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Abstract

The internal rotation about the C–N bond of formamide (FA), acetamide (AA), N-methylformamide (NMF), N-methylacetamide (NMA),

N,N-dimethylformamide (DMF) and N,N-dimethylacetamide (DMA) in the gas phase, chloroform and water has been investigated at the HF

level of theory with 6-31G(d), 6-31G(d,p) and 6-31þG(d) basis sets in order to figure out the appropriate level of theory in describing the

cis–trans isomerization of the X-non-Pro and X-Pro peptide bonds. The conductor-like polarizable continuum model (CPCM) was used to

calculate solvation free energies. The conformational electronic energies calculated at three levels predicted satisfactorily the experimental

rotational barriers DG‡ of FA, DMF and DMA, and the observed relative enthalpy changes DHcis=trans of cis conformers for NMF and NMA to

trans ones in the gas phase. The CPCM method at the HF/6-31þG(d) level predicted well experimental solvation free energies of acetamide

derivatives. The DG‡ for FA, NMF, DMF, NMA and DMA, and DHcis=trans for NMF and NMA in chloroform and water were satisfactorily

described by the CPCM method at HF/6-31G(d) and HF/6-31þG(d) levels. These results may indicate that the HF/6-31þG(d) level with the

CPCM method appears to be the appropriate method in describing the cis–trans isomerization of the X-non-Pro and X-Pro peptide bonds in

solutions.
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1. Introduction

The internal rotation about the C–N bond in amides

provides information in understanding conformational

characteristics of the backbone of peptides and proteins.

The barrier to rotation varies in the range of

15–23 kcal/mol in the gas phase and in solutions [1],

which is attributed to the partial double bond based on

the resonance model [2]. The barrier of amide bond

increases as the polarity or hydrogen-bond ability of the

solvent increases [3–7]. This observation was described

in terms of the larger dipole moment of the ground state

than that of the transition state from ab initio calculations

on dimethylformamide and dimethylacetamide with the

reaction field theory [6]. However, the cis population of

secondary amides such as N-methylacetamide and

N-methylformamide decreases to some extent by trans-

ferring from apolar to polar solvents, but remains nearly

constant [8,9].

Secondary and tertiary amides play a role in constructing

the backbone conformation of peptides and proteins. In a

non-redundant set of 571 X-ray protein structures, the

frequency of occurring the cis peptide bond for secondary

amides (i.e. the X-non-Pro peptide bond) is 0.03%, whereas

the value for tertiary amides (i.e. the X-Pro peptide bond) is

5.2% [10]. It has been shown that the cis–trans isomeriza-

tion of the X-Pro bond is often involved in the rate-

determining steps for folding and refolding of various

proteins [11–14]. Several enzymes so-called peptidyl prolyl

cis–trans isomerases (PPIases) have been identified, which

significantly accelerate the isomerization of peptides and

denatured proteins [11,12]. In particular, it has been

reported that PPIases are involved in cell signalling and

replication, and implicated in several diseases such as

cancer, AIDS, and Alzheimer’s disease [14].

The ab initio self-consistent reaction field (SCRF)

method is known to be effective and useful in describing

the solvation of molecules, in which the solute is placed in a

cavity surrounded by a polarizable continuum solvent [15].

The SCRF methods such as the isodensity polarizable

continuum model (IPCM) and the self-consistent isodensity
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polarizable continuum model (SCIPCM) [15] derived from

the polarizable continuum model (PCM) [16] were applied

to figure out the solvation effects on the rotational barrier

and cis/trans population of amides [6,7,9,17–20]. In

particular, IPCM and SCIPCM methods reasonably pre-

dicted the rotational barrier and cis population of the Ac-Pro

peptide bond, respectively, for N-acetyl-N0-methylamides of

proline [21,22], 5-methylated prolines [23], and pseudo-

prolines [24] in chloroform and water. However, neither the

IPCM nor the SCIPCM described properly solvent effects

on both of these two properties [21]. The conductor-like

PCM (CPCM) was recently proposed [25] and gave a

reasonable description of the conformational behavior of

proline and hydroxyproline in aqueous solution [26]. The

rotational barriers and populations of backbone as well as

cis conformer for the proline dipeptide in chloroform and

water were calculated using the CPCM method at the HF/6-

31þG(d) level, which are consistent with the results from

NMR experiments [27].

