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Abstract 

N-Methylation has a significant impact on improving oral bioavailability, lipophilicity 

and aqueous solubility of peptide-based lead drug structures.  The selected mono-

amino acid derivatives Ac-X-OMe, where X= Gly, Val, Leu, Ile, Phe, Met, Cys, Ser, 

Asp and His as well as their corresponding N-methylated analogues were studied.  

The ClogP values of all N-methylated examples are greater than native compounds.  

Quantum chemical calculations were performed to estimate the aqueous solubility of 

these lipophilic compounds using density functional theory (DFT) with B3LYP 

density functional.  To confirm the contribution of dispersion forces on quantum 

chemical data, the long-range corrected (LC) hybrid density functional (ωB97X-D) 
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was also probed for some amino acid derivatives. The ωB97X functional gave similar 

results. Our results reveal that after mono N-methylation of the peptide backbone, 

∆Gsolv becomes more negative (more water soluble) while polarizability, dipole 

moment are also increased.  NBO atomic charges for the amide N, C and O nuclei 

become more positive/(less negative) after N-methylation.  All N-methylated amino 

acids have higher EHOMO (less negative) in comparison to the amino acid analogues, 

and in all cases N-methylation decreases EHOMO-LUMO.  The calculated amide cis/trans 

activation energy (EA) of all the N-methylated amino acid derivatives was lower than 

native species. N-methylation of these compounds leads to an increase in lipophilicity, 

aqueous solubility, polarization, dipole moment and lowering of the cis/trans amide 

energy barrier (EA).  

Keywords: N-methylation • Peptides • Density functional theory (DFT) • Natural bond 

orbital (NBO) analysis • Bioavailability • Solubility • Lipophilicity. 

 

Introduction 

Biologically active compounds are not always good drug candidates; one reason for this is low 

bioavailability after oral administration.  Drug candidates with reasonable absorption, stability, 

and low cellular toxicity, have a higher probability of progression through the drug discovery and 

development pathway.  In this context, proteins and peptides are promising scaffolds for 

predictable and selective biological response;[1] moreover several methods are available for 

analyzing their mode of actions.[2-5]  However, many peptides have low bioavailability due to 

proteolysis and poor membrane permeability,[6] which limit their application as drugs.[7, 8]  In 

view of this, medicinal chemists have developed an array of strategies to solve these problems, 

including incorporation of peptide bond isosters, peptoids, retro-inverso peptides, structural 

modifications such as covalent attachment of poly-ethylene glycol (PEG), lipidation and other 

chemical modifications.[9-12] 

N-Methylation of the amide bond is an effective technique to increase the proteolytic stability[13-

17] of peptides, and to improve pharmacological properties, particularly bioavailability[16, 18-

22] and lipophilicity.[14, 23, 24]  N-Methylation scanning is an approach by which a library of all 

possible N-methylated peptide analogues, are synthesized and screened to select the most 

promising N-methylated lead peptide.[19, 25, 26]  N-Methylation of peptides also improves the 

ADMET properties of such compounds.[18, 23]  It has been reported that incorporation of N-

methyl amino acids enhances the potency and the receptor subtype selectivity of peptides.[17, 27-
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32]  However, exceptions to these experimental observations have been reported.[27, 33, 34] 

Peptides containing single or multiple N-methylations are promising agents to disrupt protein–

protein hydrogen bond interactions involving β-sheet interactions, as illustrated by inhibitors for 

amyloid β-peptide (Aβ)[35-38] and amylin[39-44] fibrillation.   

Tonelli demonstrated that N-methylated tripeptides,[45] as well as N-methylated gramicidin,[46] 

experience conformational rigidity due to specific hydrogen bonding interactions, despite 

increased cis-amide conformations.  Several computational[30, 32, 47-53] and experimental[17, 

30, 48, 50, 51, 54-59] reports on other peptides reports support these experimental observations.    

Recently our NMR and molecular modelling results revealed that N-methylation of amide/peptide 

bonds containing proline N-oxides in short acyclic peptides lead to an increase of the cis/trans 

ratio but simultaneous induces specific hydrogen bond interaction that stabilize certain 

conformations (such as quasi β-turns).[60]  N-Methylation of short cyclic peptides also revealed 

more rigid behaviour according to NMR solution and molecular dynamics studies.[51, 61]   

Motivation for our study came from the experimental observation by Bose et al.[23, 38] where it 

was reported that N-methylation simultaneously enhanced both the lipophilicity and aqueous 

solubility of short segments of the Aβ peptide that were used as aggregation inhibitors for 

Alzheimer’s disease. They reported that the solubility increased ~50 - 1000 fold through N-

methylation in the case of linear hexapeptides (1 – 5 methyl groups).  However, for short cyclic 

peptides, N-methylation was reported to cause a decrease in aqueous solubility.[24]  This was 

ascribed to the increase in lipophilicity.  

It is clear from literature that an improved understanding of the effect of N-methylation on 

aspects such as solubility (N-methylated peptides are both more water soluble and more lipohilic) 

and flexibility (such peptides are more flexible in terms of cis/trans interconversion, but 

simultaneously also more rigid) is required.  We attempted a theoretical study to shine light on 

these dual characteristics.     

