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Abstract Density functional B3LYP method was used to
investigate the preference of intra- and inter-molecular cycli-
zations of linear tripeptides containing tetrahydrofuran amino
acids. Two distinct model pathways were conceived for the
cyclization reaction, and all possible transition states and
intermediates were located. Analysis of the energetics indicate
intermolecular cyclization being favored by both thermody-
namic and kinetic control. Geometric and NBO analyses were
performed to explain the trends obtained along both the reac-
tion pathways. Conceptual density functional theory-based
reactive indices also show that reaction pathways leading to
intermolecular cyclization of the tripeptides are relatively
more facile compared to intramolecular cyclization.
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Introduction

Peptides and peptidomimetics have attracted great interest
for their potential in a wide range of applications from
therapeutics to nanomaterials [1, 2]. Particularly, the cyclic

variants, with their additional conformational restraints and
stability towards proteases, are of greater significance than
their linear counterparts. Along with several naturally occur-
ring bioactive macrocyclic peptides [3–15] like vancomycin
[16], cyclosporine [17], gramicidin S [18], various designed
cyclic peptides [19], RGD-peptides [20], stapled peptides [21]
and peptidomimetics containing β -amino acids [22], γ-amino
acids [23], sugar amino acids [24], alternating sequence
of D- and L- amino acids [25], and heterocyclic backbones [26,
27] have also shown promising therapeutic effectiveness and
their number is increasing very rapidly [28, 29]. In addition,
the ring size of a cyclic peptide has a remarkable effect on
activity during interaction with the lipid bi-layer of cellular
membranes [30]. Naturally, syntheses of symmetrical and
unsymmetrical cyclic peptides with different ring sizes would
be a valuable approach in drug discovery research. However,
despite several strategies involving wide ranging coupling
reagents, to cyclize a linear peptide into its macrocyclic ver-
sion is always challenging. Often it leads to either poor yield
of the desired product or higher cyclooligomeric or polymeric
undesired products. The preformed conformation of the linear
peptide and the individual amino acid components are the
deciding factors for the success of the macrocyclization. In
addition, iterative coupling of amino acid constituents to
synthesize the linear peptide leads to several unwanted
problems, such as racemization or side reactions. Cyclooligo-
merization [31] is one of the best step-economical strategies
for the synthesis of symmetrical cyclic peptides from linear
subunits in a convergent manner. However, the control of ring
size during cyclooligomerization necessarily depends on the
constituents of the subunits, their 3D structures, and the
energies of the precursors and products. The reactivity
of the functional groups under both thermodynamic and
kinetic conditions could also have a profound impacts on the
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selective formation of the resultant ring size of the products. In
this regard, theoretical studies on the mode of cyclization of
smaller subunits with suitably oriented reactive termini avail-
able for coupling with other reactive partners assume great
significance for accurate prediction of the outcome of such
cyclooligomerization reactions [32–38]. We have long used
furanoid- and pyranoid-based sugar amino acids [39, 40] as
multifunctional templates to synthesize linear and cyclic het-
ero and homooligomeric libraries.

Very recently, our designed cyclodimeric amphiphilic
peptides [41, 42] were shown to have antimicrobial activity
against various cells by destroying the cellular membrane.
In order to synthesize these cyclic dimeric peptidomimetics,
we used two different linear peptides: TAA1 and TAA2 (see
Fig. 1). Cyclodimerization was performed for each peptide
in a single step using pentafluorophenyl diphenyl phosphinate
(FDPP) [43] as a cyclizing reagent in acetonitrile solvent
under dilute conditions. Gratifyingly, the only product isolated
was the intermolecularly cyclodimerized molecule, with no
trace of any intramolecularly cyclized product [41].
Extensive NMR techniques (NOESY), classical molecu-
lar dynamics (MD), circular dichroism (CD) and mass
spectrometric analyses proved this phenomenon. This
led us to investigate the stabilities of the cyclic C2

symmetric hexapeptides and cyclic tripeptides based on
density functional theory (DFT) [44] calculations, and we
found that cyclic hexapeptide products are thermodynamically
more stable than cyclic tripeptides [45].

In the present study, we report the role of kinetic control
on the formation of cyclic hexapeptides vs tripeptides by
modeling the transition states and intermediates for the two
cyclization reactions. For this purpose, we looked into

various mechanisms of peptide bond formation available
in the literature. For example, in realistic situations, a
reaction mechanism proposed for peptide bond forma-
tion uses FDPP as a catalyst [46, 47]. The mechanism
is shown in Fig. 2a. Peptide coupling in solution
requires activation of the acid, e.g., via an intermediate
like C(0O)OPfp (OPfp: pentafluorophenol ester). The
amine then attacks the activated acid, causing the OX
anion to leave in a kind of nucleophilic displacement
(Fig. 2a). On the other hand, the uncatalyzed mecha-
nisms investigated by Oie et al. [48] and Jensen et al.
[49], are straightforward (Fig. 2b). The mechanisms of
reactions involving formation of a peptide bond are
associated with elimination of water molecule(s). The
latter authors studied the mechanisms using two differ-
ent models (Fig. 2b): (1) a stepwise pathway, where one
of the hydrogen atoms of the –NH2 group is shifted to
the oxygen of C0O resulting in a diol intermediate; the
second step involves the elimination of water forming
the peptide bond; (2) a concerted pathway involving
direct elimination of a water molecule, using the –OH
from the carboxyl terminal and the –H of the amine
group. The reaction mechanism for the reverse process, i.e.,
amide hydrolysis via concerted and stepwise mechanisms was
also investigated by Krug et al. [50] and Antonczak et al. [51].
As the straightforward mechanisms require lower computa-
tional cost, geometries involved in reaction pathways for the
cyclization reactions shown in Fig. 1 were modeled using
these mechanisms in gas phase.

