring system followed.) Since we were 

interested in the 3-aryl substituent-dependent stereoelectronic interactions, six orbital overlaps 

around C3 were taken into consideration in our analysis. The results of the NBO calculations 

revealed insignificant amounts of stabilization energy for nN4-σ*C3-N and nN2-σ*C3-H in 11B, 

for nN4-σ*C3-N, nN4-σ*C3-H, nN2-σ*C3-N and nN2-σ*C3-H in 11C, for nN4-σ*C3-N and nN2-σ*C3-H in 

12B, and for nN4-σ*C3-H and nN2-σ*C3-H in 12C, which was accompanied by negligible 

variations. The signed sum of the Eij values gives the theoretical hyperconjugative 

stabilization energy ∆ΣEij in equation 30, where r and l designate the right-hand side and the 

left-hand side, respectively, of the epimerization equilibria. 

l

ij

r

ijij E-EE ΣΣ=∆Σ  (30) 

To correlate the experimental stability differences with the theoretical results, linear 

regression analysis was carried out with ∆ΣEij against ∆G
0 (Figures 6 and 7).  
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FIGURE 6. Plots of theoretical stereoelectronic stabilization energy ∆ΣEij vs. ∆G
0 for epimerization I. 
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FIGURE 7. Plots of theoretical stereoelectronic stabilization energy ∆ΣEij vs. ∆G
0 for epimerization II. 
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For epimerization I we obtained a good linear relationship, while in the case of 

epimerization II there was no significant correlation. The variances of ∆G
0 and ∆ΣEij were of 

the same magnitude and the linear correlations were acceptable for epimerization I. These 

findings suggest that the observed 3-aryl substituent-dependent stability difference is 

stereoelectronic in origin. The lack of any linear relationship for epimerization II indicates 

that the variations in ∆G
0 cannot be explained by an electron delocalization energy excess. 

The correlation between ∆ΣEij and σ+ exhibits a similar pattern (Figure 8). The regression 

analysis for epimerization I gave a linear fit, while ∆ΣEij for epimerization II proved 

independent of σ+, which is in good agreement with the experimental observations. 
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FIGURE 8. Plots of theoretical stereoelectronic stabilization energy ∆ΣEij vs. Hammett–Brown σ+ values for 
epimerizations I (‘+’) and II (‘x’). 

 
It is clear that the experimentally detected substituent-dependent stability difference 

for epimerization I is connected with the AE comprising all the possible n–σ* interactions 

around C3. For epimerization II, the electronic properties of the 3-aryl substituent do not seem 

to exert a detectable effect either on the experimental reaction free energy or on the calculated 

stereoelectronic stabilization energy. These results raise two questions: (i) Are the electron 

delocalization energies of the individual orbital overlaps also substituent-dependent? (ii) What 

specific NBO donor-acceptor interactions are responsible for the substituent-dependent 

stabilization? 

The Hammett–Brown substituent dependence of the Eij values was tested by univariate 

linear regression for both epimerization equilibria. The calculation was carried out for each 

NBO donor-acceptor interaction. All the linear fits exceeding a significance limit of 99% are 

given.  

The results demonstrate that, regardless of the nature of the antibonding orbitals 

associated with C3, the 3-aryl substituent can have a significant influence on the two orbital 

electron delocalization energies, even in compounds 12B and 12C. It is also seen that the σ+ 

values are in an acceptably linear correlation with the Eij values, despite the fact that the 
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interacting orbitals are not in a periplanar conformation. The evaluation of the slope of the 

linear models (ρ) demonstrates that the 3-aryl substituents have a strong positive influence on 

the nN–σ*C3-Ar interaction energies, i.e. the higher the value of σ+, the higher the absolute 

value of the stabilization energy. It is interesting that the interactions nN–σ*C3-N and nN–σ*C3-H 

change in an opposite sense: electron-withdrawing substituents decrease the stabilizating 

delocalization energy. The nN–σ*C3-H overlaps are subjected to a weak modulation by σ+ as 

compared with those obtained for nN–σ*C3-Ar. 

Our observations reveal that all the possible vicinal n–σ* interactions around C3 that 

have a conformational arrangement other than orthogonal may contribute to the substituent-

dependent AE (Figure 9). 

nN–σ*C3–Ar nN–σ*C3–N4nN–σ*C3–H  

FIGURE 9. Graphical representations of the selected NBO interactions contributing to the substituent-dependent 
stereoelectronic stabilization. The orbital overlaps are displayed for 11iB. 

 
Translating the results of the NBO analysis to the language of valence bond theory 

gives an intuitive picture of three types of double-bond–no-bond resonance structures 

responsible for the phenomenological behaviour of the studied models (Scheme 6).  
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The growing electron demand of the 3-aryl substituent increases the stabilizing 

contribution of the resonance structure B, while the weights of the negative hyperconjugations 

C and D taper off. Depending on the exact geometry of the species in the epimerization 

equilibrium, the influence of the substituent on the donor-acceptor interactions can result 

overall in an experimentally observable substituent-dependence of the equilibrium ratios 

(epimerization I), which may be interpreted as a fine-tuned AE. It is also possible that the 
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individual hyperconjugative contributions cancel out, leading to an equilibrium ratio that is 

independent of σ+ (epimerization II). 