Physicochemical and quantum-chemical descriptors[62-64] including Partition coefficient 

(ClogP),[65-69] Gibbs free solvation energy (∆Gsolv), polarizability (αααα), dipole moment (µ) and 

∆EHOMO-LUMO, which are related to aqueous solubility[70-72] are used as modern predictive 

models for drug absorption.[73]  Solubility is also a fundamental feature of drug absorption; a 

drug must be reasonably soluble in an aqueous environment for subsequent suitable ADMET 

characteristics.[74]  

In this study, a detailed theoretical investigation was performed to address the impact of N-

methylation of the amide bond on particularly lipophilicity, aqueous solubility and reactivity of 
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the selected non-polar aliphatic/branched chain, polar charged/uncharged, and aromatic L-amino 

acid derivatives as Ac-X-OMe where X= Gly, Val, Leu, Ile, Phe, Met, Cys, Ser, Asp and His and 

their N-methylated analogues (Figure 1).  Furthermore, a conformational analysis was also 

carried out to assess the effect of N-methylation on the energy barrier (EA) for cis/trans 

conformational changes.   

 

Figure 1.  The general structure of the selected L-amino acid derivatives, Ac-X-OMe and their 

corresponding N-methylated analogues. 

 

Results and discussion 

Solubility in terms of drug bioavailability requires knowledge about the lipophilic (ability to cross 

membranes) and the hydrophilic (solubility in blood plasma) nature of the compound.[75-77]  

Even though enough experimental results are available for a general correlation of the  theoretical 

results, not enough experimental results are available to perform a statistical analysis to determine 

the accuracy of that.  In absence of such data, we have looked at similar results from literature[78-

84] that suggest the accuracy of the calculations warrants one or two decimal places.    

Lipophilicity  

High values of logP is an indication of a large lipophilic character for a compound.[65]  The 

calculated ClogP of the selected amino acid derivatives, Ac-X-OMe (X= Gly, Asp, Ser, Val, Leu, 

Ile, Cys, Met, His and Phe) and their corresponding N-methylated analogues are shown in Table 

1.  All the N-methylated compounds exhibit considerable increases in the calculated ClogP values, 

in comparison to the corresponding native amino acid derivatives.  

Amino acid derivatives 

Ac-X-OMe 
Amino acid derivative 

(native form) 

N-Methylated Amino acid 

derivative 
 

X= Gly, Val, Leu, Ile, 

Phe, Met, Cys, Ser, Asp 

and His 

 

O

NH

O

CH3

OCH3

R

 
 

 

O

N

O

CH3

OCH3
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CH3
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Table 1. Calculated ClogP of the selected amino acid derivatives, Ac-X-OMe (X= Gly, Asp, Ser, Val, Leu, 
Ile, Cys, Met, His and Phe) and their corresponding N-methylated analogues. 
 

Ac-X-OMe Native N-Methylated  
X= Gly -1.07 -0.31 
X= Val 0.16 0.92 
X= Leu 0.16 0.98 
X=Ile 0.69 1.45 

X= Phe 2.03 2.57 
X= Met 0.15 1.09 
X= Cys 0.17 0.93 
X= Ser -1.43 -0.41 
X= Asp 0.47 0.96 
X= His -1.30 -0.52 

 

The range of increment in ClogP is between 0.49 and 1.02.  In general, the ClogP values increase 

more in hydrophobic/nonpolar amino-acids than polar amino acids.  Among the non-polar amino 

acids, Phe has the smallest ClogP increment upon N-methylation.  On the other hand, in polar 

amino acids the change is smaller except for Ser. Among polar amino acids, Asp also has the 

smallest ClogP increment.   

Aqueous solubility parameters  

The Gibbs free solvation energy (∆Gsolv), polarizability (α), dipole moment (µ), and frontier 

molecular orbital energies (EHOMO, EHOMO-LUMO) of the selected models were also calculated 

(B3LYP/6-311++G**) and the results are reported in Table 2.  The aqueous solubility of the 

considered molecules was assessed by measurement of their Gibbs free solvation energy (∆Gsolv) 

using the polarizable continuum model (PCM).  Comparison of the ∆Gsolv data revealed higher 

solubility for all the N-methylated models (with more negative ∆Gsolv values) (Table 2).  

Solubility is relatively higher (less negative ∆Gsolv) in polar amino acids than that of non-polar 

amino acids.  Among the polar amino acids, His exhibits the highest aqueous solubility.  Among 

the non-polar amino acids Phe has the highest solubility (less negative ∆Gsolv).  These data 

correlates with other descriptors like polarizability and dipole moments. 

Polarizability  

The polarizability is defined as the linear coefficient between an applied electric field and the 

induced dipole moment.  Molecular polarizability of a molecule reflects the global polarity of the 

molecular structure[85] that results from the uneven partial charge distribution over all the atoms 

of the molecule.  Normally, highly polar compounds with reasonable inter-molecular electrostatic 

interactions are more water soluble.[86, 87]  As shown in Table 2, the computed polarizabilities 

increased for all amino acid derivatives Ac-X-OMe after N-methylation both in gas phase and in 
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water.  The higher values of polarizability for the N-methylated cases are more evident in water 

medium in comparison to the gas phase.   