Schematic representations of the intra- and inter-molecular
cyclization pathways, the corresponding transition states,
intermediates and products are outlined in Figs. 3 and 4,

Fig. 1 a Reactions leading to formation of inter- and intra-molecularly cyclized products from TAA1 and TAA2. Conventional atom numbering is
used here in the tetrahydrofuran ring to represent the chiral centers. b α-Peptide. c δ -Peptide formed by tetrahydrofuran amino acid
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respectively. As intermolecular cyclization involves formation
of two peptide bonds, we investigated two routes of stepwise
mechanism (‘a’ and ‘b’, see Fig. 4) for cyclodimerization
reactions. In a stepwise mechanism, a diolic intermediate is
obtained during formation of a peptide bond and a transient
geometry immediately follows that transfers a proton from
one of the –OHgroups to another such that the water molecule
gets detached and a linear hexapeptide is formed. In the
stepwise-b mechanism, the diolic intermediate transfers a
proton from NH2 to the oxygen atom of C0O such that a
cyclic compound associated with two diol groups is formed.

Studies that considered ionic intermediates and transition
states as models have shown the necessity of micro solvation
[52]. It is worth mentioning here that, in the present study, the
complexity of the solvent-assisted reaction pathway was not
addressed, and a more detailed future investigation with
different possibilities for microsolvation is foreseen as
faster technology becomes accessible.

Linear tripeptides, TAA1 and TAA2 are denoted as 1 and
2 respectively. Intra(inter)molecularly cyclized products
obtained from 1 and 2, are referred to as intra-TAA1, 3

(cisdimer, 5), intra-TAA2, 4 (trans dimer, 6), respectively, in
the following.Wherever convenient, the cyclized products are
referred to as ‘intra product’ and ‘inter product’, where further
discrimination is not required. Notation for other geometries
involved in the reactions is shown in Figs. 3 and 4. Reactions
involving intra(inter)molecular cyclization of 1 and 2 are
referred to as 1Cy(1Cy-di) and 2Cy(2Cy-di), respectively.

Methodology

The coordinates of cis and trans dimers (Fig. 1) were available
from NMR experiments [46]. The conformational space of
each cyclized geometry was examined using the random
search method of Sybyl7.2 [53], which explores the space
by making random changes to select torsional angles followed
by energy minimization [54]. We allowed for rotation about
all N–Cα and Cα –C bonds of α-amino acid residues, and the
N–Cδ bond of the δ -amino acid in case of both intra and inter
products (Fig. 1). The random search parameters were set to
default values with energy cutoff value of 10 kcal/mol, and

Fig. 2 a,b Mechanisms suggested in the literature for peptide bond formation. a A pathway with a catalyst pentafluorophenyl diphenyl
phosphinate (FDPP). b The uncatalyzed stepwise and concerted pathways

Fig. 3 Line drawings for structures in (a) concerted and (b) stepwise intramolecular cyclization reactions of TAA1 and TAA2. 1 TAA1, 2 TAA2, s
stepwise, c concerted, TS Transition state, TS1-2 Transition state 1-2, I Intermediate, 3 intra-TAA1, 4 intra-TAA2
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with the chirality check turned on. The search yielded five
initial conformations of the cis dimer, 36 of intra-TAA1, 7 of
the trans dimer and 12 of intra-TAA2. All conformers,

including geometries obtained from NMR experiment, were
subjected to single point energy calculations at B3LYP
[55–57] /6-31G(d,p) [58] level of density functional theory

Fig. 4 Line drawings for structures in a concerted, b stepwise-a, -b
intermolecular cyclization reactions of TAA1 and TAA2. Representation
of symbols used in notation is as follows; 1 TAA1, 2 TAA2, d dimeriza-
tion, c concerted, s stepwise, TS1-2-3-4 Transition state 1-2-3-4, I1

Intermediate 1, I2a-3a Intermediate 2 and 3 obtained in mechanism
stepwise-a, I2b-3b Intermediate 2 and 3 obtained in mechanism
stepwise-b, I3 Intermediate 3, 5 cis dimer, 6 trans dimer
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(DFT). The lowest energy structures obtained from QM
calculations were further subjected to optimization at the
B3LYP /6-31G(d,p) level of theory.

The products are expected to be conformationally more
rigid compared to the reactants. The number of possible
conformers for the reactants, cyclic intermediates and transi-
tion states are relatively larger. Thus, modeling of these species
was based on the minimum energy structures of the products.
For example, the transition state, 1dsTS4 was obtained by
keeping a water molecule close to the carbonyl group
of most stable conformer of 5, followed by transition
state optimization. Similarly, 1dsI3 was obtained by
elongating and shortening selected bonds in 1dsTS4
followed by energy minimization, and so on. The geometries
obtained by this process are expected to be consistent models
for comparison with each other.

All the reactants, transition states and intermediates were
optimized at the B3LYP/6-31G(d,p) level of theory using
the default cutoff for convergence implemented in the
Gaussian03 [62] program. Hessian calculations were carried
out on all optimized geometries at the same level of theory
in order to confirm that the structures of reactants, inter-
mediates and products lie at minima (all real frequencies)
and transition states at first order saddle point (one imagi-
nary frequency). Visual analysis of nuclear motion in the TS
confirms the mechanism suggested in Figs. 3 and 4. Dis-
placements of groups H, O–H (in water) and C(–N) in
1sTS2 and 1cTS in modes of vibration with imaginary
frequency provide insights into reaction coordinates
[59–61]. All the relative energies (ΔE, E: zero point cor-
rected electronic energy) and free energies (ΔG) presented
in this paper were calculated with respect to the most stable
conformer of the reactants. A breakdown of change in free
energy in terms of enthalpy and entropy change was
employed to provide insights into the role of thermodynamic
parameters in favorable and unfavorable cyclization reactions.
The Eyring equation [63],

k ¼ kBT

h
exp

ΔGz
RT

ð1Þ

where kB is the Boltzmann constant, T is the absolute
temperature and ΔG‡ is the free energy of activation,
was used to determine the rate determining steps of
intermolecular cyclization reactions. The predicted kinetic
constants are based on conventional transition state theory.
In principle, the variational transition state theory should give
more reliable results. A recent study by Chiodo et al. [64] on
the two procedures has shown that the two theories give
similar results.

