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The aep-PNA is a chiral and cyclic PNA analogue, which has a stronger and base dependent binding
affinity with complementary DNA. To understand the base dependent properties at monomer level, the
structural studies of aep-PNA-(T/C/A) monomers have been carried out focussing on the conformational
analysis of pyrrolidine ring pucker in aep-PNA by 1H NMR and the coupling constant data fitted into
PSEUROT software. The results indicate that the type of pyrrolidine pucker depends on the electronic
nature of substituent, implying the effect of pyrimidine or purine substituents in determining the ring
pucker in monomers. This may consequently influence the aep-PNA oligomer conformation. Since pyr-
rolidine nucleic acids have emerged as an important class of PNA analogues, present results may have
importance for their future development.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The study of relation between structure and function of bio-
molecules is very important in understanding the biological
functions of living systems.1 The conformational state of active
molecules is a critical factor in determining molecular structur-
eefunction relationship. A conformer is not an isolable form of
a compound and hence it cannot be analyzed exclusively for
biological activity and many times inter-conversion of different
conformers is possible. The identification and characterization
of conformers depend on the rate of inter-conversion of different
conformers and appropriate techniques to detect them in relevant
time scale is important.2 The molecular resolution of inter-
converting conformers is favoured by lowering the temperature to
lessen the rate of inter-conversion and analysis may be done by
X-ray crystallography and NMR techniques.3,4 The X-ray diffraction
study provides only the structure of a stable conformer while NMR
has the potential to provide information on a mixture of con-
formers, including the kinetics and thermodynamics of their inter-
conversion.5 The vicinal protoneproton coupling constants (J) as
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determined by 1H NMR are weighted averages of the geometry of
conformers and by use of Karplus equation aids in determining
the stereochemistry of organic molecules, especially the dihedral
angle.6e8 The measured J is also a function of the electronegativity
of the substituent and the relationship has been extensively used
to find the conformations of the puckered ring in cyclic molecules,
wherein fast conformational equilibrium may exist among differ-
ent puckered states.9e11 In cyclopentane derivatives, the ring strain
is relieved by puckering one atom out of plane leading to gauche
relation among the vicinal substituents.12e14 In case of furanose
ring of nucleosides, Altona and Sundaraingam have developed
a formalism to fit the 1He1H coupling constants into Karplus
equation in order to determine the relative amounts of two con-
formations in furanose ring.15,16 They have also extended their
method to pyrrolidine rings found in prolines by inclusion of
suitable parameters to take into account the electronegativity
effects.9a,17,18 In case of N-substituted prolines, it is found from
X-ray studies that the five-membered ring prefers to adopt either
of the two conformations N (North) and S (South) (Fig. 1) corre-
sponding to C4-endo and C3-endo forms, respectively.18c,19,20

However in C-substituted prolines this may significantly change
depending on the electronegativity of the substituents.

By applying PSEUROT programme developed by Altona et al.,16

we herein report a conformational analysis of the prolyl ring in
aminoethyl prolyl (aep) peptide nucleic acid (PNA) monomers
having different nucleobases A, C, G and T. aep-PNA (Fig. 2) is



NN
R

RN
R

C4-Endo
N-conformation

C3-Endo
S-conformation

1

2

3

4

5
1

2

3

4

5

1

2

34

5

Fig. 1. Conformation of pyrrolidine ring.
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Fig. 2. Structure of aeg-PNA and aep-PNA.

N.K. Sharma, K.N. Ganesh / Tetrahedron 66 (2010) 9165e91709166
a conformationally constrained, chiral analogue of the well known
acyclic aeg-PNA that has shown promising biophysical properties
desired for antisense agents.21 It exhibits base dependent selec-
tivity and affinity to bind complementary DNA sequences. Since the
conformation of the prolyl ring may depend on the electronega-
tivity of the substituent, it would be interesting to see whether the
attached A, G, C or T nucleobase has any specific effect on the
pyrrolidine ring pucker in aep-PNA due to their differing group
electronegativities and if so, that may explain the observed base
dependent specificity effects in aep-PNA.