We report here the results on the rotational barriers,

solvation free energies, and relative energies (or free

energies) of cis conformers of primary, secondary

and tertiary amides calculated in the gas phase, chloroform

and water using the ab initio computations with the CPCM

method at the HF levels of theory to figure out which level

of theory is appropriate in describing the cis– trans

isomerization of X-non-Pro and X-Pro peptide bonds in

solutions.

2. Computational methods

All ab initio calculations were carried out using the

GAUSSIAN 98 [28] packages. Amides studied here are

primary amides such as formamide (FA) and acetamide

(AA), secondary amides such as N-methylformamide

(NMF) and N-methylacetamide (NMA), and tertiary amides

such as N,N-dimethylformamide (DMF) and N,N-dimethy-

lacetamide (DMA). The experimental structures of amides

in the gas phase [1] were used as initial (trans and cis)

conformations for optimization at the HF/6-31G(d) level.

Two transition structures were examined for each amide,

where ts1 has the nitrogen lone pair anti to the carbonyl

oxygen and ts2 has the nitrogen lone pair syn to the carbonyl

Table 1

Relative electronic energies ðDEeÞ in the gas phase and free energies ðDGtotÞ in chloroform and water at the HF/6-31G(d) level (DGtot for transition states ts1

and ts2 correspond to rotational barriers for the C–N amide bond). Energies are in kcal/mol and gs stands for ground state

Amides Gas phase CHCl3 Water

DEe Exptl DGtot Exptl DGtot Exptl

Formamide gs 0.00 0.00 0.00

ts1 15.69 16.0a 17.38 18.59

ts2 18.55 18.29 18.26 18.2b

N-Methylformamide trans 0.00 0.00 0.00

cis 1.09 1.3c 1.23 1.25d 1.31 1.42d

ts1 18.18 19.93 19.0e 21.25

ts2 20.17 20.35 20.38

N,N-Dimethylformamide gs 0.00 0.00 0.00

ts1 18.73 19.4f 19.94 20.75

ts2 19.72 19.70 20.0g 19.63 22.0g

Acetamide gs 0.00 0.00 0.00

ts1 14.01 15.44 16.61

ts2 18.26 17.62 17.27

N-Methylacetamide trans 0.00 0.00 0.00

cis 2.50 2.3c 2.56 2.10d 2.78 2.48d

ts1 16.26 17.93 18.0e 19.26 18.8e

ts2 20.82 20.69 20.54

N,N-Dimethylacetamide gs 0.00 0.00 0.00

ts1 13.29 15.3h 14.55 16.7g 15.21 19.1g

ts2 17.72 17.66 17.34

a Taken from Ref. [30].
b Taken from Ref. [7].
c Taken from Ref. [33].
d Taken from Ref. [8].
e In C2H4Cl2 and water, taken from Ref. [4].
f Taken from Ref. [31].
g In butyl ether and water, taken from Ref. [6].
h Taken from Ref. [32].
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oxygen [6]. Initially, the torsion angles for the X–C–N–Y

sequence (X, Y¼H or CH3) were assigned as ^1208 and

^608 for ts1 and ts2 structures, respectively. Optimized

structures at the HF/6-31G(d) level were used as starting

points for optimization at HF/6-31G(d,p) and HF/

6-31þG(d) levels.