Equation 27 contains two important parameters determining the Eij values: the 

reciprocal donor-acceptor orbital energy difference (∆ε = εj - εi) and the square of the NBO 

Fock matrix off-diagonal element (Fij). ∆ε
-1 changes in parallel with σ+ for all types of 

acceptor orbitals, and the relative increase in ∆ε-1 on going from p-NMe2 to p-NO2 is only a 

few per cent (Figure 10).  
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FIGURE 10. Plots of selected reciprocal donor-acceptor orbital energy difference (∆ε-1) in 11B, obtained from 
NBO calculation. The symbols ‘■’, ‘▲’ and ‘●’ designate the orbital overlaps nN2–σ*C3–N4, nN2–σ*C3–Ar and  

nN2–σ*C3–H, respectively. 

 
This is in accordance with the picture of decreasing acceptor orbital energy due to the 

increasing electron-withdrawing effect of the 3-aryl substituent. Inspection of the substituent 

dependence of Fij
2 (Figure 11) allows the conclusion that the changes in Eij are mainly 

explained by the variations in Fij, since the changes are higher as compared with those in ∆ε-1, 

and the opposite trend of the correlation with σ+ can also be detected. We note that the Fock 

matrix off-diagonal element for the nN–σ*C3–H overlap does not exhibit a good linear fit 

against σ+. 
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FIGURE 11. Plots of selected squared Fock matrix off-diagonal elements (Fij
2) in 11B, obtained from NBO 

calculations. The symbols ‘■’, ‘▲’ and ‘●’designate the orbital overlaps nN2–σ*C3–N4, nN2–σ*C3–Ar and  
nN2–σ*C3–H, respectively. 

 
Fij is strongly correlated with the orbital overlap matrix element Sij, which finally boils 

down to a dihedral angle and acceptor orbital polarization dependence.35 The substituent-

dependent conformational changes for these model compounds are around 1°, i.e. negligible. 

However, the polarization coefficients of the C3 sp
3 atomic orbitals increase in σ*C3–Ar and 
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decrease in the acceptor bonds σ*C3–N and σ*C3–H when the electron demand of the 3-aryl 

substituent is augmented (Figure 12). 
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FIGURE 12. Substituent-dependence of the polarization coefficients in the C3-associated antibonding orbitals in 
11B. The symbols ‘■’, ‘▲’ and ‘●’designate the orbital overlaps σ*C3–N4, σ*C3–Ar and σ*C3–H, respectively. 

 
To summarize, the 3-aryl substituent effect contracts or expands the antibonding 

orbital in the direction of the donor lone pairs (Figure 13), which accounts exactly for the 

opposite trends of the variations in Fij, and thus for the observed substituent dependence of 

the individual orbital overlap stabilization energies. 
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FIGURE 13. Graphical interpretation of the substituent dependence of the polarization coefficients on C3. On 
going from p-NMe2 to p-NO2, the C3–Ar antibonding orbital expands, while the C3–N and C3–H antibonding 

orbitals contract at C3. 
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3.3. Conclusions  

Condensation of aminodiol 1 or 2 with one equivalent of an aromatic aldehyde, 3a−−−−g, 

resulted in a complex, multicomponent equilibrium mixture consisting of a five-component, 

ring−chain tautomeric system, involving the Schiff base, two epimeric spiro-oxazolidines and 

two epimeric condensed 1,3-oxazines, and some tricyclic compounds. The reaction pathway 

for the formation of the tricyclic compounds is via the reaction between one 1,3-oxazine and 

one Schiff base in the five-component, ring−chain tautomeric system. The five-component, 

ring−chain tautomeric system was found to be adequately described by the Hammett−Brown 

linear free energy equation. 

An extended view of the stereoelectronic interactions affords a detailed description of 

the substituent-dependent stability changes exhibited by the 2-aryl-1,3-X,N-heterocycles. The 

electron-withdrawing properties of the 2-aryl substituent alter the polarization along all the 

single bonds associated with C2; it therefore changes the extents of the orbital overlaps 

between the nitrogen lone pairs and the antibonding orbitals. The donor-acceptor 

hyperconjugative stabilization energies display an acceptable linear correlation with the 

Hammett–Brown substituent constant, and the theoretical stereoelectronic stabilization 

energies calculated as the sums of the individual orbital overlap electron delocalization 

energies explain the experimentally observed substituent-dependent AE. Application of the 

results presented in this work may help resolve the question of the substituent-dependence of 

the epimerization equilibrium constants in the field of ring–chain tautomerism. In accord with 

the currently increasing interest in dynamic covalent bonds allowing the construction of 

supramolecular structures and combinatorial libraries under equilibrium conditions,86 the 

condensed 2-aryl-1,3-X,N-heterocycle derivatives were recently recognized as useful building 

blocks for the synthesis of novel supramolecular host compounds and dynamic combinatorial 

libraries. It therefore appears important to provide explanations as to the exact electronic 

mechanisms of the effects exerted by the substituents and the stereochemistry on the 

equilibrium processes of these compounds. 
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4. Self-organization of Biomimicking β-Peptides 

4.1. Preliminaries 

The artificial secondary structures of β-peptides are of major importance in the field of 

self-organizing systems by virtue of the wide range of their potential applications, due to their 

propensity to adopt side-chain-controllable compact ordered conformations.3,16-20 Homo-

oligomers constructed by using trans-2-aminocyclohexanecarboxylic acid (trans-ACHC) 

monomers, which have protecting groups at both ends, 16-19 (Scheme 5), are known to form 

a highly stable 14-helix in various solvents (methanol or pyridine).10,14,87-93  

This structural motif is so stable that it is always predominant when the chain is longer 

than three monomers. The torsional angles φ, θ and ψ of the β-residues extracted from the 

literature data16,18,94-96 for the 10- and the 14-helices with the same helicity occupy adjacent 

positions in the Ramachandran plot, which allows a smooth rearrangement between the two 

conformational states without unfolding of the helical pattern if the 10-helix is energetically 

available under the corresponding conditions. Accordingly, by utilizing CD spectra together 

with a molecular dynamics simulation, Seebach et al. proposed an equilibrium between the 