Single point energy calculations were carried out using
an array of basis sets, namely, 6-311G(d,p), 6-311+G(d,p),
6-311++G(d,p), cc-pVDZ, aug-cc-pVDZ and cc-pVTZ in

order to estimate the dependence of energies on the quality
of basis set used. Additionally, calculations were also car-
ried out at MP2/6-31G(d,p) level of ab initio theory for the
same systems. Effects of electron correlation on reaction
energies of the species were studied by comparing electronic
energies obtained at the MP2 and B3LYP levels of theory. It
should be noted that the B3LYP calculations presented here
may not suffice for larger systems where stacking may be
possible. However, the systems considered here are stabilized
mostly by hydrogen bonding; the missing dispersion compo-
nent and error due to basis set superposition (BSSE) are
expected to approximately compensate each other [65].

Recent studies on nonplanarity of trans peptide bonds
[66–72] were used to analyze torsional rotation around the
bond during intra and intermolecular cyclization of the
tripeptides. Intramolecular hydrogen bonding interactions,
A…H–D in all geometries obtained in a mechanistic study
of the reactions that fall within the criteria [45]: 1.5 Å ≤ A…
D distance ≤ 3.2 Å, and 120° ≤ A…H-D bond angle ≤ 180°
were determined. Structures analogous to secondary folding
patterns, such as turns, and their association with H-bonds
were characterized by torsion angles in cyclized product
geometries. Formation of 10 and 13 membered H-bonded
cycles across the THF ring was analyzed in terms of orien-
tation of substitutions at the 2, 5 positions of the ring. The
orientation of the ring substitutions is ‘equatorial’ (referred
to as eq) if 90≤|ζ /ρ | ≤120 and is ‘axial’ (referred to as ax) if
120≤|ζ /ρ | ≤180 [32, 73]. Torsion angles, ζ and ρ were
defined according to conventional definitions of peptide
torsion angles and shown in Fig. 1.

The natural bond orbital (NBO) [74] program was used to
evaluate stabilization energies of hydrogen bonding interac-
tions. Correlation between geometrical parameters of H-bond,
stabilization energy, E(2), and occupancy on σ�

NH was
investigated.

Chemical hardness and electric polarizability profiles
were also studied to gain additional insights into corre-
spondence between variations of hardness, polarizability
and energetics of species involved. Qualitative concepts,
molecular hardness (η), and chemical potential (μ), which is
the negative of electronegativity (χ), were calculated using the
approximate Eqs. 2 and 3 [75]:

η ¼ 1

2
ð"L � "H Þ ð2Þ

and

μ ¼ �c ¼ 1

2
ð"L þ "H Þ ð3Þ

where εL and εH are energies of lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO), respectively. B3LYP/6-31G(d,p) level of
theory was used to determine energies of HOMO and LUMO.
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The evaluation is a crude approximation, and more reli-
able methods exist in the literature [76, 77]. Magnitudes of
polarizability are very sensitive to the quality of basis set,
and diffuse basis functions are more appropriate for its
calculation [78]. Calculation of second order variation in
energy with respect to electric fields (polarizability) for
larger systems is computationally expensive; so we used
data obtained from Hessian calculations carried out at
B3LYP/6-31G(d,p) level of theory to determine exact
tensorial components of polarizability αxx, αyy and αzz. The
mean value of polarizability is [78]:

ah i ¼ 1

3
axx þ ayy þ azz

� � ð4Þ

The stability of the species obtained in conceived pathways
was verified using Principle of Maximum Hardness
(PMH), i.e., molecular systems in equilibrium should
be in a state of maximum hardness [79, 80] and minimum
polarizability principle (MPP), i.e., natural direction of evolu-
tion of any system is toward a state of minimum polarizability
[79, 81]. All quantum chemical computations were carried out
using the Gaussian03 [62] suite of programs.

Results and discussion

We first discuss thermodynamic and kinetic aspects of the
reaction energy pathways, followed by comments on the
adequacy of the method and basis set used. The structural
aspects connected to energetic trends shown by the reac-
tants, reactive intermediates, transition states and products
are discussed subsequently. Finally, NBO analysis and other
reactivity parameters, and their relationship to the observed
reactivity patterns are presented.

Thermodynamic and kinetic aspects

In the discussion below, the labels used for the different
structures are described in Figs. 3 and 4. For each pathway,
we consider different conformations of the reactant and take the
lowest energy, electronic (ZPE) and free energy separately, as
zero. The values of all other species are expressed relative to
these values. Absolute values of zero point corrected electronic
energy (E), enthalpy (H) and free energy (G) for different
species in the concerted and stepwise pathways are shown in
Tables S2–S3. Relative magnitudes of E (ΔE) and G (ΔG) for
the species are shown in Tables S4–S5. Change in enthalpy,
ΔH, and entropy term, TΔS, for formation of species obtained
in various reactions are shown in Tables S6 and S7. Figure 5
shows the profiles of ΔE for reactions studied via the two
different mechanisms considered.

The energy differences between the reactants (1s, 1c, 2s
and 2c) and corresponding products (3, 4, 5 and 6) indicate

that intermolecular dimerization is favored and intramo-
lecular cyclization is forbidden. Also, magnitudes of ΔE
and ΔG for reactions leading to the cis dimer, 5, −3.6
and −12.1 kcal/mol respectively; and that for trans dimer, 6,
−14.8 and −17.7 kcal/mol, respectively, indicate that the trans
dimer is more stable than the cis dimer.

The role of kinetic control in the selectivity of dimer
(inter) cyclization vs monomer (intra) cyclization was
evaluated by comparing the energetic of the transition
states along both the reaction pathways (concerted and step-
wise). The plots shown in Fig. 5 indicate clearly that the
dimer-cyclization is more favorable than the monomer-
cyclization reaction.