We have employed the CPCM method [25] implemented

in the GAUSSIAN 98 to calculate solvation free energies of

amides in chloroform and water, whose dielectric constants

ðeÞ used are 4.7 and 78.4 at 25 8C [29]. Optimized structures

at HF/6-31G(d), HF/6-31G(d,p) and HF/6-31þG(d) levels

in the gas phase were used as starting structures for

optimization in chloroform and water at the same level.

3. Results and discussion

Although considerable ab initio or density functional

calculations have been reported for amides, we do not

compare our results with them and instead compare with

experimental values, because the main object of this work is

to figure out which level of theory is appropriate in

describing the cis–trans isomerization of X-non-Pro and

X-Pro peptide bonds in solutions.

3.1. In the gas phase

Overall calculated bond lengths and bond angles of

amides are consistent with available experiments with mean

absolute deviations (MAD) of about 0.02 Å and 3.08,

respectively, as seen in NMA [20] They are not compared

each other in detail. Tables 1–3 include relative electronic

energies ðDEeÞ of amides at the HF level with 6-31G(d),

6-31G(d,p) and 6-31þG(d) basis sets. The values of DEe for

transition states ts1 and ts2 correspond to rotational barriers

ðDG‡Þ for the C–N amide bond. All ts1 transition states are

calculated to be more stable than ts2 structures at three

levels in the gas phase.

Experimental rotational barriers ðDG‡Þ for FA, DMF and

DMA in the gas phase are known to be 16.0 [30], 19.4 [31]

and 15.3 kcal/mol [32], respectively. The values of MAD

for these three amides are calculated to be 1.0, 0.8 and

0.9 kcal/mol with 6-31G(d), 6-31G(d,p) and 6-31þG(d)

basis sets, respectively, which do not show any significant

difference.

Table 2

Relative electronic energies ðDEeÞ in the gas phase and free energies ðDGtotÞ in chloroform and water at the HF/6-31G(d,p) level (DGtot for transition states ts1

and ts2 correspond to rotational barriers for the C–N amide bond). Energies are in kcal/mol and gs stands for ground state

Amides Gas phase CHCl3 Water

DEe Exptl DGtot Exptl DGtot Exptl

Formamide gs 0.00 0.00 0.00

ts1 15.98 16.0a 17.68 18.92

ts2 18.68 18.48 18.52 18.2b

N-Methylformamide trans 0.00 0.00 0.00

cis 1.07 1.3c 1.19 1.25d 1.24 1.42d

ts1 18.32 20.06 19.0e 21.42

ts2 20.23 20.43 20.49

N,N-Dimethylformamide gs 0.00 0.00 0.00

ts1 18.93 19.4f 20.14 20.96

ts2 19.91 19.93 20.0g 19.81 22.0g

Acetamide gs 0.00 0.00 0.00

ts1 14.26 15.70 16.89

ts2 18.37 17.79 17.49

N-Methylacetamide trans 0.00 0.00 0.00

cis 2.53 2.3c 2.57 2.10d 2.78 2.48d

ts1 16.34 18.02 18.0e 19.40 18.8e

ts2 20.83 15.41 20.61

N,N-Dimethylacetamide gs 0.00 0.00 0.00

ts1 13.40 15.3h 14.69 16.7g 15.33 19.1g

ts2 17.86 17.80 17.51

a Taken from Ref. [30].
b Taken from Ref. [7].
c Taken from Ref. [33].
d Taken from Ref. [8].
e In C2H4Cl2 and water, taken from Ref. [4].
f Taken from Ref. [31].
g In butyl ether and water, taken from Ref. [6].
h Taken from Ref. [32].

Y.K. Kang, H.S. Park / Journal of Molecular Structure (Theochem) 676 (2004) 171–176 173



In N2 matrix experiments, the enthalpy differences

ðDHcis=transÞ between the trans and cis conformers of NMF

and NMA were estimated to be 1.3 and 2.3 kcal/mol,

respectively [33]. The values of 1.09 and 2.50 kcal/mol at

the HF/6-31G(d) level, 1.07 and 2.53 kcal/mol at the HF/

6-31G(d,p) level, and 1.21 and 2.62 kcal/mol at the HF/

6-31þG(d) level are consistent with these experiments

within 0.2 kcal/mol. Therefore, the values of DEe at three

levels appear to predict reasonably experimental values of

DG‡ and DHcis=trans for the C–N bond of amides.