10- and 14-helices in β-hexapeptide derivatives with simple proteinogenic side-chains,97,98 

while Fleet et al. demonstrated experimentally that an oxetane-based β-residue leads directly 

to 10-helix formation.99 Such a conformational polymorphism is an important feature of any 

folded system that is designed to have a complex dynamic function in general; it is also 

observed for the natural α-peptides: the interplay between the α-helix and the 310-helix motif 

can be a crucial factor during the folding process.100 In order to reveal similar intrinsic 

properties of the β-peptides and experimentally capture the conformational polymorphism in 

high-resolution solution structures, short oligomers with conformationally constrained side-

chains without terminal protecting groups were studied in the present work.  

A major challenge in foldamer science is to prove that higher-order structural levels 

are available for β-peptides and that their formation can be tailored by the β-amino acid 

sequence. Certain designed β-peptide helices have been observed to exhibit self-association in 

solution,93 but distinct tertiary structures with specific morphology on the nanometre scale 

have not been reported thus far. The construction of tertiary structures via the building of 

protein-sized β-peptide sequences is a formidable task because of synthetic difficulties. One 

feasible approach is to design discrete secondary structure units, which tend to self-assemble 

into tertiary structure motifs exhibiting specific morphology. The building blocks of choice 

are the homo-oligomers of cyclic β-amino acid residues: cis-(1R,2S)-ACPC7 and trans-
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(1S,2S)-ACHC6. They are known to form a self-stabilizing helix and a non-polar strand, 

resembling the α-helix and the β-strand of the α-peptides, respectively. As a consequence of 

their unlike secondary structures, essentially different tertiary structures can be anticipated if 

self-association is intrinsically possible for these β-peptides in solution. 

4.2. Results and Discussion 

In our approach, the potential energy hypersurfaces of trans-ACHC homo-oligomers 

without protecting groups, 21-24 (Scheme 7), were probed first by a standard restrained 

simulated annealing conformational search protocol, carried out by using molecular 

mechanics and distance restraints between the relevant H-bond pillar atoms.  
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The resulting most stable structures for 22-24 were optimized without restraints for both the 

10- and 14-helices. Final minimizations were carried out by using an ab initio quantum 

mechanical method50 at the RHF/3-21G level in vacuum, as this has been reported to provide 

a good approximation for the geometry of the β-peptides.101,102 The ab initio structures 

converged to the corresponding local minimum of the potential energy surface. In order to 

take into account the effects of more diffuse basis sets and the electron correlation, the 

energies were calculated at the B3LYP/6-311G** level too (Figure 14). The conformational 

energy differences between the 10- and 14-helices (∆E = E10-E14) proved to be rather low in 

terms of the non-bonding interaction energy scale, indicating a possible energetic availability 

of the 10-helix. The ∆E values clearly reveal a trend to an increasing relative stability for the 

10-helix motif as the chain length decreases. The energy difference obtained with the different 

approximation levels for 22 predicts a conformational equilibrium between the 10- and the 

14-helix, with a slight preference for the 10-helix in the case of the RHF/3-21G level. These 

findings presage the tendency for the unprotected tetramer to adopt the 10-helical motif, 

which is surprising in light of the earlier literature results on similar constrained β-peptides 

with protecting groups and offers a possibility for experimental testing. 
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FIGURE 14. Some of the resulting ab initio structures, and the chain length-dependence of the conformational 
energy difference between the 10- and 14-helices. ♦ RHF/3-21G, ▲ B3LYP/6-311G** 

 

For assessment of the conformational stability of the peptides in CD3OD, 1H-2D amide 

proton exchange was utilized. For 21, an unfolded conformation was found, as deciphered 

from the immediate amide proton exchange. Following the dissolution of 22, 1H NMR 

indicated that the amide protons exchanged completely only in 2 weeks. The amide protons in 

23 and 24 still showed strong resonances after the same period of time. The shielded amide 

protons of the residues in the corresponding oligomers were assigned (Figure 15).  
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FIGURE 15. NH/HD exchange results for 22-24 in CD3OD. 
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The observations confirmed that the studied oligomers adopt very stable 

intramolecular H-bonded folding patterns in CD3OD solution. As concerns the previously 

reported trans-ACHC oligomers with protecting groups, the amide proton signals were lost 

within 65 h,87 which may suggest considerably more shielded NH protons in our models, but 

a direct comparison must be made with caution because of the incidentally different 

concentrations of residual acid (TFA) stemming from the chromatographic separation and 

sample preparation protocol. The 1H-2D amide proton exchange experiments were therefore 

repeated for 24 with an elevated TFA concentration of 1.0 v/v%. The residual signals of the 

most shielded protons exhibit a relative intensity of 0.2 after 65 h for 24 (Figure 16). The 

usual TFA concentration during HPLC separations is 0.1 v/v%; hence, the applied TFA level 

in these 1H-2D exchange experiments is drastically higher than one would expect in a normal 

set-up. Accordingly, these results still support the view of highly shielded and stable H-bonds 

in the studied compounds. 
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FIGURE 16. Comparison of the NH/ND exchange rate: a) without additional TFA; b) with 1% TFA. The 
displayed intensities are assigned as follows: x NH2, o NH3, + NH4, ∆ NH5, * NH6 

 

The high-resolution 3D structure assignment was carried out by running ROESY 

spectra with 225 ms (Figure 17) and 400 ms spin-lock in CD3OD. The intensity ratio (R) of 

the cross-peaks NHi-C
αHi-1 and NHi-C

βHi calculated according to equation 24 is a sensitive 

indicator of the overall fold of the oligomers because it is dependent on the 6th power of the 

relative distances:14 

R = INOE(NHi-C
αHi-1)/INOE(NHi-C

βHi) (31) 

where INOE designates the integrated and offset-compensated ROESY cross-peak intensities. 