Energy of activation, (ΔE) for 1sTS1, 1sTS2, 2sTS1 and
2sTS2 is 50.5, 45.1, 43.9 and 44.6 kcal/mol, respectively.
The values for 1dsTS1 (2dsTS1), 1dsTS2a (2dsTS2a),
1dsTS3a (2dsTS3a) and 1dsTS4 (2dsTS4) are 38.3
(23.5),0 30.3 (24.6), 38.0 (20.4) and 31.5 (21.5) kcal/mol,
respectively. Comparison of the magnitudes reveals that the
barrier energy is relatively less for intermolecular cyclization.
The relative energies of the activated complexes, 1dsTS2b/
2dsTS2b and 1dsTS3b/2dsTS3b of reactions are greater than
those of the corresponding geometries in the stepwise-a path-
way, with a maximum difference of 19 kcal/mol (Fig. 5).
Similar trends of the relative energies are exhibited by the
intermediates connecting these two transition states (1dsI2a
vs 1dsI2b and 2dsI2a vs 2dsI2b). The energy differences
between the two intermediates are found to be 33.9 and
21.4 kcal/mol in the 1Cy-di and 2Cy-di pathways, respectively.
This is attributed to the presence of two highly unstable geminal
diol moieties in the intermediates formed in the stepwise-b
pathways. Further discussions on the stepwise path are based
on stepwise-a unless otherwise noted.

Relative energies ΔE for activated complexes 1cTS and
2cTS are 51.5 and 47.2 kcal/mol, respectively. The magni-
tudes of 1dcTS1 and 1dcTS2 are 32.4, 33.0 kcal/mol and of
2dcTS1 and 2dcTS2 are 31.6, 26.9 kcal/mol, respectively.
The concerted mechanism used for the cyclization reactions
also reveals that intermolecular cyclization is kinetically
favorable. Overall, the data indicate that kinetic control
prefers intermolecular cyclization of the peptides rather than
intramolecular cyclization.

The energy of activation of 1dcTS1 and 1dcTS2 is close to
that of (1dsTS1, 1dsTS2a) and (1dsTS3a, 1dsTS4), respec-
tively. This is in agreement with earlier reports of Oie et al. [48]
and Jensen et al. [49], who have shown that stepwise and
concerted mechanisms of uncatalyzed amide bond formation
may compete since both involve comparable activation ener-
gies [82]. Comparison of ΔE for activated complexes in
stepwise-a and concerted pathways of reaction 2Cy-di indicates
that the reaction paths are similar in terms of energy trends.

The ΔG profile of the reactions 1Cy-di and 2Cy-di
shows that formation of linear dimers, 1dsI2a and 2dsI2a
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is more favorable than that of 1dcI and 2dcI, respectively.
Thus, the stepwise-a pathway for both reactions leading to
the cis and trans dimers is the high yielding route. Rate
constants (k) determined at various stages of reaction using
Eq. 1 substantiate this result. Magnitudes of k calculated
using ΔG‡ of various TSs are shown in Table 1. In the
stepwise-a mechanism of reaction 1Cy-di, the formation of
1dsTS1 is the slowest (rate determining) step, and that of
1dsTS4 is fast. In the case of a concerted mechanism of
reaction 1Cy-di, formation of 1dcTS1 is the rate-
determining step. Comparison of the energetics of activated
complexes 1dsTS2a and 1dcTS1 indicates that formation of
the former is relatively faster (low value of ΔG‡) than that
of the latter. Both complexes are the immediate precursors
of linear dimers (1dsI2/1dcI). This indicates that the yield of
linear dimer is large when reaction 1Cy-di uses the
stepwise-a mechanism. Thus, this is the high yielding path-
way for the cis dimer. A similar study on mechanisms
leading to the trans dimer indicates that the formations of
2dsTS2a and 2dcTS1 are the rate determining steps of the
cyclization reaction using the stepwise-a and concerted

mechanisms, respectively. Formation of 2dsTS2a (the pre-
cursor of the linear dimer formed by 2) is faster than
2dcTS1. Thus, the yield of linear dimer 2dsI2a is large,
which in turn causes high yields of the trans dimer.

Single point energy (denoted ΔE0 to distinguish from
ΔE described earlier) calculations on all optimized geometries

Fig. 5 Relative values of zero point corrected electronic energy (ΔE) of various structures obtained in stepwise and concerted mechanisms of
reactions 1Cy, 2Cy and stepwise-a, -b and concerted mechanisms of reactions, 1Cy-di, 2Cy-di, in gas phase at B3LYP/6-31G(d,p) level of theory

Table 1 Rate constant (k) at various stages of reactions 1Cy-di and
2Cy-di using stepwise-a, -b and concerted mechanisms, determined at
B3LYP/6-31G(d,p) level of theory

Structure k (sec−1) Structure k (sec−1)

1dsTS1 3.776×10−28 2dsTS1 5.990×10−18

1dsTS2a 1.283×10−21 2dsTS2a 7.891×10−19

1dsTS2b 1.088×10−37 2dsTS2b 2.748×10−25

1dsTS3a 2.369×10−22 2dsTS3a 2.170×10−10

1dsTS3b 3.861×10−33 2dsTS3b 1.205×10−22

1dsTS4 4.097×10−16 2dsTS4 5.617×10−11

1dcTS1 5.177×10−23 2dcTS1 3.118×10−23

1dcTS2 1.310×10−18 2dcTS2 8.578×10−15

J Mol Model (2012) 18:3181–3197 3187



carried out on the array of basis sets mentioned in the
methodology section also substantiated the observed
energetic trends. The relative electronic energy (ΔE0)
profile for geometries at various stages of reactions,
1Cy and 2Cy, calculated using different basis sets is
shown in Fig. 6. A similar energy profile obtained for
reactions 1Cy-di and 2Cy-di is shown in Fig. 7. The
magnitude of the energy change (ΔE0) of all species is shown
in Tables S8–S10. Changes in electronic energy are calculated
with respect to the energy of stable reactant geometry (Fig. 6).