3.2. In solutions

The relative free energies of conformers for amides

calculated at three levels in chloroform and water are

summarized in Tables 1–3. In chloroform, all ts1 transition

states are calculated to be more stable than ts2 structures at

three levels, as seen in the gas phase, except for DMF. In

particular, the ts2 conformer of NMA is more stabilized by

2.6 kcal/mol than the ts1 structure at the HF/6-31G(d,p)

level, which seems to be a problem in the model employed

for the solvation free energy calculation at the HF/

6-31G(d,p) level.

Experimental rotational barriers ðDG‡Þ for NMF and

NMA in chloroform ðe ¼ 4:7Þ; and DMF and DMA in butyl

ether ð1 ¼ 3:1Þ are reported to be 19.0 [4], 18.0 [4], 20.0 [6]

and 16.7 kcal/mol [6], respectively. Our calculated

values are consistent with these experimental values within

1 kcal/mol at all three levels. The values of DHcis=trans

between the trans and cis conformers of NMF and NMA in

chloroform were calculated to be 1.23 and 2.56 kcal/mol at

the HF/6-31G(d) level, and 1.20 and 2.52 kcal/mol at the

HF/6-31þG(d) level, respectively, which are in agreement

with experimental values of 1.25 and 2.10 kcal/mol [8],

respectively.

In water, the ts2 transition states for formamide

derivatives of FA, NMF and DMF are more stabilized

than the ts1 structures at all three levels, whereas acetamide

derivatives of AA, NMA and DMA have the opposite

conformational preference. This is because the rotational

barriers for the ts1 and ts2 transition states increase largely

and decrease a little, respectively, as the increase of solvent

polarity at all three levels.

Experimental rotational barriers ðDG‡Þ for FA, DMF,

NMA and DMA in water are reported to be 18.2 [7],

22.0 [6], 18.8 [4] and 19.1 kcal/mol [6], respectively.

Table 3

Relative electronic energies ðDEeÞ in the gas phase and free energies ðDGtotÞ in chloroform and water at the HF/6-31þG(d) level (DGtot for transition states ts1

and ts2 correspond to rotational barriers for the C–N amide bond). Energies are in kcal/mol and gs stands for ground state

Amides Gas phase CHCl3 Water

DEe Exptl DGtot Exptl DGtot Exptl

Formamide gs 0.00 0.00 0.00

ts1 16.13 16.0a 18.03 19.45

ts2 18.80 18.68 18.77 18.2b

N-Methylformamide trans 0.00 0.00 0.00

cis 1.21 1.3c 1.20 1.25d 1.12 1.42d

ts1 18.66 20.59 19.0e 22.07

ts2 20.48 20.68 20.71

N,N-Dimethylformamide gs 0.00 0.00 0.00

ts1 18.90 19.4f 20.40 21.45

ts2 19.63 19.72 20.0g 19.72 22.0g

Acetamide gs 0.00 0.00 0.00

ts1 14.34 15.92 17.34

ts2 18.43 17.84 17.65

N-Methylacetamide trans 0.00 0.00 0.00

cis 2.62 2.3c 2.52 2.10d 2.64 2.48d

ts1 16.72 18.52 18.0e 19.98 18.8e

ts2 21.10 20.92 20.75

N,N-Dimethylacetamide gs 0.00 0.00 0.00

ts1 13.35 15.3h 14.87 16.7g 15.70 19.1g

ts2 17.62 17.61 17.32

a Taken from Ref. [30].
b Taken from Ref. [7].
c Taken from Ref. [33].
d Taken from Ref. [8].
e In C2H4Cl2 and water, taken from Ref. [4].
f Taken from Ref. [31].
g In butyl ether and water, taken from Ref. [6].
h Taken from Ref. [32].
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The corresponding calculated values are 18.26, 19.63,