On the use of secondary structure motifs of 1S,2S-ACHC obtained by molecular modelling, 

representative R values are estimated as 3.51, 5.83 and 5.61 for the right-handed 12-helix, 

left-handed 10-helix and left-handed 14-helix, respectively. The random coil gives an R value 

of 2.1. It is clear that the 10- and 14-helices can not be distinguished in this way, considering 

their similar R values and the usual experimental error; nevertheless, the overall fold can be 

determined.  
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FIGURE 17. Diagnostic cross-peaks in ROESY spectra and signal assignments for a) 22, b) 23 and c) 24 in 
CD3OD, red: positive intensity levels, blue: negative intensity levels. 

 

TABLE 6. R values from ab initio structures and NMR measurements 

 24 23 22 

i 
Calcd. 

10-helix 
Calcd. 

14-helix 
Exp. 

Calcd. 
10-helix 

Calcd. 
14-helix 

Exp. 
Calcd. 

10-helix 
Calcd. 

14-helix 
Exp. 

2 6.1 4.9 3.8 5.3 6.1 3.7 5.8 6.3 0.0 

3 7.1 4.9 5.9 5.2 6.3 4.6 5.5 4.4 4.2 

4 6.6 4.7 5.7 6.0 6.1 4.8 6.0 6.5 4.2 

5 5.7 5.7 6.0 4.8 6.3 6.0    

6 5.9 5.1 7.5       

 

Comparison of the experimental intensity ratios and the theoretical values reveals 

good agreement with the left-handed 10- or 14-helical fold for each compound, with the 

exception of the N-terminal residues (Table 6). For 22, the NH2-C
αH1 NOE interaction is 

missing (i.e. R = 0, Figure 18), which is a major deviation from the regular helix structure, 

pointing to a fraying or unusually oriented N-terminal residue. This observation is supported 

by the higher exchange rate of NH2 and the considerable upfield shift of CαH1 (2.14 ppm) in 

comparison with those for 23 (2.96 ppm) and 24 (2.95 ppm). For 23 and 24, the R values 

involving the first residue are slightly decreased, but there is not a dramatic difference. The 

antiperiplanar arrangement of the NHi-C
βHi protons in both the 10- and 14-helices was 

confirmed by the uniform 3J(NHi-C
βHi) values of ca. 9 Hz. 

 

FIGURE 18. Prevailing structure of 22 determined by NMR. 
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As regards the theoretical models, another major difference between the two helical 

structures is that the 10-helix should give CαHi-C
βHi+2, and the 14-helix CαHi-C

βHi+3 NOE 

interactions. For 22, a marked signal can be observed between the protons at 2.85 ppm, 

unambiguously assigned to CαH2, and at 4.02 ppm. The resonances of CβH2 and CβH4 overlap 

near 4.02 ppm, but analysis of the vicinal coupling constant pattern clearly demonstrates the 

prevailing trans-diaxial orientation of CβH2 and CαH2, which rules out their proximity of <2.5 

Å, estimated from the cross-peak intensity. The non-overlapping intraresidue CβHi-C
αHi NOE 

signals for residues 3 and 4 are of much lower intensities (25%). The cross-peak in question is 

therefore assigned to the long-range CαH2-C
βH4 interaction. The CαH1-C

βH3 interaction in the 

ROESY spectrum at the given signal-to-noise ratio is indistinct, in parallel with the irregular 

N-terminal residue orientation deciphered from the missing NH2-C
αH1 NOE cross-peak. The 

proximity of the CαH2-C
βH4 can only be maintained by the cooperation of two H-bonds of 

CO4-NH3 and CO3-NH2 forming a stable 10-helix motif involving residues 2-4, while the 

absence of the CαH1-C
βH3 and NH2-C

αH1 NOE interactions can be explained by an irregularly 

oriented N-terminal residue. The rotation of the first residue is not hindered sterically or by 

hydrophobic stabilization in the 10-helix due to the lack of i-(i+3) side-chain – side-chain 

proximity (Figure 18). The preference for the distorted 10-helix motif in 22 can be explained 

by the fact that only three amide bonds are available for H-bonding stabilization. In the 10-

helix conformation, two H-bonds can be formed for such a short chain length, while the 14-

helix facilitates only one H-bond. The extra electrostatic stabilization counteracts the 

conformational strain encountered at the monomer level.3 In contrast with the ACHC tetramer 

with an unprotected N-terminal, the ACHC tetramer studied by Gellman et al.
88,90 possesses 

four amide groups. The additional amide NH on the first residue can also participate in a H-

bond, furnishing two stabilizing H-bonds in the 14-helix, and here the contribution from the 

third H-bond can not counteract the conformational strain occurring when the N-terminal 

residue is also regularly positioned in the 10-helix. These findings suggest that the formation 

of a stable 14-helix requires at least four amide bonds in the β-peptide chain and the helix 

nucleation with three residues can start with the 10-helix motif. 