 

Table 2.  ∆Gsolv (kcal/mol), polarizability (α, Å3), dipole moment (µ, Debye) and frontier molecular orbital 
energies (EHOMO, EHOMO-LUMO, eV) of the selected amino acid derivatives, Ac-X-OMe* and their 
corresponding N-methylated analogues with different density functionals.  
 

 B3LYP/6-311++G(d,p) 
Ac-X-OMe ∆Gsolv 

(kcal/mol) 
αααα   

(A
3
) 

µ 

(Debye) 
EHOMO 

(eV) 
EHOMO-LUMO  

(eV) 
Gas Water Gas Water Gas Water 

X=Gly -7.530 37.751 49.208 3.215 4.472 -6.860 6.606 
X=(NMe)Gly -8.157 43.525 58.008 3.498 5.481 -6.582 6.525 

X= Val -7.731 55.468 75.577 4.537 5.774 -7.071 6.653 
X=(NMe)Val -7.798 61.517 84.806 4.999 6.718 -6.618 6.508 

X= Leu -6.876 62.305 84.922 2.957 3.797 -6.858 6.600 
X=(NMe)Leu -7.606 68.190 89.939 3.796 4.860 -6.613 6.424 

X= Ile -7.017 61.638 84.277 2.718 3.507 -6.595 6.388 
X=(NMe)Ile -7.770 67.708 93.437 2.988 3.990 -6.422 6.246 

X= Phe -8.812 75.513 105.513 2.952 3.759 -6.112 5.723 
X=(NMe)Phe -10.092 81.694 114.959 3.353 4.257 -5.813 5.366 

X= Met -8.597 65.067 87.589 4.619 6.014 -5.878 5.389 
X=(NMe)Met -9.202 71.264 96.691 4.836 6.277 -5.781 5.222 

X= Cys -7.412 52.478 69.962 4.426 5.465 -6.539 6.051 
X=(NMe)Cys -9.184 58.659 79.461 4.751 6.098 -6.435 5.796 

X= Ser -9.126 45.731 60.612 4.080 5.552 -6.610 6.265 
X=(NMe)Ser -9.612 51.473 69.211 4.952 6.238 -6.574 5.925 

X= Asp -11.617 51.695 52.735 7.351 8.856 -7.239 6.584 
X=(NMe)Asp -12.968 57.437 68.788 9.630 11.890 -6.936 5.919 

X= His -12.699 68.904 94.204 9.054 9.211 -5.731 4.890 
X=(NMe)His -13.419 74.677 103.063 9.504 12.004 -5.651 4.625 

ωωωωB97XD /6-311++G(d,p) 
X= His -16.801 63.951 85.743 7.682 10.571 -7.936 6.399 

X=(NMe)His -17.858 69.703 94.548 8.826 11.714 -7.873 6.395 
• Cartesian coordinates of the optimized structures are presented with the supplementary material.   

-740.514152 

Histidine exhibited the largest polarizability values among the polar amino acids and Phe gave the 

largest polarizability values among the non-polar ones, while Gly (a small and non-polar amino 

acid) had the smallest polar character.  In general, more polarized compounds are expected to be 

more soluble in water.[88]  The significant increase in polarizability upon N-methylation will 

modify the interaction of amino acid derivatives with polar solvents such as water and ultimately 

increase their solubility in biological systems including body fluids.[87].  The same trend for the 

N-methylation effect was observed with the ωB97XD density functional for His/(NMe)His.  This 

functional incorporates dispersion effects.  
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Dipole moment  

Dipole moment is the product of all the charges on a molecule and the distance of separation 

between them.  There is also a direct relationship between polarizability and dipole moment.[89-

91]  Many polar drug-like molecules form dipole moments resulting from intra-molecular charge 

transfer.  The size of the molecular dipole moment influences the solubility of the compound in 

various solvents.  Table 2 presents the important increase of the dipole moments of the N-

methylated derivatives, compared to their corresponding native amino acids.  In all 10 examples, 

the dipole moments increased both in the gas and liquid phases.  The substantial increase in these 

values indicates an intensifying of the interactions of these derivatives with polar solvents such as 

water, and will thus enhance their solubility in physiological media.   

In general, ∆Gsolv values, polarizibility, and dipole moments are smaller in hydrophobic amino 

acid derivatives than for the polar/hydrophilic series.  Among the hydrophobic amino acid 

derivatives Gly has the smallest quantum chemical descriptors (∆Gsolv, polarizability and dipole 

moment) which are ascribed to a lack of side chain (R = H).  The values of these quantum 

chemical descriptors increase with the elongation of aliphatic side chain with Leu and Ile having 

similar properties.  Among the non-polar amino acid categories Phe, with an aromatic side chain, 

has the highest descriptor values. In the series of the polar amino acid derivatives, Ser and Cys 

with short uncharged side chain exhibit smaller descriptor values.  Asp and His exhibit higher 

descriptor values due to charged side chains.   