19.26 and 15.21 kcal/mol at the HF/6-31G(d) level, and

18.77, 19.72, 19.98 and 15.70 kcal/mol at the HF/6-

31þG(d) level, respectively. There are the values of

MAD to be 1.7 and 1.9 kcal/mol at HF/6-31G(d) and HF/

6-31þG(d) levels, respectively. The values of DHcis=trans

between the trans and cis conformers of NMF and NMA

in water were calculated to be 1.31 and 2.78 kcal/mol at

the HF/6-31G(d) level, and 1.12 and 2.64 kcal/mol at the

HF/6-31þG(d) level, respectively, and the corresponding

experimental values are 1.42 and 2.48 kcal/mol [8],

respectively.

Solvation free energies ðDGsÞ for amides in chloroform

and water are listed in Table 4. Only experimental values are

reported for AA in chloroform [34], and AA, NMA and

DMA in water [35], and the CPCM method at the HF/

6-31þG(d) level predicts better experimental values than

other levels. By analyzing distribution coefficients for

transfer of AA, NMA and DMA from dilute aqueous

solution to the vapor phase, NMA was found to be more

soluble than either AA or DMA in water [35]. However,

the anomalous DGs of NMA compared to that of AA cannot

be explained by the CPCM method at all three levels.

The rotational barriers and populations of backbone as well

as cis conformer for the proline dipeptide in chloroform and

water were calculated using the CPCM method at the HF/

6-31þG(d) level, which are consistent with the results from

NMR experiments [27].

4. Conclusions

The conformational electronic energies calculated at

HF/6-31G(d), HF/6-31G(d,p) and HF/6-31þG(d) levels

predicted satisfactorily the experimental rotational barriers

DG‡ of FA, DMF and DMA, and the observed relative

enthalpy changes DHcis=trans of cis conformers for NMF and

NMA to trans ones in the gas phase. The CPCM method at

the HF/6-31þG(d) level predicted well experimental

solvation free energies of acetamide derivatives. The DG‡

for FA, NMF, DMF, NMA and DMA, and DHcis=trans for

NMF and NMA in chloroform and water were satisfactorily

described by the CPCM method at HF/6-31G(d) and HF/

6-31þG(d) levels. These results may indicate that the HF/

6-31þG(d) level with the CPCM method appears to be the

appropriate method in describing the cis–trans isomeriza-

tion of the X-non-Pro and X-Pro peptide bonds in solutions.
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Protein Chem. 44 (1993) 25.

[12] G. Fischer, Chem. Soc. Rev. 29 (2000) 119.

[13] W.J. Wedemeyer, E. Welker, H.A. Scheraga, Biochemistry 41 (2002)

14637.

[14] C. Dugave, L. Demange, Chem. Rev. 103 (2003) 2475 and references

therein.

[15] J.B. Foresman, A. Frisch, Exploring Chemistry with Electronic

Structure Methods, second ed., Gaussian, Inc., Pittsburgh, PA, 1996.

[16] S. MiertuŤ, E. Scrocco, J. Tomasi, Chem. Phys. 55 (1981) 117.

[17] N.A. Burton, S.S-L. Chiu, M.M. Davidson, D.V.S. Green, I.H. Hillier,

J.J.W. McDouall, M.A. Vincent, J. Chem. Soc. Faraday Trans. 89

(1993) 2631.