2. Results and discussion

In Scheme 1, the aep-PNA derivatives with different substituents
on C4 of proline (2e11) were synthesized from N-alkylated 4-hy-
droxy proline intermediates (1) by following our earlier reported
procedures.22 PSEUROT analysis of conformational puckering of
five-membered pyrrolidine ring requires measurement of vicinal
coupling constants of ring protons and this necessitates an un-
ambiguous assignment their chemical shifts in 1H NMR, which is
not always straightforward due to overlapping signals.
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Scheme 1. Synthesis of pyrrolidine derivatives.
2.1. Assignment of pyrrolidine ring protons in aep-derivatives

The assignment of common precursor 1 of all target prolyl de-
rivatives including the monomers of aep-PNA was done by decou-
pling methods. The stepwise details of this method are given in SI.
The assignment of prolyl ring protons in compound 1 was done by
serial decoupling of 1H NMR peaks, which significantly simplified
the splitting pattern of vicinal coupling protons. This enabled the
identification of the chemical shifts of all prolyl ring protons in
compound 1. The 1H chemical shift assignments of all ring protons
in the target aep compounds N-Boc-(2S,4R)-aep-thymine methyl
ester (5), N-Boc-(2S,4S)-aep-thymine methyl ester (7), N-Boc-
(2S,4S)-aep-thymine acid (8), N-Boc-(2S,4R)-aep-adenine methyl
ester (6), N-Boc-(2S,4S)-aep-adenine methyl ester (9), N-Boc-
(2S,4S)-aep-cytosine(N4Cbz) methyl ester (10) and N-Boc-(2S,4S)-
aep-2-amino-6-chloropurine methyl ester (11) were done by 2D
1He1H COSY spectroscopy.

A typical 2D NMR assignment of vicinal connectivity by use of
1He1H COSY is illustrated with compound 7 (aep-PNA-T monomer)
as an example (Fig. 3). The proton H4 is easily assignable as the
most downfield shifted signal (d 5.2) and its identification triggers
the assignment of all connected protons in ring by 1He1H COSY
spectral analyses. The peak for H4 at d 5.2 shows four cross peaks
(1e4) corresponding to its coupling with its two neighbours H50

and H30, each having 2 non-equivalent protons (H50H500 and
H30H300). Among these, the relative chemical shift values assists in
identifying the upfield components (cross peaks 3 and 4) as due to
H30300 while the downfield signals at (cross peaks 1 and 2) corre-
spond to H50500 protons, thus accounting for the observed set of 4
cross peaks 1 (H4eH500), 2 (H4eH50), 3 (H4eH300) and 4 (H4eH30).
The assignment of H30300 paves way for identifying the downfield
signal at d 3.6 due to H2 via H2eH30 and H2eH300 cross peaks 5 and
7. This completes the assignment of all ring protons. The assign-
ment of N-ethylamino side chain protons Ha0a00, Hb0b00 starts from
the easily identifiable NH at d 5.1, which shows two cross peaks at
3.1 due to Hb0 and Hb00, which in turn is coupled to Ha0a00 via cross
peaks 8 (Ha0/Ha00eHb0 and Ha0/Ha00eHb00).

The relative stereochemistry of H4 with H30300 and H50500 was
determined from 2D NOESY spectra of compound 7 (see in SI), in
which the two observed cross peaks 1 (T-H6,H30), 2 (T-H6,H50) and 3
(T-H6,H4) indicate the spatial proximity of thymine H6 with the
pyrrolidine ring protons H30 (cross peak 1, upfield component of
H300) andH50 (cross peak 2, upfield component ofH500) by virtue of all
the three located on the same side of the ring along with H4. In this
way this also fixes the conformation of pyrrolidine ring. The protons
of other aep-monomers (6, 8e11) were similarly assigned by a com-
bination of 2D 1He1H COSY and NOESY spectroscopy. Their spectra
are depicted in Supplementary data and the chemical shift values of
all assigned protons for compounds 1e11 are given in Table 1.

2.1.1. Pyrimidine monomers. In both aep-PNA-T (5, 7 and 8) and
aep-PNA-C(N4Cbz) 10, signal at d 8.3 due to H6 shows 3 cross peaks,
corresponding to H30 at d1.9, H500 at d 3.2 and with H4. This suggests
that in both aep-T and aep-Cmonomers, the pyrrolidine ring system
has a conformationwherein H6, H50, H30 are on the same face of the
ring.

2.1.2. Purine monomers. In the case of aep-PNA-N6Bz-adenine 9
and aep-PNA-2-amino-6-chloro-purine (10) the NOESY spectra
(Supplementary data) show weak cross peaks from H8 of adenine
to H500 of pyrrolidine ring indicating a conformation of pyrrolidine
in which H8 is on the same face as H50.