Analysis of atomic charges 

Solubility, molecular polarizabilities and dipole moments are fundamentally linked to individual 

atomic charges.  Natural bond orbitals (NBO) analysis is an efficient method for studying intra 

and inter-molecular bonding and interactions among bonds, which also provides a convenient 

basis for investigation of charge transfer or conjugative interactions in molecular systems.[92]    

The natural atomic charges (nuclear charge minus summed natural populations of NAOs on the 

atom and total core, valence, and Rydberg populations on each atom) derived from NBO analysis 

of two selected amino acid derivatives, Ac-X-OMe (X= Gly and Val) and their corresponding N-

methylated models are demonstrated in Figure 2.  
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Ac-X-OMe Native N-Methylated 
X= Gly 

Color range: -0.793 to 0.793 

 

 

X= Val 

Color range: -0.934 to 0.934 

 

 

 

Figure 2.  Natural atomic charge derived from natural bond orbital analysis of two amino acid derivatives, 
Ac-X-OMe (X= Gly and Val) and their corresponding N-methylated analogues obtained using B3LYP/6-
311++G(d,p).  The nitrogen atom of the amide bond, appeared less negative for the N-methylated cases.  
This fact is clearly evident from the value’s range presented by its corresponding colour code.  The natural 
atomic charges of the rest of the compounds are provided in supplementary information.  The results for 
the other structures are provided in supplementary information) 
 
The obvious change in charge is that of the amide nitrogen, which becomes more positive upon 

N-methylation.  This is due to the increased double bond character for the amide CN bond, 

yielding a partial positive charge on the amide nitrogen.      

Figures 2, 3 (See also Table 1S, Supplementary material – charges for each atom presented) 

show the change of the natural atom charges due to N-methylation.   The changing trend of each 

individual atomic charge is difficult to follow, so we investigated the variation of a number of 

functional group charges.  Functional groups were defined as demonstrated in Figure 3 and the 

sum of the atom charges of each group are presented in Table 3.  
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 9

 

Figure 3.  The labelled structure of Ac-X-OMe (X= Gly) with the representative functional 

groups.  

 

Table 3.  The effect of N-methylation through the inductive effect of the methyl group on the 
atomic charges (both NBO and ESP) distributed on Ac-X-OMe (X= Gly) calculated with different 
density functionals.  Each backbone atom, along with the H or O considered as a group. Sum of 
charges of atoms in a group considered as a group charge. 
 

 B3LYP/6-311++G(d,p) 

Group (G) Natural atomic charges (a.u.) 
Ac-Gly-OMe Ac-(NMe)Gly-OMe 

G1 (CH3) 0.004 0.006 
G2(CO) 0.025 0.052 

G3(NMe) -0.229 -0.265 
G4(CH2) 0.195 0.221 
G5(CO) 0.194 0.211 
G6(O) -0.547 -0.559 

G7(CH3) 0.359 0.352 
 ωωωωB97XD /6-311++G(d,p) 

G1 (CH3) -0.018 -0.015 
G2(CO) 0.066 0.089 

G3(NMe) -0.239 -0.270 
G4(CH2) 0.168 0.181 
G5(CO) 0.221 0.227 
G6(O) -0.540 -0.549 

G7(CH3) 0.342 0.338 

 

These results show that the inductive effect of N-methyl in G3 causes the functional group NBO 

charge to become more negative.  As a result, the charges of the neighbouring groups – G2 and G4 

become more positive.  Similar induced functional group charges are also evident for G5 and G6.  

The inductive effects on atomic charges are similar for both B3LYP/6-311++G(d,p) and ωB97XD 

/6-311++G(d,p) functionals, except for G1 that became negative.  This effect causes polarization 

through charge transmission, which ultimately appears to increase the solubility of peptides in 

aqueous solution.  Tajkhorshid and Suhai reported similar results in a theoretical investigation of 

a N-methylated conjugated alkene system.[93]  

G1 

G2 

G3 

G4 
G5 

G6 

G7 
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Frontier molecular orbitals (HOMO, LUMO) 

Molecular polarizability and atomic electron densities/charges are directly linked to the frontier 

molecular orbitals.[94, 95]  The latter is therefore also linked to solubility.[96-99]  EHOMO 

describes the tendency of the molecule to donate electrons (charge density).   In general: the 

higher the EHOMO energy the greater the ability of the molecule to donate electrons.  The data in 

Table 1 shows that all N-methylated structures have higher EHOMO (less negative) in comparison 

to their native amino acids.  The energy difference between the HOMO and LUMO frontier 

orbitals (EHOMO-LUMO gap) is an important characteristic of chemical reactivity.[100, 101]  Large 

EHOMO-LUMO energy differences indicate that the available electrons in these molecules have less 

tendency to move to the excited state and such compounds are chemically more inert.[87]   Table 

2 reveals a decrease in EHOMO-LUMO after N-methylation, which shows the more polarized 

nature[102-104] of these compounds.  In terms of solvent effects, it suggests that N-methylated 

peptides interact more with polar solvent molecules and repel non-polar solvent molecules.  In 

terms of amide cis-trans interchange, smaller EHOMO-LUMO differences also suggest more facile 

excitation to the triplet state, which is required for rotation around the N-C bond.[105, 106]   

Specific grid points are sampled for HOMO and LUMO frontier orbitals and a viewable surface is 

formed[107] which is demonstrated in Figure 4.  Inspection of the HOMO orbitals of these 

compounds reveals that the charge density is predominantly located at the amide bonds.   
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Amino acid derivatives 

Ac-X-OMe 
HOMO LUMO 

X= Gly 

  

X= (NMe)Gly 

 

 

 

 

 
 

X=(NMe)Val 

 
 

X=(NMe)Val 

  
 

Figure 4.  The frontiers orbitals (HOMO and LUMO) of two amino acid derivatives, Ac-X-OMe (X= Gly 
and Val) and their corresponding N-methylated models obtained using B3LYP/6-311++G(d,p).  (HOMO 
and LUMO representations of the rest of considered compounds are provided in supplementary 
information). 