Table 4

Solvation free energies ðDGsÞ in chloroform and water at the HF level with 6-31G(d), 6-31G(d,p) and 6-31þG(d) basis sets (DGs is calculated by subtracting

DEe in the gas phase from DGtot in solution). Energies are in kcal/mol and gs stands for ground state

Amides 6-31G(d) 6-31G(d,p) 6-31þG(d) Exptl

CHCl3 Water CHCl3 Water CHCl3 Water CHCl3 Water

Formamide gs 24.65 210.24 24.64 210.32 25.30 211.71

N-Methylformamide trans 24.50 29.63 24.51 29.76 25.08 210.90

N,N-Dimethylformamide gs 23.30 26.48 23.33 23.27 23.90 27.71

Acetamide gs 24.39 29.81 24.39 29.88 24.99 211.26 27.1a 29.7b

N-Methylacetamide trans 24.25 29.32 24.26 29.47 24.78 210.53 210.1b

N,N-Dimethylacetamide gs 23.06 25.98 23.08 26.11 23.59 27.14 28.6b

a Taken from Ref. [34].
b Taken from Ref. [35].

Y.K. Kang, H.S. Park / Journal of Molecular Structure (Theochem) 676 (2004) 171–176 175



[18] J.S. Craw, J.M. Guest, M.D. Cooper, N.A. Burton, I.H. Hillier, J. Phys.

Chem. 100 (1996) 6304.

[19] P.R. Rablen, J. Org. Chem. 65 (2000) 7930.

[20] Y.K. Kang, J. Mol. Struct. (Theochem) 546 (2001) 183.

[21] J.S. Jhon, Y.K. Kang, J. Phys. Chem. A 103 (1999) 5436.

[22] Y.K. Kang, H.S. Park, J. Mol. Struct. (Theochem) 593 (2002) 55.

[23] Y.K. Kang, J. Mol. Struct. (Theochem) 585 (2002) 209.

[24] Y.K. Kang, J. Phys. Chem. B 106 (2002) 2074.

[25] V. Barone, M. Cossi, J. Phys. Chem. A 102 (1998) 1995.

[26] C. Benzi, R. Improta, G. Scalmani, V. Barone, J. Comput. Chem. 23

(2002) 341.

[27] Y.K. Kang, J. Mol. Struct. (Theochem) Special Issue (2004) in press.

[28] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,

J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery Jr., R.E.

Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels,

K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi,

R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.

Ochterski, G.A. Petersson, P.Y. Ayala, Q. Cui, K. Morokuma, D.K.

Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J. Cioslowski,

J.V. Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A. Liashenko,

P. Piskorz, I. Komaromi, R. Gomperts, R.L. Martin, D.J. Fox, T. Keith,

M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez,

M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong,

J.L. Andres, C. Gonzalez, M. Head-Gordon, E.S. Replogle, J.A.

Pople, GAUSSIAN 98, Revision A.7, Gaussian, Inc., Pittsburgh, PA,

1998.

[29] D.R. Lide (Ed.), CRC Handbook of Chemistry and Physics, 76th ed.,

CRC Press, Boca Raton, FL, 1995.

[30] A.N. Taha, S.M.N. Crawford, N.S. True, J. Am. Chem. Soc. 120

(1998) 1934.

[31] B.D. Ross, N.S. True, J. Am. Chem. Soc. 106 (1984) 2451.

[32] B.D. Ross, N.S. True, G.B. Matson, J. Phys. Chem. 88 (1984) 2675.

[33] S. Ataka, H. Takeuchi, M. Tasumi, J. Mol. Struct. 113 (1984) 147.

[34] J. Li, T. Zhu, G.D. Hawkins, P. Winget, D.A. Liotard, C.J. Cramer,

D.G. Truhlar, Theor. Chem. Acc. 103 (1999) 9.

[35] R. Wolfenden, Biochemistry 17 (1978) 201.

Y.K. Kang, H.S. Park / Journal of Molecular Structure (Theochem) 676 (2004) 171–176176


	Internal rotation about the C-N bond of amides
	Introduction
	Computational methods
	Results and discussion
	In the gas phase
	In solutions

	Conclusions
	Acknowledgements
	References