2.2. Coupling constant calculation

After completing the assignments of all protons, by 1He1H COSY
and NOESY experiments, the vicinal coupling constants (3JHx�Hy) of
prolyl ring protons in compounds 1e6 and 8 were extracted from
their 1H NMR spectra and their values are given Table 2. Apart from
1H NMR, 2D J-resolved NMR spectra were used to extract the ac-
curate vicinal coupling constants for prolyl ring protons for com-
pound 1 as it is the common precursor for all other compounds



Fig. 3. 2D 1He1H COSY NMR spectra of pyrrolidine ring protons of compound 7 (500 MHz) in CDCl3. *The numbers 1e7 correspond to cross peaks present in close-by circles.
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reported here. A column projections of 2D-J resolved spectra of ring
protons of deuterated exchanged compound 1 and its 2D-J resolved
spectrum is provided in Supplementary data. We were unable to
extract the coupling constants of compounds 7, 9,10 and 11 because
of their slight upfield chemical shifts of their H2 protons. As a result,
the splitting pattern of proton H2 merged with H500 and side chain
protons b0/b00. The coupling constant values of prolyl ring protons of
compounds 1e6 and 8were used as inputs for PSEUROT analysis to
deduce the pyrrolidine ring conformations in all compounds.
2.3. Calculation of pyrrolidine ring conformation using
PSEUROT 5.4.1

The vicinal coupling constants (3Jx�y) of ring protons are
a function of endocyclic torsion angles. The experimentally mea-
sured values were used to derive the pseudorotation phase angle
(P), which provides information about the most puckered region of
the ring and the puckering amplitude (Fm), which indicates the
degree of puckering of pyrrolidine rings in various target
compounds by using PSEUROT program (version 5.4.1), based on
the relation between F(HeH) and P as Eq.1:

fðHeHÞ ¼ A� fMax � CosðP þ phaseÞ þ B (1)

wherein F(HeH) is the torsion angle between two vicinal hydro-
gens and A and B are constants.15,16 Earlier this programme has
been successfully used in the conformational analysis of cyclic ri-
bose and proline derivatives.18 The torsion angle independent term
B has electronegativity dependence and is important in de-
termining the puckering of rings. To determine the conformation of
4-substituted pyrrolidine rings, the values of phase angle P and
constant B used as initial input for iterative analysis were as in
PSEUROT 5.1.4 software.16,18

The primary input parameters for PSEUROT 5.4.1 are the ex-
perimentally measured 3JHeH in pyrrolidine ring, phase angle P, A
and B along with electronegativities values of substituents (see in
Supplementary data).16 The output values obtained from PSEUROT
were 3Jx�y (calculated), PN (pseudorotation angle for N-conformer),
FN, PS, Fs, MF (mole fraction) and dihedral angle (FHx�Hy) of all



Table 2
Vicinal protoneproton coupling constants (J)(Hz)

Compound (CDCl3
/D2O)

H2-H30 H2-H300 H30-H4 H300-H4 H4-H50 H4-H500

1 7.80 7.80 5.40 5.40 3.40 4.90
2 7.30 7.40 6.80 3.20 2.80 5.50
3 7.30 8.30 3.20 5.90 3.20 6.00
4 6.40 5.80 3.90 4.90 2.00 4.90
5 8.10 7.90 2.90 4.20 3.70 2.90
a6 6.30 6.50 7.10 5.80 5.90 5.30
a8 (D2O) 8.10 7.30 5.80 5.90 8.80 3.75

a J data for compounds 6 and 8 that these are approximate due to overlap of peaks.

Table 1
Chemical shift (ppm) of pyrrolidine ring protons (determined by 1D/2D NMR)a

N

NHBoc

H'

H''
H'

X
Y

H'

COOH

H''

H'
H'

1
2

34

5

a

b

H''

H''