The calculated EHOMO-LUMO values for the cis/trans conformation and TS for Ac-Gly-OMe its 

corresponding N-methylated analogues in vacuum, water and cyclohexane media are reported in 

Table 4.  
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Table 4.  The calculated EHOMO-LUMO values for the cis/trans conformation and TS for Ac-Gly-
OMe and its corresponding N-methylated analogues in gas, water and cyclohexene media using 
different density functionals.  

 

 

The obtained data in Table 4 implies that for most cases (except the cis-form in the gas phase) the 

EHOMO-LUMO band gap is reduced after N-methylation in all media.  These results indicate that N-

methylation facilitates the cis/trans inter-conversion. The band gaps for the N-methyl transition 

states in all media are the smallest.  This suggests that the N-methylated transition states are most 

likely to be excited to the triplet state, which is required for rotation around the amide C-N 

bond.[105, 106]    

It became clear that classical resonance structures[108, 109] proposed to describe the nature of 

the amide bond is not satisfactory.[110-116]  It does not account for the fact that upon rotation of 

the amide bond, the C-O bond length decreases very little (0.01 Å), while the C-N bond lengthens 

much more (0.08 Å).[115]  Second-order perturbation analysis (to determine stabilization through 

hyperconjugation)[117] of the natural bonding orbitals was used to show that, although C-N 

rotation disrupts the amide resonance energy [n(N)→π*(CO)], it introduces a smaller 

hyperconjugative stabilizing interaction [n(N)→σ*(CO)] of 9.6 kcal/mol.  This explains the 

difference between vertical resonance stabilization energy values (25 kcal/mol) and rotation 

barriers (15 kcal/mol) for amides.[115]  The same trend for the N-methylation effect was 

observed for EHOMO-LUMO values for the cis/trans conformation and TS for Ac-Gly-OMe and its 

corresponding N-methylated analogues in gas, water and cyclohexene media using the ωB97XD 

density functional. 

Electron delocalization between occupied Lewis-type (bond or lone pair) NBO and unoccupied 

non-Lewis NBO orbitals corresponds to a stabilizing donor-acceptor interaction.  This can be 

calculated with second-order perturbation calculations, providing information about 

hyperconjugation.  We therefore investigated the effect of N-methylation on hyperconjugation for 

three cases: cis- and trans-glycine as well as the transition state.  The two lone pairs on the amide 

oxygen and the lone pair on the amide nitrogen can potentially play a role in hyperconjugation 

Ac-Gly-OMe EHOMO-LUMO (eV) 

Gas 

EHOMO-LUMO (eV) 

Water 

EHOMO-LUMO (eV) 

Cyclohexane 

 Native N-Met Native N-Met Native N-Met 

trans 6.593 6.588 6.997 6.810 6.763 6.694 
TS 6.012 5.463 6.066 5.493 6.029 5.475 
cis 6.417 6.458 6.917 6.739 6.647 6.567 

ωωωωB97XD /6-311++G(d,p) 
trans 6.468 6.452 6.794 6.635 6.547 6.330 
TS 6.001 5.702 6.018 5.269 6.001 5.331 
cis 6.398 6.371 6.857 6.638 6.592 6.460 
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around the amide bond.   The calculated results are presented in Table 5.  

Table 5. Second-order perturbation theory analysis of the Fock matrix[118] in NBO basis 

corresponding to the intra-molecular bonds of native and N-methylated analogue of cis/trans Ac-

Gly-OMe and its corresponding N-methylated analogues in gas phase, water and cyclohexane 

media using different density functionals.  

Amide bond E(2)/kcal mol
-1

 

 B3LYP/6-311++G(d,p) 

Donor Acceptor Gly trans - Gas Gly TS - Gas Gly cis- Gas 

Native N-met Native N-met Native N-met 

LP1 O14 σ*N1-Me 24.31 24.41 28.01 28.15 24.73 25.25 
LP2 O14 σ*N1-Me 1.63 1.71 1.53 1.67 1.66 1.75 
LP   N1 σ*C9-O14 63.67 60.02 9.48 9.19 60.89 57.46 
Donor Acceptor Gly trans - Water Gly TS - Water Gly cis - Water 

Native N-met Native N-met Native N-met 

LP1 O14 σ*N1-Me 23.79 23.89 27.68 27.75 24.13 24.68 
LP2 O14 σ*N1-Me 1.57 1.66 1.49 1.65 1.60 1.70 
LP   N1 σ*C9-O14 67.72 64.11 9.52 9.26 65.21 61.48 
Donor Acceptor Gly trans - 