From Fig. 6, it can be seen that there is no significant
change upon changing basis sets except that higher level
calculations lead to marginally lower energies. More results
and analysis on the effect of larger basis sets may be seen in
Table S8. Reaction energies, ΔE0, calculated using MP2/6-
31G(d,p) level of theory showed reduced electronic energy
barriers and formation energies of products when compared
to that determined at B3LYP/6-31G(d,p) level of theory.
This is due to improved accuracy in the description of
correlation energies by the MP2 method [83, 84], and over-
estimation of the dispersion interaction energy [85, 86].

In the case of reactions 1Cy-di and 2Cy-di, ΔE0 of
activated complexes is less than that in reactions 1Cy and
2Cy. This is seen generally for all DFT-B3LYP calculations
using different basis sets. Change in the electronic energies
of formation of 5 and 6 is also significantly less, close to
zero. Indeed, at 6-311+G(d,p), 6-311++G(d,p), aug-cc-
pVDZ, cc-pVTZ levels of basis set using B3LYP functional
and at MP2/6-31G(d,p) level of theory, it is negative. These
observations support our earlier predictions on the reactions
based on B3LYP/6-31G(d,p) level of theory in the gas phase
[45]. In summary, the qualitative trends of the energies of
the intermediates, transition states and products in a given
reaction pathway are independent of the quality of the basis
set used. Similarly comparison of the trends across the
different pathways yield similar conclusions.

Geometrical analysis

This section presents various geometric parameters and
analyzes possible correlations with the energetics discussed
above. We looked at torsion angle, w, around all trans

Fig. 6 Relative values of electronic energy (ΔE0) of geometries
obtained from concerted and stepwise mechanisms of reactions, 1Cy
and 2Cy calculated at an array of basis sets, 6-31G(d,p), 6-311G(d,p),

6-311+G(d,p), 6-311++G(d,p), cc-pVDZ, aug-cc-pVDZ and cc-pVTZ
using B3LYP functional and at MP2/6-31G(d,p) level of theory
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peptide bonds and other parameters in all geometries
obtained from each of the reaction pathways. The atom
numbering scheme shown in Fig. 8 is used for further
analysis. Figures 9, 10 and S1–S4 show optimized geometries
of species obtained in various mechanistic routes of reactions,
1Cy, 2Cy, 1Cy-di and 2Cy-di.

Earlier studies on amide geometry and flexibility reported
that the angle w is between 166.0° and 194.0° in vacuum; and
168.0° and 192.0° in water at 300K [67]. Rick and Cachau [68]
also derived similar conclusions from a molecular dynamics
study of protein structures. A survey of crystallographic
data by MacArthur and Thornton [70] revealed that substantial

Fig. 7 Relative values of electronic energy (ΔE0) of geometries
obtained from concerted, stepwise-a and -b mechanisms of reactions,
1Cy-di and 2Cy-di calculated at an array of basis sets, 6-31G(d,p), 6-

311G(d,p), 6-311+G(d,p), 6-311++G(d,p), cc-pVDZ, aug-cc-pVDZ
and cc-pVTZ using B3LYP functional and at MP2/6-31G(d,p) level
of theory

J Mol Model (2012) 18:3181–3197 3189



distortion in planarity with a standard deviation in the angle up
to 6° for the trans peptide can be tolerated. A computational
analysis on NMA (N-methyl acetamide) carried out by
Polavarapu et al. [71] also revealed that slightly nonplanar
conformers (Δw∼5-–°) represent true minima on the potential
energy surface (PES) . Ramachandran showed that non-
planarity is an internal property of peptide bonds in
cyclic peptides [72]. Using the results of these studies,
we provide additional insights into torsional rotation
around peptide bonds during intra and intermolecular cycliza-
tion of tripeptides.

Data for amide bond structure in intra products and their
precursor geometries indicate that nonplanarity of the bond
is beyond the allowed range of distribution of ω suggested
by earlier studies (for details see Table S11). This is an
important structural aspect responsible for observed large
energy barriers and reaction energies in intramolecular
cyclization reactions 1Cy and 2Cy.

On the other hand, peptide bond segments in geometries
obtained in two reaction paths, 1Cy-di and 2Cy-di are planar
and within the range suggested by earlier studies. The magni-
tudes of the angles are shown in Tables S12 and S13. Torsion
angle ω3 about a pair of peptide bonds C(12)–N(13) and C
(26)–N(27) formed as a result of intermolecular cyclization of

the linear tripeptides is −168.9° in 5 and −167.2° in 6. The
presence of such bonds is in accordance with Ramachandran’s
observation [72]. Formation of these bonds does not disturb
the planarity of other existing peptide bonds. Additionally, the
products 5 and 6 adopt “tennis ball seam-like” C2 symmetric
cyclic structures (Fig. 10). Thus intermolecular cyclization
induces less strain in the molecular framework as compared
to intramolecular cyclization, and hence is more facile.

To provide additional insights into structural features that
show an impact on the cyclization reactions, we looked into
the consequences of ω deformations. Distortion in the planarity
of peptide bond changes the typical C–N, N–H and C0O bond
lengths [67]. Amide bond lengths in all geometries obtained in
reaction paths are shown in Table S14 (1Cy and 2Cy) and in
Tables S15–S17 (1Cy-di and 2Cy-di). The C–N bond lengths
are in the range of 1.36–1.37 Å and 1.36–1.38 Å, respectively,
for 3 and 4 and in the range of 1.35–1.36 Å for inter products.
Longer bonds in intra peptides indicate less delocalization of
lone pair of electrons on nitrogen and the carbonyl group. The
results further substantiate why cyclodimerization is favored
over intramolecular cyclization of linear tripeptides.