For 23 and 24, all the CαHi-C
βHi+3 interactions could be readily identified (Figure 19). 

These results strongly suggest that 23 and 24 adopt a left-handed 14-helix pattern, which is in 

accord with the earlier literature results and proves that removal of the protecting groups does 

not affect the stability of the 14-helix at this chain length. The lower R values found for the 

first residues supports a fraying N-terminal, but the presence of the CαH1-C
βH4 NOE 

interaction is promoted by the sterically hindered rotation caused by the well-known i-(i+3) 

side-chain – side-chain interaction in the 14-helix.  
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FIGURE 19. The NOE cross-peaks defining long-range CαH2-C
βH4 interaction for 22 and CαHi-C

βHi+3 
interactions for 24. 

 
The presence of the H-bonds stabilizing the helices was tested by using IR 

spectroscopy in the intramolecular H-bond-promoting solvent CD3OH at a concentration of 8 

mM (Figure 20). The carbonyl stretching vibrations of the peptide backbone are sensitive 

markers of the peptide secondary structure, as the vibrational frequency of each C=O bond 

depends on the H-bonding and the interactions between the amide units, both of which are 

influenced by the secondary structure. For all the molecules, two characteristic bands were 

observed, at 1679 cm-1 and 1648 cm-1. The high-frequency band was assigned to amide CO 

groups not involved as acceptors in H-bonding, and the low-frequency band to intramolecular 

H-bonds. The relative intensity of the 1648 cm-1 band increases on going from 22 to 24, 

which is in line with the assigned secondary structures. In the amide I region for 22, a weak 

shoulder was observed at 1656 cm-1, which may be indicative of a weaker H-bond. This 

observation can be correlated with the fraying N-terminal of the tetramer and may provide 

additional evidence of the structural dissimilarity of 22.  
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FIGURE 20. Comparison of the IR spectra of trans-ACHC oligomers recorded in CD3OH: a) 22, b) 23 and c) 
24. The thick curve denotes the measured data, and the thin curves the component bands obtained from non-

linear fitting. 
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A series of publications have revealed that the interpretation of the CD spectra of β-

peptides requires special care, as they are extremely sensitive to minor variations in the 

structure that do not affect the overall fold of the molecule.88,97,98 The best assignment 

between the CD features and the 10- and 14-helical patterns appears to be as follows: (i) the 

10-helix motif gives rise to a single strong Cotton effect near 205 nm, and (ii) the 14-helix 

motif contributes with Cotton effects of opposite sign near 200 nm and near 215 nm.97 We 

compared the CD spectra for the model compounds (Figure 21). 
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FIGURE 21. Comparison of the CD spectra of trans-ACHC oligomers recorded in CD3OH: thick curve: 22, 
dashed curve: 23, thin curve: 24. The mean residue ellipticity is depicted. 

 

The data obtained for 22-24 display similar features: a positive Cotton effect at 197 

nm and a negative Cotton effect at 217 nm, but there are marked differences in the relative 

intensities of the Cotton effects for 22 as compared with the longer oligomers. The intensity 

of the negative Cotton effect at around 217 nm is significantly less for 22, while the positive 

Cotton effect, at slightly lower frequency, gives a signal comparable in strength with those for 

23 and 24. The assignment rule of Seebach et al.97,98 allows the considerably lower signal near 

217 nm and the strong positive Cotton effect for 22 to be assigned to a conformational 

ensemble containing the 10-helix motif in significant amount or possibly as the predominant 

conformation in light of the NMR results. The clear unbiased Cotton effects with opposite 

sign for 23 and 24 can be assigned to the 14-helix. 

The intriguing question of the much higher shielding from the solvent for the NH 

protons may be explained by the self-association phenomenon on the basis of the early works 

of Gellman et al.
88,93 For characterization of the self-association, diffusion NMR 

measurements with a stimulated gradient echo and longitudinal eddy current delay were 

used.45 Through exploitation of the relationship between the apparent hydrodynamic radius 

and the diffusion constant, the aggregation numbers (N) were determined by following the 

literature methods,45,103 via the following equations: 
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where I is the corresponding NMR signal intensity, G is the gradient strength, V is the 

molecular volume, and γ is the gyromagnetic ratio, while ∆ and δ are the diffusion delay and 

gradient pulse length parameters for the stimulated gradient echo pulse sequence. The 

aggregation numbers were determined from three independent measurements with an average 

error of 0.12. As internal reference, TMS was used. This measurement samples the ensemble 

average of the molecules; hence, the resulting aggregation number is an average over the 

aggregated species, giving rise to non-integral values. The diffusion model utilized assumes 

spherical symmetry for the species, this condition being met for the helix monomers, where 

both the helix diameter and the helix length are approximately 10 Å. The aggregated species 

diverge from spherical symmetry, but the trends in the aggregation propensities can be 

followed reasonably well. 