Cyclohexane 

Gly TS - 

Cyclohexane 

Gly cis - 

Cyclohexane 

Native N-met Native N-met Native N-met 

LP1 O14 σ*N1-Me 24.09 24.21 27.87 28.01 24.49 25.03 
LP2 O14 σ*N1-Me 1.61 1.69 1.51 1.66 1.63 1.73 
LP   N1 σ*C9-O14 65.21 61.50 9.50 9.21 62.63 58.93 

ωωωωB97XD /6-311++G(d,p) 
Donor Acceptor Gly trans - 

Cyclohexane 
Gly TS - 

Cyclohexane 
Gly cis- 

Cyclohexane 
  Native N-met Native N-met Native N-met 

LP1 O14 σ*N1-Me 30.60 29.87 38.72 30.60 38.70 39.96 
LP2 O14 σ*N1-Me 0.82 1.67 0.55 1.67 1.08 1.71 
LP   N1 σ*C9-O14 92.84 83.40 10.27 8.93 88.92 83.65 

 

In second-order perturbation analysis of NBOs, larger E(2) values represent stronger interaction 

between electron-donors and electron-acceptors in a molecule (increased hyperconjugative 

interaction of the system).[119-122]  The largest contribution to stabilization of the amide bond 

through hyperconjugation is indeed due to [n(N)→σ*(CO)].  Interestingly, after N-methylation, 

this stabilization effect for the amide bond is smaller in all cases, which is indicative of reduced 

double bond character (N-methyl peptides have slightly longer C-N bonds – see Table 2S, 

Supplementary material).  This hyperconjugative interaction is optimal for the planar amide 

bonds and is abridged upon rotation as is evident for the transition state.  

Stabilization as result of [n(O)→σ*(NC)] hyperconjugation (about 24 – 28 kcal mol-1) is smaller 

than that of [n(N)→σ*(CO)] for the planar conformations (about 58 – 65 kcal mol-1) but larger 

for the corresponding transition states (about 28 kcal mol-1 for [n(O)→σ*(NC)] and 9 kcal mol-1 
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for [n(N)→σ*(CO)]).  In all cases after N-methylation, one lone pair of O14 contributes to 

stronger hyperconjugative stabilization (about 28 kcal mol-1) through interaction with N1-C9 

antibonding sigma bonding orbitals than the native states (about 24 kcal mol-1).  This further 

supports the experimental observation that the energy barrier for cis-trans interconversion of N-

methylated amides is lowered.   The same trend for the N-methylation effect was observed for 

electron delocalization for the cis/trans and TS of Ac-Gly-OMe and its corresponding N-

methylated analogues in cyclohexene medium using ωB97XD density functional. In general 

smaller differences were obtained with ωB97XD. 

 

Conformational study 

The effect of N-methylation of amino acids on the conformational change (rotation of amide 

bond) of such compounds was also investigated.  We postulated that such knowledge will also 

shine light on the difference in aqueous solubility of short acyclic (increased solubility)[23] 

versus cyclic (decreased solubility)[24] N-methylated peptides.   

The energy of activation (EA) between the amide cis/trans conformations were determined by 

calculating the transition state (TS) for the selected amino acid derivatives, Ac-X-OMe (X= Gly, 

Asp, Ser, Val, Leu, Ile, Cys, Met, His and Phe) and their corresponding N-methylated analogues.  

These are presented in Table 6.  Note that for each case, two possible transition states exist, one 

where the backbone dihedral angle (Cα-CO-NH-CO) is at about 60 degrees (TS1) and the second 

transition state at about 100 degrees (TS2). 

The results reveal that in all the considered short peptides, the EA for both cases (TS1 and TS2) 

were significantly decreased after N-methylation.  This is in agreement with an ab initio 

investigations by Bagayi et al.[49]  Despite an isolated claim to the contrary,[14] it is known from 

experimental studies that the cis/trans interconversion around the amide bond is facilitated 

through N-methylation.[54, 123-126]  
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Table 6. Calculated energies and torsion angles for the conversion of cis/trans-amino acids 
(Ac-X-OMe) and their corresponding N-methylated analogues using different density 
functionals (the entropy contributions are provided with the supplementary material – Table 4S).  

 

TS1 TS2 

 B3LYP/6-311++G(d,p) 

Ac-X-OME ∆∆∆∆Hcis-trans 

/Kcal mol
-1

 

EAcis/trans 

/Kcal mol
-1

 

EAtrans/cis 

/Kcal mol
-

1
 

Torsion angle/° EAcis/trans 

/Kcal mol
-1

 

EAtrans/cis 

/Kcal mol
-1

 