While non-planarity of the peptide bond is a destabilizing
factor, intramolecular hydrogen bonding interactions provide
stability to the peptides [87]. The presence of stabilizing

Fig. 8 1, 2 are reactant geometries for reactions 1Cy and 2Cy. 1d, 2d
are reactant geometries for reactions 1Cy-di and 2Cy-di. Product
geometries 3, 4, 5 and 6 are shown along with potential H-bonded

interactions. The atom numbering scheme shown here refers to differ-
ent geometries obtained in mechanistic study of the reactions 1Cy, 2Cy
and 1Cy-di, 2Cy-di, respectively

3190 J Mol Model (2012) 18:3181–3197



interactions in intermediates and transition states decreases the
energy of activation of these reactions. We provide geometri-
cal analysis of H-bonding interactions seen in all cyclic pep-
tides, including those seen in their precursor geometries
obtained from various reaction mechanisms applied for the
reactions. Geometrical data for H-bonding interactions seen in
geometries obtained from stepwise and concerted mech-
anisms of reactions, 1Cy and 2Cy are shown in
Table S17–S20. Set of Tables S21–S26 and S27–S30
show geometrical parameters for all hydrogen bonding
interactions in geometries obtained in reaction paths 1Cy-di
and 2Cy-di, respectively.

Geometry of intra-TAA1 shows two C7 hydrogen bonded
cycles that form part of interactions N(13)-H(18)…O(16) and
N(10)-H(20)…O(15). These are also observed in 1sTS1, 1sI
and 1sTS2; and 1cTS of the reaction 1Cy. While 1s showed
three H-bonds (Table S17), another conformation 1c is asso-
ciated with two such interactions (Table S18). This makes 1s
more stable than 1c and also more stable when compared to 3.
Another cyclized product, intra-TAA2, shows one C7 hydro-
gen bonded cycle (Fig. 8, Table S19). This is also observed in
geometries 2sTS1, 2sI, 2sTS2 and 2cTS of the reaction 2Cy.
Stable reactant geometry 2c shows two H-bonding interac-
tions (Table S20). The data indicate that the number of

Fig. 9 Geometries of reactant, transition states and intermediates obtained from stepwise and concerted mechanisms of reactions 1Cy and 2Cy.
The peptide bond segment is circled. Various bond lengths (in Å) of encircled geometry are shown below the respective structure
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stabilizing interactions in reactant geometries of the
peptides is greater than that in intramolecularly cyclized
products, thus explaining why reactions 1Cy and 2Cy are
thermodynamically unfavorable.

The geometry of the cis dimer shows two sets of bifurcated
H bonding interactions and two normal H-bonds (Fig. 8). A
brief analysis of hydrogen bonding interactions associated
with precursor geometries of the cis dimer obtained in
stepwise a, -b and concerted pathways of 1Cy-di is given
below Table S26. Overall, the number of interactions associ-
ated with 1ds; 1dsTS1; 1dsI1; 1dsTS2a, b; 1dsI2a, b;
1dsTS3a, b; 1dsI3 and 1dsTS4 is 4, 4, 5, 4(6), 6(6), 6(6), 6
and 6, respectively. The geometries 1dc, 1dcTS1, 1dcI,
1dcTS2 of the reaction exhibit 6, 4, 5 and 6 hydrogen bonding
interactions, respectively.

The geometry of the trans dimer shows four H-bonds
(Fig. 8). Details of interactions associated with precursors
of the trans dimer obtained in the stepwise-a, -b and concerted
pathways are given below Table S30. In summary, the total
number of interactions seen in geometries 2ds; 2dsTS1;
2dsI1; 2dsTS2a, b; 2dsI2a, b; 2dsTS3a, b; 2dsI3 and
2dsTS4 are 2, 4, 5, 6(4), 6(6), 6(6), 4 and 4, respectively.
The concerted mechanism has 4, 3, 5 and 4 H-bonding inter-
actions in 2dc, 2dcTS1, 2dcI and 2dcTS2, respectively.

The number of stabilizing hydrogen bonds either
increases or does not change as intermolecular cyclization pro-
gresses. This is in contrast to the situation seen in intramolecular

cyclization reactions. Additionally, the free energy barrier for
intermolecular cyclization of TAA1 and TAA2 (Table S5) using
the stepwise-a and concerted mechanisms is comparatively
fewer, as the number of additional stabilizing interactions is
greater than observed in the intramolecular cyclization reaction.
The stepwise-b mechanism of both the intermolecular cycliza-
tion reactions involves 1dsTS2b/2dsTS2b and 1dsTS3b /
2dsTS3b with a sufficiently large number of stabilizing inter-
actions. However, a large free energy of activation is seen for
these transition states. This is due to the occurrence of geminal
diol in these systems.

An important conformational aspect of the inter products
is association of intramolecular hydrogen bonding interac-
tions with protein secondary folding pattern-like structures.
In the peptides containing tetrahydrofuran amino acids, the
presence of such patterns is controlled by stereochemistry at
the chiral centers 2 and 5 (Fig. 1) of the sugar ring, and the
orientation of ring substitutions at the centers. At a given
stereochemistry, possible orientations responsible for hydro-
gen bonded pseudo cycles in the cyclic products are deter-
mined by the torsion angles z and ρ. The details of these
angles associated with various turn-like structures are given in
Table 2. The angles z, ρ responsible for C10 and C13 cycles
across both the THF rings in the cis dimer are −122.2° and
144.8°, respectively. Similarly, in the trans dimer, the 13-
membered cycles are formed with the angles z0151.2° and
ρ0121.0° at both rings. The magnitudes of these angles are

Fig. 10 Geometries of reactants, transition states and intermediates in the concerted mechanism of reaction 1Cy-di (top) and 2Cy-di (bottom). The
peptide bond segment is circled. Various bond lengths (in Å) of encircled geometry are shown below the respective structure
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almost reversed with the change in stereochemistry of TAA
from (2S,5R) to (2S,5S). The ring substitutions are axially (ax)
oriented at both 2, 5 positions of the rings in the cyclic dimers
(see Methodology).

Another notable feature is that the relatively less planar
peptide bond C(12)–N(13) and C(26)–N(27) in inter products
(w30 −168.9° in 5,w30−167.2° in 6 for both peptide segments)
facilitated the formation of a 7-membered H-bonded cycle (an
inverse γ-turn type structures) in the cis dimer and a 10-
membered H-bonding interaction (a β -turn type structure) in
the trans dimer. Earlier conformational studies of cyclic penta-
peptides (CPP) showed that at least one peptide unit needs to be
distorted from planarity to form specific structural types such as
β-,γ-turns [87]. The inter products formed by TAA1 and TAA2
are equivalent to cyclic hexapeptides. A deviation from planar-
ity of the peptide bonds, and formation of an inverse γ-turn type
structure shows a property similar to that exhibited by CPP.