The measured aggregation numbers, 5.91, 6.60 and 7.49, revealed an increasing trend 

for 22, 23 and 24, respectively, in CD3OD at 303.1 K. The driving force for the aggregation 

may be a specific head-to-tail H-bond pattern leading to a rod-like superstructure, and/or the 

solvent-driven side-by-side hydrophobic interactions between the helical units, resulting in 

helix bundles. Head-to-tail NOE interactions were not detected and a rod-like assembly would 

not explain the extra NH shielding observed in the exchange experiments; this hypothesis can 

therefore be eliminated. The temperature-dependent aggregation number measurements 

furnished a maximum curve (Figure 22), which is characteristic of ionic tensides.104,105 For 

this type of molecules, a lower temperature is advantageous for the formation of a stable 

solvation shell preventing aggregation, while a higher temperature affords a higher 

disaggregating kinetic energy. This result supports solvent-driven helix bundle formation, 

which can effectively increase the shielding of the NH protons from the solvent. The self-

association does not affect the secondary structure stability, as constant helical patters were 

observed at the disaggregating temperature of 310 K. 
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FIGURE 22. Temperature dependence of the aggregation numbers: • for 22, and ■ for 24. 

 

From earlier results, it is known that the change in the relative configuration of the 

cyclic β-petides residues (cis or trans) provides an efficient control over the secondary 

structures of the helix and strand.14 On the basis of the results of the DOSY measurements for 

trans-ACHC homo-oligomers, we made an attempt to test the self-assembling behaviour of 

the cis-ACPC homo-oligomers, which adopt a self-stabilizing six-strand secondary structure 

in DMSO. The preliminary NMR measurements in CD3OD revealed that the peptide-bond 

NH/ND exchange rate strongly decreases as the cis-ACPC7 strand concentration increases 

(Figure 23). These observations cannot be explained purely within the framework of 

extremely stable secondary structures, and they therefore oriented our attention to self-

association phenomena. 
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FIGURE 23. Concentration-dependent residual NH NMR signal of cis-ACPC7 in CD3OD after dissolution, 

based on integration of signals of NH at 7.48 ppm and CβH1 at 3.69 ppm. 

 

First and most importantly, the morphology of the self-assembling structures was 

established by using TEM with negative staining (uranyl acetate). The time-dependent nature 

of the tertiary structure formation was followed by means of particle size measurements. DLS 

experiments were conducted in back-scattering mode to gain a picture of the particle size 

distribution in the solvent over a wide diameter range. In the same experimental setup, the ζ-

potential too was measured. A diffusion NMR method was applied to monitor the self-
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assembly at the oligomer level (diameter < 10 nm), where the DLS method may be unreliable 

because of the concomitant larger particles. 

During the PFGSE NMR measurements on cis-ACPC7, we found that the average 

diameter of the forming oligomers in methanol after 1 week at a concentration of 1 mM was 

5.4 nm. Immediately after dissolution, only monomers were observed. The oligomerization 

measured without delay after sample preparation displayed a concentration-dependence 

(Figure 24), which points to a concentration-dependent self-association rate. Interestingly, the 

oligomerization in water was less pronounced, possibly because of the poorer solubility. The 

NMR gradient echo intensity did not exhibit a multiexponential delay, suggesting relatively 

fast cis-ACPC7 strand-unit exchange between the dissolved monomers and the oligomers.  
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FIGURE 24. Concentration-dependence of average hydrodynamic diameter of cis-ACPC7 oligomers, 

determined by diffusion NMR in CD3OD after dissolution. 

 

For the cis-ACPC7 strand units, the TEM images clearly show ribbon-like fibrils in 

methanol after incubation of a 1 mM sample for 1 week at room temperature (Figure 25b).  
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FIGURE 25. TEM images and chemical structure of cis-ACPC7 fibrils. a. Fibrils detected after 1 day in 1 mM 
MeOH. b. Web of µm long fibrils observed after 1 week in 1 mM MeOH. c. Fibrils and sheets measured in 

water. 

 

The ribbons are 30-50 nm wide and 2-3 µm long. In water, ribbons can likewise be 

recognized, but these are considerably wider, sheet formation being observed (Figure 25c). A 
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very interesting feature of the ribbon-like fibrils is the occurrence of helical turns, with a 

periodicity of 150-300 nm. The helical turns allow estimation of the average ribbon thickness, 

which is approximately 2.5 nm. When the self-association process is sampled after 1 day, 

considerably shorter (50-400 nm) fibril fragments are seen (Figure 25a). The solvent- and 

time-dependent size and morphology strongly support tertiary structure formation by a self-

assembling process. The DLS data recorded in methanol (Figure 26) unequivocally reveal an 

increasing trend for the particle diameter, corroborating the above findings. After 1 week, 

particles in the µm range can be detected, the scattering intensity for these tapering off due to 

the sedimentation of the macroscopic species. The samples exhibit scattering intensity in the 

monomer/oligomer size range. The ζ-potential of the nanoribbons was 34 mV, which proves 

that the free N-termini of the cis-ACPC7 strands are situated on the surface and are partially 

protonated. The significant ζ-potential endows the fibrils with stability, preventing 

coagulation. 
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FIGURE 26. Size distribution of light scattering intensity for cis-ACPC7 in 1 mM MeOH. 

 

For the trans-ACHC6 helix units, the TEM images demonstrated spherical objects after 

1 day at a concentration of 1 mM both in methanol (Figure 27a) and in water.  
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FIGURE 27. TEM images and chemical structure of trans-ACHC6 vesicles. a. Vesicles detected after 1 day in 1 
mM MeOH. b. Coagulated vesicles observed after 1 week in 1 mM MeOH. c. Disintegrated multilamellar 

vesicles and membranes measured after sonication of sample illustrated in diagram a. 
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These species are phenomenologically very similar to phospholipid vesicles in both shape and 

size.106 The diameters of the spheres are in the range 60-180 nm. The shape and the size of the 

spheres did not vary in time, apart from a significant coagulation of the spheres (Figure 27b). 