Torsion 

angle/° 

X=Gly 3.77 15.06 18.83 -54 18.83 22.59 108 
X=(NMe)Gly 1.26 17.57 18.20 -65 20.71 21.96 97 
X=Val 10.67 11.92 15.67 -64 19.45 30.12 97 
X=(NMe)Val 1.26 13.18 14.43 -49 18.20 19.45 76 
X=Leu 4.39 17.57 18.20 -51 21.96 21.96 110 
X=(NMe)Leu 0.63 15.69 16.32 -58 19.45 20.08 103 
X=Ile 10.67 12.55 15.69 -64 20.08 30.75 98 
X=(NMe)Ile 1.26 13.18 14.43 -49 18.20 19.45 77 
X=Phe 3.77 13.81 16.32 -68 19.45 23.22 111 
X=(NMe)Phe 1.88 14.43 15.68 -71 18.19 20.08 91 
X=Met 4.39 13.18 16.94 -50 19.45 23.84 111 
X=(NMe)Met 0.03 12.55 18.82 -68 18.82 25.10 93 
X=Cys 5.02 13.80 17.57 -67 18.20 23.21 95 
X=(NMe)Cys 3.14 15.06 16.94 -68 18.83 21.96 93 
X=Ser 4.39 13.81 18.20 -62 16.94 21.34 117 
X=(NMe)Ser 0.62 18.83 19.45 -71 18.20 18.83 90 
X=Asp 3.76 14.43 18.19 -64 19.45 23.22 115 
X=(NMe)Asp 1.26 16.94 18.19 -82 20.71 21.96 97 
X=His 6.28 14.43 20.71 -48 21.96 28.24 96 
X=(NMe)His 0.63 18.83 19.45 -85 21.34 21.96 95 

ωωωωB97XD /6-311++G(d,p) 
X=His 4.39 15.68 20.08 -65 21.33 25.10 96 
X=(NMe)His 0.00 19.45 19.45 -67 19.45 19.45 94 
∆Hcis/trans = Energy difference between the cis-trans conformations.    
EAcis/trans = Activation energy for the conversion of the cis-conformation via the transition state to the trans-
conformation. 
EAtrans/cis = Activation energy for the conversion of the trans-conformation via the transition state to the cis-
conformation. 
Torsion angle of the amide bond (Cα-CO-NH-CO) 

Our calculations confirm that the cis/trans inter-conversion of the amide/peptide bond has a lower 

energy barrier (EA) upon N-methylation and our results are in agreement experimental values.[55, 

124]  

A polar solvent, such as DMSO with a large dipolar moment (3.96 D), favours cis-isomers, while 

less polar solvents, such as water (1.85 D), induce more trans-character.[127, 128]  Calculation of 

the energy barriers for Ac-X-OMe (X = Gly and Phe) in different solvents did reveal a significant 

difference between the native and N-methylated cases (Table 3S – supplementary material).  For 

all planar cases (except for Ac-(NMe)Gly-OMe in water and cyclohexane where cis and trans 

have the same energies) the trans form has lower energies. The same trend of N-methylation 

effect on the energetic parameters for the cis/trans and TS of Ac-Gly-OMe and its corresponding 

Page 15 of 28 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 16

N-methylated analogues in gas phase using ωB97XD density functional for His/(NMe)His.  Table 

4S presents the calculated entropic contribution (∆S) to the Gibbs free energy for the conversion 

of cis/trans-amino acids (Ac-X-OMe) and their corresponding N-methylated analogues.  In all 

cases ∆Scis/trans were considerably smaller for the N-methylated peptides.  This suggests that N-

methylation facilitates conformational interchange.  

We have recently demonstrated (experimentally) that selective N-methylation of short proline N-

oxide peptides induces increased cis/trans flexibility (depending on the position of N-methylation 

29, 40, 50 and 77% cis-conformations were observed), facilitating quasi β-turn 

conformations.[60]  Similar computational[30, 32, 47-53] and other experimental[17, 30, 47, 48, 

50, 51, 54, 56-59] results have been reported, showing that N-methylation of the amide bond 

increase the cis/trans ratio.  The fact that peptides become more flexible upon N-methylation will 

assist with solubility of acyclic peptides. Energy barriers between 15 and 20 kcal mol-1 can be 

overcome at room temperature and the energy barrier of amide rotation (from cis to trans) for N-

methylated peptides is slightly lower than that.[55, 73, 92, 129]  The calculated energy barriers 

for N-methylated peptides are in this range (Table 4), corresponding to experimental results that 

N-methylated peptides interconvert at room temperature between the cis and trans forms.    

Peptides and proteins act in a certain sense like chameleons since in polar media the lipophilic 

parts are “hidden” from the surface of the protein, while the hydrophilic parts are exposed to the 

surface/water.[130, 131]  On the other hand, when the protein enters a membrane, the protein 

rearranges so that the lipophilic parts are exposed to the surface.  The increased cis-trans flexible 

nature of N-methylated peptides at room temperature facilitates this rearrangement of the peptide 

to optimize/minimize the interaction of polar/non-polar parts with the solvent.  When this is 

combined with increased polarizability and dipole moment, the aqueous solubility of N-

methylated peptides should be further increased.  It also explains why short cyclic N-methylated 

peptides exhibit decreased water solubility since their cis/trans flexible nature is severely 

compromised and hydrogen bong interaction is also neutralised.[23, 38, 44]  The authors have 

used NMR and computational techniques to argue that N-methylation of the compound destroys 

intramolecular hydrogen bonding in favour of intramolecular hydrogen bond interactions.[24]  

The decrease in aqueous solubility was ascribed to the increase in lipophilic character.  Since the 

equivalent acyclic N-methylated peptides (with the same lipophilic nature) will be more water 

soluble, our explanation provides a more feasible rational for the loss of aqueous solubility.     