NBO analysis

NBO analysis was performed to quantify the hydrogen bond
interactions explained in the previous section using second
order stabilization energies, E(2), corresponding to the inter-
action between lone pairs of H-acceptor atoms and the
antibonding orbital of the H-donor bond. The results for
reactions 1Cy and 2Cy are summarized in Tables S17–S20
and that of 1Cy-di and 2Cy-di are shown in Tables S21–S26
and S27–S30, respectively.

E(2) values corresponding to the hydrogen bonds observed
in the reactant and product geometries were compared to

evaluate the extent of their stabilization due to intramo-
lecular interactions. The magnitude of stabilization energies
of H-bonding interactions in the reactant geometries of 1Cy
and 2Cy is relatively greater than that observed in the
corresponding product geometries 3 and 4, respectively.
Reactant geometries exhibit strong hydrogen bonded interac-
tions between the N- and C- terminal residues, e.g., N(7)–H
(19)…N(13) (E(2)015.00 kcal/mol) in 1s, O(22)–H(23)…N
(13) (E(2)032.06 kcal/mol) in 1c and O(22)–H(23)…O(16)
(E(2)014.62 kcal/mol) in 2c. Such strong interactions are also
observed in reactant geometries of 5 and 6. Intramolecular
cyclization (formation of new peptide bond) eliminates the
strong terminal group interactions and causes large distortion
to the classic trans-planar peptide bonds. The deviation from
the most stable planar peptide bond indicates that a reasonable
strain is built up in the tripeptide due to intramolecular cycli-
zation. On the other hand, intermolecular cyclization replaces
terminal group interactions with peptide bonds but does not
disturb the planarity of existing peptide bonds. This indicates
that, unlike in the monomer cyclized product, the cyclic
structures formed by the hexapeptide are large enough to
accommodate planar peptide bonds with less or no distortion.

We compared stabilization energies of the common inter-
actions in inter products and their corresponding reactant
geometries. Magnitudes of E(2) for such interactions in
reactant geometry, 1ds/1dc obtained from all the three
mechanisms is less than that seen in the product, 5. Inter-
estingly, in case of reaction path 2Cy-di, using stepwise-a
and -b mechanisms, E(2) for H-bonding interactions in the
reactant is relatively larger than that observed in product

Table 2 Peptide torsion angles
of hydrogen bonded cycles,
Cx, measured from the N-
terminal to C-terminal end
of geometries 3, 4, 5 and 6
optimized in gas phase at
B3LYP/6-31G(d,p) level
of theory

Geometry H-bonded cycle cycle ϕ (deg) θ (deg) z (deg) ρ (deg) = (deg)

3 N10-H20→O15 C7 79.5 - - - -86.3

N13-H18→O16 C7 -82.4 - - - 53.8

4 N13-H18→O16 C7 -85.7 - - - 77.8

5 N7-H36→O34 C10(ax,ax) 90.1 -60.4 -122.2 144.8 -37.5

N21-H39→O31 C10(ax,ax) 90.1 -60.4 -122.2 144.8 -37.5

N10-H37→O34 C13(ax,ax) 90.1 -60.4 -122.2 144.8 -37.5

-88.7 - - - -54.3

N24-H40→O31 C13(ax,ax) 90.1 -60.4 -122.2 144.8 -37.5

-88.7 - - - -54.3

N13-H38→O30 C7 -78.1 - - - 74.8

N27-35→O33 C7 -78.1 - - - 74.8

6 N13-H38→O29 C10 -65.8 - - - 106.3

68.4 - - - 23.6

N27-H35→O32 C10 -65.8 - - - 106.3

68.4 - - - 23.6

N7-H36→O33 C13(ax,ax) 68.4 - - - 23.6

78.9 60.0 151.2 121.0 -12.7

N21-H39→O30 C13(ax,ax) 68.4 - - - 23.6

78.9 60.0 151.2 121.0 -12.7
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geometry. But, as discussed in previous section, the number
of interactions in reactant geometry 2ds is less than in the
trans dimer (6). In summary, the stabilizing contribution
due to hydrogen bonding indicates a preference for
intermolecular cyclized products compared to intramolecular
cyclized ones.

We observe a correlation among occupancy of the anti-
bonding σ�

NH orbital, E(2) and geometrical parameters of the
N-H⋯O type of hydrogen bonding interactions seen in both
products as well as its corresponding reactant geometry. For
example, occupancy on σ�

NH of interaction N(10)–H(20)⋯O
(15) observed in minimum energy conformer of TAA1 (1s)
is 0.038 and the value in intra-TAA1 is 0.026. In 1s and
intra-TAA1, the stabilization energy of the interaction is
2.39 and A and 0.99 kcal/mol, H⋯O bond distance is
2.02 Å and 2.28 Å and the bond angle of the interaction is
147.2° and 133.0°, respectively. The changes indicate that
the stabilizing H-bond interaction becomes weaker during
intramolecular cyclization of TAA1.

In case of the cis dimer (5) and its corresponding reactant
geometry (1ds), we observed three common interactions, N
(27)–H(35)⋯O(33), N(13)–H(38)…O(30) and N(21)–H
(39)⋯O(31) (Tables S21, S23). For the first two interactions,
the O⋯H bond distance and bond angle decrease, and occu-
pancy and E(2) values increase; for the third interaction, the
bond distance decreases, and bond angle, occupancy and E(2)

increase. Similarly, the cis dimer and the reactant in the
concerted reaction show three common interactions, N(27)–
H(35)⋯O(33), N(13)–H(38)⋯O(30) and N(24) H(40)⋯O
(31) (Table S23). Going from reactant to cis dimer, the first
two interactions show an increase in occupancy of the anti-
bonding orbital and stabilization energy as a result of the
decrease in O⋯H bond distance and increase in bond angle;
and the third interaction shows a slight increase in O⋯H bond
distance and bond angle, and a slight decrease in the occupan-
cy of σ�

NH and value of E(2). A correlation between NBO
parameters with at least one geometrical parameter that
describes the H-bonding interaction is obtained. An important
conclusion is that the stabilizing intramolecular interaction
becomes stronger during intermolecular cyclization of TAA1.