Compound H2 H30 H300 H4 H50 H500 aH0 a H00 bH0 bH00 NH PNA Base Protons

1 (X¼OH, Y¼H) 3.6 2.2 2.3 4.4 3.4 2.5 2.8 2.8 3.4 3.4 5.3 d

2 (X¼OMs, Y¼H) 3.6 2.2 2.3 5.3 2.8 3.4 2.6 2.7 3.1 3.1 5.1 d

3 (X¼OAc, Y¼H) 3.5 2.1 3.3 5.3 2.6 3.5 2.6 2.7 3.1 3.2 5.2 d

4 (X¼OBz, Y¼H) 3.4 2.2 3.2 4.8 2.7 3.3 2.8 2.8 3.1 3.1 5.4 d

5 (X¼N3BzT, Y¼H) 3.4 2.2 2.9 4.8 3.8 3.2 2.8 2.8 3.2 3.2 5.2 d

6 (X¼A, Y¼H) 3.9 2.5 2.5 5.2 3.0 3.9 2.9 2.9 3.2 3.2 5.4 AH8, 8.3, AH2, 7.9
7 (X¼H, Y¼N3BzT) 3.4 2.0 2.9 5.2 2.8 3.3 2.7 2.9 2.7 2.8 5.2 TH6, 8.1
8 (X¼H,Y¼T) 4.0 2.3 3.0 Ova 3.6 4.0 3.1 3.3 3.1 3.5 Exa TH6, 7.4
9 (X¼H,Y¼N6BzA) 3.4 2.2 3.0 5.4 3.1 3.4 2.8 2.9 3.2 3.3 5.2 AH8, 8.8, AH2, 8.7
10 (X¼H,Y¼N4CbzC) 3.4 2.0 2.8 5.3 2.8 3.2 2.6 2.9 3.2 3.3 5.2 CH5, 7.5, CH6, 8.5
11 (X¼H, Y¼2-amino-6-chloropurine) 3.5 2.2 2.9 5.2 3.0 3.3 2.7 2.9 2.9 3.2 5.3 2-Amino-6-chloropurine 8, 8.3

a NMR of all compounds have recorded at 500 MHz NMR in CDCl3 (except acid compound 8 in D2O). Ov: overlapped with D2O. Ex: exchanged with D2O.
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vicinal pairs of pyrrolidine ring protons for the two most probable
conformers and are shown in Table 3. The validity of PSEUROT is
reflected in the difference between Jexp and Jcalcd (DJ, Hz), which
was in the range 0.0�0.8 Hz corresponding to least root mean
square (rms) in range of 0.0e0.5.9a,17 The mole fraction (MF) of the
two probable conformers of pyrrolidine ring MFN (N-conformer;
P¼0�) and MFS (S-conformer, P¼180�) in equilibrium for com-
pounds 1e6 and 8 were obtained from the analysis and are shown
Table 3
Geometry of pyrrolidine derivatives from PSEUROT 5.4.1 program

Entry Compound MFN (MFS) PN (PS) FN (FS)

1 1 0.548 15.2 44.0
2 (0.452) (240.0) (84.4)
3 2 0.503 7.7 59.7
4 (0.497) (229.6) (82.1)
5 3 0.714 3.9 44.5
6 (0.286) (219.6) (32.7)
7 4 0.756 40.3 55.2
8 (0.244) (233.4) (64.7)
9 5 0.934 36.2 68.9
10 (0.066) (204.9) (85.9)
11 6 0.449 2.2 68.5
12 (0.551) (203.0) (28.1)
13 8 0.857 41.9 68.4
14 (0.143) (204.9) (85.9)

MF1: mole fraction of type I conformer; MF2: mole fraction of type II conformer; P1 and P2
N-type conformer and S-type conformer; T: twist form of pyrrolidine; E: envelope form
in Table 3. The dihedral angles FHx�Hy of 4-substituted pyrrolidine
ring in compounds 1e6 and 8 as computed from PSEUROT analysis
are given in Supplementary data.

It is seen from the data in Table 3 that for compounds 1 and 2
(4R-hydroxyproline and 4-O-mesylproline), N- and S-conformers
are present in almost equal amounts, while for ester compounds 3
and 4 (4-O-acetylproline and 4-O-benzoylproline), the population
of N-conformer increases to 75%. In case of aep-PNA-T derivatives 5
and 8, the proportion of N-conformer further increases to about
90%. In contrast, for the purine analogue aep-PNA-A 6, the extent of
S-conformer (55%) slightly increases relative toN-conformer, which
becomes the minor component. This is also reflected in the values
of dihedral angles FN, that is, in the range 44�e68� for the pre-
dominant N-conformer and decreases to 28� when S-conformer
predominates.