Computational methods,[49, 52] especially molecular mechanics and molecular dynamics[30, 32, 

47, 48, 50, 51, 53] are not compensating for the smaller force constant of N-methylated amide C-
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N bonds, with the consequence that literature results portray a skewed picture of artificial 

increased rigidity for N-methylated peptides by not reflecting the increased cis/trans 

interconversion at room temperature.    

 

Conclusion   

The electronic structure properties of the selected amino acid derivatives, Ac-X-OMe (X= Gly, 

Asp, Ser, Val, Leu, Ile, Cys, Met, His and Phe) and their corresponding N-methylated analogues 

were investigated with B3LYP/6-311++G**.  The effect of N-methylation on properties such as 

lipophilicity and solubility were evaluated.  More negative ∆Gsolv values higher values of 

polarizability and dipole moments for N-methylated amino acids in comparison to native amino 

acid series predict increased water solubility for the N-methylated compounds.   In other words, 

the significant increase in polarizability of the N-methylated compounds is expected to modify 

the interaction of amino acid derivatives with polar solvents such as water, and consequently 

increase their solubility in the physiological medium, this is in agreement with previous 

experimental observations. The natural atomic charge of the amide bond N, C and O atoms 

become more positive upon N-methylation.   

All N-methylated amino acids have a higher EHOMO values than the amino acid analogues.  Lower 

values of EHOMO-LUMO gap for N-methylated cases imply increased polarizibility and also 

increased possibility to be excited to the triplet state, especially for the transitions states (that 

exhibit the lowest EHOMO-LUMO gaps).  The EA values for cis/trans interconversion are 

considerably decreased after N-methylation, corresponding with experimental evidence that 

cis/trans interconversion occurs at room temperature.   

The loss of hydrogen bond sites due to N-methylation is compensated for by the increased 

cis/trans flexibility of the peptide.  Combination of this with increased polarizibility and dipole 

moment ensure suitable conformational changes to optimize/minimize the interaction of 

polar/non-polar parts with the solvent.  Molecular mechanics/dynamics methods should introduce 

a more suitable force constant for N-methylated N-C amide/peptide bonds in order to accurately 

mimic N-methylated peptide folding.    

Materials and methods 

As the index of solubility and lipophilicity, ClogP values were estimated using ACD 

lab/Chemsketch[132].  All quantum chemical calculations were performed using Gaussian09 

package[133] and Density Functional Theory (DFT)[134-136] with B3LYP functional[135, 137, 

138] and 6-311++G(d,p) basis set.  Diffused functions provide a more accurate description of 
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electron delocalization and are typically used as an improved treatment for cases where 

negatively charged species are being studied because the ionic radius of these charged atoms 

increases significantly as compared with the corresponding neutral examples.   

To include empirical atom–atom dispersion corrections, re-optimization and quantum chemical 

calculations were performed for one case with long-range corrected (LC) hybrid density functional 

(ωB97X-D)[78] with the 6-311++G(d,p) basis set. 

Harmonic vibrational frequencies were calculated at the same level of theory to characterize the 

stationary points by assessing the vibrational frequency of the structures in local minima.  

Quantum chemical descriptors including Gibbs solvation free energy (∆Gsolv), polarizability (α), 

dipole moment (µ), and EHOMO-LUMO gap were calculated on the optimized structure at the same 

level of theory. Polarizable continuum model (PCM)[139] as implemented in G09 was applied to 

calculate the Gibbs solvation free energy in water.  This is obtained as the difference between the 

Gibbs free energies of the compounds in water (PCM) and vacuum (gas phase) as[140]: 

∆Gsolv = Gwater − Ggas                                                                                                              (1) 

As for the conformational study, the transitions states (TS) involved in cis/trans conformational 

changes of the considered Ac-X-OMe (X= Gly, Val, Leu, Ile, Phe, Met, Cys, Ser, Asp and His) 

were identified using second derivative vibrational frequency calculations throughout the scan of 

the amide’s dihedral angle.  The activation energy (EA) is reported as the energy difference 

between the trans conformation and its transitions state and ∆EA cis/trans is reported as the 

energy difference between cis and trans conformations.  In each case, the EA of N-methylated 

analogues were compared to the native amino acid series to address the impact of N-methylation 

on the energy barrier of cis/trans conformational interconversion.   

More details about the calculations are presented with the supplementary material, including 

examples of input files, HF energies and the Cartesian coordinates of optimized structures.   

 

Supplementary material  

The frontiers orbitals (HOMO and LUMO) of more peptide derivatives, rearrangement of group 

charge of Val, derived from natural bond orbital analysis, Cartesian coordinates of optimized 

structures and transition state, 3D structures of all amino acid derivatives Ac-X-OMe (X= Gly, 

Asp, Ser, Val, Leu, Ile, Cys, Met, His and Phe) and their corresponding N-methylated models are 

provided with the supplementary materials.  Two additional tables are also provided.  
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