In contrast with the structurally very informative dimensions of the cis-ACPC7 nanoribbons, 

the trans-ACHC6 nanospheres did not provide any hints as to the high-resolution structure. 

Following the hypothesis that the spheres behave like mono- or multilamellar phospholipid 

vesicles, samples were sonicated for 15 min (35 kHz, 34 W), which should disclose any 

membrane-like fine structure. After the treatment, the TEM images undoubtedly exhibited 

partially disintegrated vesicles built up from predominantly multilamellar walls (Figure 27c). 

The unilamellar wall thickness measured at the narrowest edges was 2.2 nm on average. The 

results of the DLS measurements support the TEM observations; the size distribution curve 

indicates particles in the range 10-200 nm, with a trend towards larger diameters in 

accordance with the slow coagulation (Figure 28). The scattering intensity disappears in a few 

days as a result of the sedimentation. The population in the monomer/oligomer size range 

observed by DLS is supported by the diffusion NMR finding of an average diameter of 3.4 

nm at the oligomer level. The oligomerization was apparently independent of the 

concentration; the average diameter dropped only at the concentration of 0.05 mM. ζ-

potential measurements furnished a value of 13 mV. It may be concluded that, despite the 

identical sample preparation protocol, the surface concentration of the basic N-terminal 

nitrogens was much lower than that of the cis-ACPC7 ribbons. The low ζ-potential explains 

the increased coagulation propensity too.  
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FIGURE 28. Size distribution of light scattering intensity for trans-ACHC6 in 1 mM MeOH. 

 

To interpret the structural features of the tertiary structures, molecular modelling was 

performed. On the basis of the measured nanoribbon dimensions and the known high-

resolution structure of the similarly-behaving Alzheimer disease-related amyloid fibrils,107,108 

the construction of the ribbon model is rather straightforward. The ribbon height of 2.5 nm 

corresponds to the distance between the N- and C-termini of a single cis-ACPC7 strand. The 
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peptide bonds are parallel to the long fibril axis, and the continuous pleated sheets associate in 

a sandwich tertiary structure, which is stabilized by hydrophobic interactions. Ab initio 

calculations carried out on the H-bond-stabilized and fully protonated parallel and antiparallel 

dimers of the cis-ACPC7 strands at an HF/3-21G level prove that the pleated sheet is stable 

(Figure 29a); there is no steric repulsion and the stabilization energy in vacuo is estimated to 

be 40-50 kcal mol-1 (Figure 30).  
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FIGURE 29. Molecular model of cis-ACPC7 fibrils. a. Ab initio (HF/3-21G) model of antiparallel β-peptide 
sheet. b. Side-view of fibril fragment model after 3 ns MD simulation (explicit solvent not displayed). c. Top-

view of fibril fragment model after 3 ns MD simulation. 

 

FIGURE 30. Ab initio model of parallel cis-ACPC7 dimer. 

 

The antiparallel pleated sheet is approximately 20 kcal mol-1 more stable than the parallel 

arrangement. The above findings indicated that the molecular model of the fragment of the 

cis-ACPC7 nanoribbon was built up with anti-parallel strand orientations. Minimization and 

subsequent long-term molecular dynamics (MD) simulation (3 ns) were run with explicit 

water, periodic boundary conditions and the MMFF9434 force field implemented in the 

Chemical Computing Group’s Molecular Operating Environment. The ribbon model 

converged to a stable energy level; only side-chain vibrations were observed. Interestingly, 

the model structure displays signs of the helical twist along the axis parallel to the peptide 

bonds (Figure 30). 

As regards the observed 2.2 nm wall thickness for the trans-ACHC6 membranes and the 

low ζ-potential, we hypothesize head-to-head dimerization of the helices (Figure 31a). Ab 
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initio calculations resulted in a stable helix dimer stabilized by two H-bonds; the pillar atoms 

are the terminal NH2 and the C=O on the second residue on both sides. The helix axes are 

tilted relative to each other by ca. 40°. The length of the dimer corresponds to the 

experimental membrane thickness, and the fact of the buried N-termini is in good accord with 

the low ζ-potential. Finally, it is safe to assume that the helix dimers form a hydrophobic 

surface sufficiently large to facilitate the solvent-driven association into a continuous helix 

bundle tertiary structure. Similar packing was observed in the solid phase by using X-ray 

crystallography. The cog-wheel-like mutual fit of the helix side-chains further increases the 

stabilizing hydrophobic surface (Figure 31). The trans-ACHC6 membrane segment was 

constructed by following the above lines and a 3 ns MD was run with the same set-up as used 

for the nanoribbon model. The simulation revealed a stable membrane bilayer with side-chain 

vibrations. 
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FIGURE 31. Molecular model of trans-ACHC6 membranes. a. Ab initio (HF/3-21G) model of head-to-head 
helix dimer. b. Top-view of helix bundle membrane fragment model after 3 ns MD simulation (explicit solvent 

not displayed). c. Side-view of helix bundle membrane fragment model after 3 ns MD simulation. 
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4.3. Conclusions 

It may be concluded that the conformationally constrained backbone of the studied 

models is flexible enough to afford both 10- and 14-helical motifs; in turn, this observation 

provides evidence of the true folding process and the question arises of whether the 10-helix 

is a nucleating intermediate in the folding of the 14-helix. In summary, it may be stated that a 

sharper picture of the folding rules of conformationally constrained β-peptides was obtained. 