2.4. Pseudorotation cycle of 4-substituted pyrrolidine
derivatives

The pseudorotation cycle of N-substituted pyrrolidine de-
rivatives (Fig. 4) is derived from the pseudorotation angle PN and PS
rms Geometrical Symbol
of Conformer

Geometry of N-conformer
(Geometry of S-conformer)

0.008 4
3T C4-endo and C3-exo
(5E) (C5-endo Envelope)

0.216 4
3T C4-endo and C3-exo)
(5E) (C5-endo Envelope)

0.169 4
3T C4-endo and C3-exo
(54T) (C5-endo and C4-exo)

0.448 4
5T C4-endo and C5-exo
(5E) (C5-endo Envelope)

0.112 4
5T C4-endo and C5-exo
(4E) (C4-exo Envelope)

0.279 4
3T C4-endo and C3-exo
(4E) (C4-endo Envelope)

0.180 4
5T C4-endo and C5-exo
(4E) (C4-exo Envelope)

are pseudorotation angle of type I and type II conformer; FN and FS are amplitude of
of pyrrolidine.



Fig. 4. Pseudorotation cycle for N-substituted pyrrolidines.
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analogous to that of the furanose and pyrrolidine ring.7,18,23 When
the data of Table 3 are fitted into the pseudorotational cycle, the
geometry of pyrrolidine ring corresponds to C4-endo/C3-exo (43T)
for both 4-OH and 4-O-substituted pyrrolidines. In comparison, the
pyrrolidine ring in 4S-O-benzoyl pyrrolidine 4 with PN¼36.2�, 4R-
N3Bz-thyminyl pyrrolidine 5 with PN¼40.3� and 4S-thyminyl pyr-
rolidine 6 with PN¼41.9� correspond to C4-endo/C5-exo (45T)
geometry (Table 3, entry 13, and Fig. 4). For 4R-adeninyl pyrrolidine
7, the envelope form C4-exo (4E) geometry is observed with
PS¼28.1� for the major conformer. Thus from the pseudorotation
angle computed from the PSEUROT analysis, the geometry of pyr-
rolidine ring of 4-substituted compounds 1e8 may attributed to
C4-endo/C3-exo (43T), C4-endo/C5-exo (45T) or C4-exo envelope (4E).

The results indicate that the nature of the 4-substituent on
pyrrolidine ring to play a significant role in defining the pucker of
the pyrrolidine ring in aep-PNA and its derivatives. Since purine or
pyrimidine nucleobases, certainly differ in terms of their electron
withdrawing capacity, their substitution on the pyrrolidine ring in
Fig. 5. The most probable conformation of pyrrolidine ring in aep-PNA.
aep-PNA would lead to differential ring puckering as clearly sug-
gested by present results. The preferred purine(43T)/pyrimidine
(45T) conformational puckering (Fig. 5) as seen in monomers would
consequently lead to base dependent variation in the PNA oligo-
meric backbone.

3. Conclusions

We have herein demonstrated a method to deduce the probable
major conformation of pyrrolidine ring in different aep-PNA mono-
mers by experimental measurement of the vicinal 1He1H coupling
constants and fitting them into PSEUROT analysis. The 1H NMR
spectra were assigned by 2D-COSY/NOESY NMR spectroscopy. 2D
J-resolved spectra enabled the measurement of coupling constants,
which were used as inputs into the PSEUROT program of Altona
et al.16 to delineate the equilibrium conformations adopted by
4-substituted pyrrolidine rings. It was seen that in 4-O-substituted
pyrrolidines, theN-conformerwas preferred in solution.When C4 of
the pyrrolidine ring carries a pyrimidine substitution (T or CN4CBZ),
the conformation of ring is remarkably biased to N-type (85e93%)
and for purine-substituted pyrrolidines (A) the conformational
equilibrium is slightly shifted to the S-conformer (55.1%). This is
similar to the observations of Altona and Sundaralingam5a,24 for the
deoxyribose and ribose rings in nucleotides, which also exhibit
a slight conformational preference for S-type for purine ribosides
and N-type conformation for pyrimidines. The observed pyrrolidine
pucker in aep-PNA monomers is thus purine/pyrimidine base de-
pendent with 4

5T conformation of pyrrolidine preferred in aep-PNA-
Tand C,while 4E preferred in aep-PNA-A. This conformational bias in
aep-PNA monomers may have a cumulative influence on the con-
formation of different base substituted oligomeric backbone with
consequence in influencing the final hybridization properties of the
derived aep-PNA oligomers.
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