The geometries of the trans dimer and intermediate 2ds
show two common interactions, N(7)–H(36)⋯O(33) and N
(21)–H(39)⋯O(30) (Tables S25–S26). Going from reactant
to product, stabilization energy and occupancy on σ�

NH of
both the interactions decrease as a result of increased O⋯H
bond length and decreased bond angle. This correlation
between changes in NBO and geometrical parameters of
H-bonding interactions is as expected. We also observed
two common interactions, N(27)–H(35)⋯O(32) and N
(21)–H(39)⋯O(30) between the trans dimer and its
corresponding reactant conformer obtained in the concerted
mechanism (Table S30). The former interaction does not
show the above-mentioned correlation, while the latter does.

The observed decrease in the stabilization energy of the
interaction does not favor formation of the trans dimer. As
discussed in the previous section, the presence of a relatively
large number of stabilizing interactions in the trans dimer
compared to the reactant geometry further supports the
feasibility of the reaction.

Hardness and polarizability profiles for the reactions

Descriptors such as chemical hardness and polarizability
profiles of all species involved in the reactions were
analyzed in order to provide additional insights into
the preferential formation of cyclic peptide dimers.
Chemical hardness (η), the energy separation between
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), serve as measures of
chemical stability [88, 89]. Hardness (η) indicates resistance to
change in the electron distribution in a molecule. On the other
hand, polarizability (α) measures the linear response of elec-
tron density in the presence of an infinitesimal electric field
[90]. Studying the inverse relationship between hardness and
polarizability for different chemical systems and situations is
of great interest to computational chemists. Tables S31 and
S32 show data for the energies of HOMO, LUMO, chemical
potential, chemical hardness [derivative of chemical potential
with respect to number of electrons (Ne) at constant external
potential] and polarizabilities calculated for geometries
obtained in stepwise and concerted mechanisms of the reac-
tions 1Cy - 2Cy and 1Cy-di - 2Cy-di, respectively.

In all geometries obtained from both reaction mechanisms,
the energy of HOMO (εH) does not change noticeably, and the
energy of LUMO (εL) contributes the majority of the difference
to the HOMO–LUMO energy gap. The energy separations
(εL−εH), in 1s and 1c of 1Cy are 6.19 and 6.47 eV, respectively.
The corresponding value for 3 is 6.28 eV, indicating that the
energy gap between HOMO and LUMO increases by 1.45% in
a stepwise mechanism and decreases by 2.93% in the concerted
mechanism of reaction 1Cy. In the stepwise and concerted
mechanisms of 2Cy going from reactant to product, the energy
gap changes by −1.25% and +1.44% respectively. Cyclic di-
merization of 1 via stepwise and concerted mechanisms en-
hanced (εL−εH) by 15.04% and 13.58%, respectively. In the
stepwise mechanism of reaction 2Cy-di, the HOMO–LUMO
separation decreases by 0.47%, and in the concerted pathway it
increases by 5.14%. Comparing the fractional change in the
HOMO–LUMO energy gap of reactant and product geometries
in reactions leading to inter- and intra-molecular cyclization
shows that paths corresponding to cyclic dimerization
maximize the chemical hardness of the linear tripeptides.

Polarizability is used to understand the behavior of a
system when changing the external field at a constant
number of electrons. Magnitudes of polarizabilities of reac-
tants and products are considered in order to verify the inverse
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relationship between hardness and polarizability.We observed
the simultaneous applicability of PMH and MPP for the
considered geometries involved in the stepwise-a pathway of
1Cy-di and those involved in concerted mechanisms of both
the reactions 1Cy-di and 2Cy-di.

Conclusion

We have attempted to study the thermodynamic and kinetic
control of monomer-cyclization vs dimer cyclization of linear
tripeptides containing ‘2,5-cis’(2S,5R) and ‘2,5-trans’
(2S,5S)-tetrahydrofuran amino acids. Thermodynamic data
favor cyclic dimerization of the peptides in the gas phase. A
kinetic study of the reactions shows that the activation energy
barrier is relatively lower for intermolecular cyclization com-
pared to intramolecular cyclization. We performed several
calculations using a series of basis sets, and employing the
MP2 method. Qualitatively similar results obtained from these
calculations indicate that the trends presented and the conclu-
sions derived are unlikely to change with change in basis set.
Geometrical analysis of structures in the intramolecular
cyclization reactions reveals that the observed activation
free energy barrier is due to a large rotation around the
amide bond, and a decrease in the number of stabilizing
H-bonding interactions as the reaction proceeds. On the
other hand, intermolecular cyclization does not disturb
the planarity of existing peptide bonds. Nonplanarity in
the peptide bonds of the intra products leads to longer
C–N bonds than those in a typical peptide bond. Hydrogen
bonding interactions observed in intra products resemble seven
membered γ turns. The product cis dimer exhibits a host of
secondary folding patterns like α-, β - and γ-turns whereas the
trans dimer is associated with C10 (β -turn like) and C13 (α-turn
like) cycles. NBO analysis of H-bonding interactions shows
that the magnitudes of stabilization energies in intra products is
less than that of the corresponding reactant geometries. Corre-
lation between stabilization energy, occupancy of the antibond-
ing orbital of the NH group, and the geometrical parameters of
H-bonds is observed. The fractional change in chemical hard-
ness in cyclic dimerization reactions for these peptides is large,
indicating their preferential cyclodimerization. Simultaneous
validity of maximum hardness and minimum polarizability
principles is observed in the case of reactant and product
geometries. This study motivates further thermodynamic and
kinetic studies of solvent associated cyclization reactions of
tripeptides, and enhances the scope to understand how a sugar
ring induces turn-like structures associated with stabilizing
intramolecular hydrogen bonds in peptides.
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