The evidence of the chain length-dependent conformational preference indicates the 

flexibility of the studied models despite the conformationally constrained side-chains, which 

could be exploited to construct folded structures with dynamic functionality. The studied 

models undergo hydrophobically stabilized helical bundle formation in CD3OD, where the 

propensity for self-association increases with the chain length. This finding draws the 

attention of the β-peptide community to the fact that oligopeptide aggregation might always 

be present, even if the usual indicators such as NMR signal broadening can not be observed. 

This points to the intrinsic self-associating propensity of helical units with hydrophobic side-

chains in polar solvents. 

We conclude that the designed β-peptide secondary structure units are capable of 

forming self-assembling intrinsic tertiary structures: fibrils of pleated sheet sandwiches and 

helix bundle membranes. Tuning of the relative configurations of the β-peptide backbone 

allows not only the secondary structure, but also the morphology of the nanostructured 

tertiary structures to be controlled. These observations and the stereochemical control for the 

tertiary structure design are unprecedented in biomimicking foldamer science. We believe that 

such newly-generated nanostructured materials may gain applications in the fields of nano- 

and biotechnology109-111 and may contribute to a deeper understanding of the molecular 

mechanism of protein misfolding diseases. 
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5. Summary 

1. The reactions of cis- or trans-1-aminomethylcyclohexane-1,2-diols (1 or 2) with one 

equivalent of aromatic aldehydes 3a−−−−g, at 300 K in CDCl3 resulted in a complex 

multicomponent equilibrium mixture of 4a−−−−g and 6a−−−−g (or 5a−−−−g and 7a−−−−g), in each 

case consisting of a five-component ring−chain tautomeric system 4A−−−−E (or 5A−−−−E), 

involving the Schiff base, two epimeric spiro-oxazolidines, two epimeric condensed 1,3-

oxazines, and some of the four tricyclic compounds 6A−−−−D (or 7A−−−−D). In the complex 

multicomponent equilibrium mixture, the five-component, ring−chain tautomeric system 

4A−−−−E (or 5A−−−−E) was found to be adequately described by the Hammett−Brown linear 

free energy equation.  

 

2. During a search for the possible reaction pathways of the formation of the tricyclic 

compounds 6A−−−−D (or 7A−−−−D) we found that they proceed via the reactions between the 

condensed 1,3-oxazines 4E (or 5E) and the Schiff base 4A (or 5A) by aldehyde transfer 

and aminodiol elimination. 

 

3. An extended view of the stereoelectronic interactions affords a detailed description of 

the substituent-dependent stability changes exhibited by the 2aryl-1,3-N,N-heterocycles 

11 (or 12) in the corresponding ring–ring epimerization. The measured reaction free 

energies of the epimerization reactions of conformationally inflexible 2-aryl-1,3-N,N-

heterocycles 11B, 11C (or 12B, 12C) were found to correlate well with the sum of the 

hyperconjugative stabilization energies of all the vicinal donor-acceptor orbital overlaps 

around C2, obtained from ab initio NBO analysis, and both quantities correlated linearly 

with the Hammett–Brown substituent constant.  

 

4. The individual stereoelectronic interactions (nN–σ*C2–N, nN–σ*C2–Ar and nN–σ*C2–H) in 

11B 11C (or 12B 12C) were also observed to exhibit a substituent-dependence, 

despite their distance from the 2-aryl substituent and the non-periplanar arrangement of 

the localized molecular orbitals. The higher the electron-withdrawing effect of the 2-aryl 

substituent, the larger was the stabilization for nN–σ*C2–Ar, while the overlaps nN–σ*C2–N 

and nN–σ*C2–H changed in the opposite sense. The different polarization of the acceptor 

σ* orbitals caused by the 2-aryl substituent accounted for the observed propagation of 

the substituent effect. These results promote a detailed explanation of the useful 

tautomeric behaviour of the 2-aryl-1,3-X,N-heterocycles, and reveal the nature of the 
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connection between the anomeric effect and the Hammett-type linear free energy 

relationship. 

 

5. The conformationally constrained backbone of the homo-oligomers of trans-2-

aminocyclohexanecarboxylic acid is flexible enough to afford both 10- and 14-helical 

motifs; in turn, this observation provides evidence of the true folding process of the β-

petides. Homo-oligomers without protecting groups constructed by using trans-2-

aminocyclohexanecarboxylic acid monomers 21-24 showed that the tetramer 22 tends to 

adopt a 10-helical motif, while both ab initio theory and NMR measurements point to 

the pentamer 23 and hexamer 24 forming the known 14-helix.  

 

6. Such a conformational polymorphism is an important feature of any folded system that 

is designed to have a complex dynamic function in general; it is also observed for the 

natural α-peptides: the interplay between the α-helix and the 310-helix motif can be a 

crucial factor during the folding process. The revealed similar instrinsic properties of β-

peptides suggest that the 10-helix may be a potential conformational intermediate in the 

folding process towards the thermodynamically stable 14-helix. 

 

7. For the first time, direct evidence is presented on the tertiary structure of β-peptide 

foldamers, which proves that natural biopolymers are not unique in their highly 

structured conformational behaviour.  

 

8. Stereochemically controlled secondary structure units of β-peptide strands and helices 

intrinsically self-assemble into sandwiches of pleated sheets and helix bundles, 

respectively. By residue control, the self-organization can be directed toward nano-sized 

fibrils or multilamellar vesicles. The results can have implications for new 

nanostructured materials and for a deeper understanding of protein folding and 

misfolding processes. 
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