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Synopsis 

The possible nonplanar distortions of the amide group in formamide, acetamide, 
N-methylacetamide, and iV-ethylacetamide have been examined using CNDO/2 and 
INDO methods. The predictions from these methods are compared with the results 
obtained from X-ray and neutron diffraction studies on crystals of small open peptides, 
cyclic peptides, and amides. It is shown that the INDO results are in good agreement 
with observation, and that the dihedral angles 8N and Aw defining the nonplanarity of the 
amide unit are correlated approximately by the relation 8N = -2A0, while Bc is small 
and uncorrelated with Aw. The present study indicates that the nonplanar distortions 
at  the nitrogen atom of the peptide unit may have to be taken into consideration, in addi- 
tion to the variation in the dihedral angles (+,$), in working out polypeptide and protein 
structures. 

INTRODUCTION 

In Part 1' it was shown using the CND0/2 method that the minimum 
energy conformation for N-methylacetamide is one in which the three 
bonds meeting at the nitrogen atom have a pyramidal configuration, 
rather than a planar one. The distortions were characterized by the non- 
zero values of the dihedral angles ON and Au (see Part I for definition). 
The calculations in Ref. 1 were made by using standard data for bond 
lengths and bond angles, as given in the review by Ramachandran and 
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Sasisekharan.2 Some of the observed data of crystal structures of simple 
peptides were analyzed in Part 11,3 and it was shown that appreciable 
deviations from strict planarity could occur and also that the observed 
data lay close to  the line ON = -2Au in the graph drawn with those two 
parameters as the coordinates. On the other hand, there was no correlation 
between the dihedral angles Aw and Bc. In view of the great importance 
of the exact nature of the nonplanarity of the peptide unit to the studies on 
proteins and polypeptides, we have now applied the CNDO/2 method to 
other related molecules-namely formamide, acetamide, and N-ethyl- 
acetamide-and the results are presented in this paper. We have, in 
addition, applied the INDO method (proposed by Pople et ~31 .~ )  to the case 
of formamide, acetamide, and N-methylacetamide. 

We have also extended our analysis of the observed data of crystal struc- 
tures (from peptides and their derivatives) to those of amides and of 
peptides containing residues such as proline, in which a hydrogen atom is 
not attached to the nitrogen. The Fortran IV computer program, QCPE 
141, obtained from the Quantum Chemistry Program Exchange, Indiana 
University, Bloomington, Indiana, was used for all calculations. 

RESULTS OF QUANTUM CHEMICAL CALCULATIONS 

Formamide 

The geometry used for the formamide molecule is the average geometry 
of the peptide unit found in small oligopeptides and as used in our previous 
study made on the molecule of N-methylacetamide' (i.e., C-N = 1.32 A 
and C=O = 1.24 A). Standard values of 1.1 A and 1.0 A have been 
uniformly adopted for C-H and N-H bond lengths and a uniformly 
averaged value of 120" for the bond angles. 

The energy of the molecule was calculated employing both the CNDO/2 
and the INDO approximations. A range of values a t  intervals of 5", from 
0 to 35", for Aw, and -40 to 20" for ON, was employed. The variation of 
energy calculated using the CNDO/2 method for formamide with Aw and 
ON is shown in Figure la, in terms of isoenergy contours a t  intervals of 0.5 
kcal/mole. The total energy for a planar conformation was taken to be 
0.0 kcal/mole. The minimum energy conformation (marked in the figure) 
occurs a t  Aw = 20" and ON = -35". This energy is lower than that for 
the planar conformation by 1.32 kcal/mole. 

The results obtained from INDO calculations are shown in Figure lb. 
These calculations show that, for the same input geometry, the planar 
conformation (marked X in the figure) of the formamide molecule has the 
minimum energy. However, the extent of the region enclosed by the first 
isoenergy contour at +0.5 kcal/mole clearly shows that conformations, 
with deviations as large as Aw = 10" and ON = -25", are quite probable. 
It is of interest that both INDO and CND0/2 calculations show that, for 
the values of Aw # 0" the minimum occurs for BN # 0". Thus, for Aw= 
lo", CNDO/2 calculations give the energy minimum at ON = -25", 
while INDO calculations give it a t  about -20". 
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le for the Fig. 1. Isoenergy contours in the plane (Am,&) at intervals of 0.5 kcal/m 
I 

formamide molecule. 
tion (a) using the CNDOj2 method, (b) using the INDO method. 

The energy was taken to be 0.0 kcal/mole for the planar conforma- 

Acetamide 

In order to study the effect of the methyl group attached to the CP car- 
bon atom on nonplanar distortions, we have carried out, as a first step, 
computations for the acetamide molecuie without modifying the initial 
geometry of the formamide, or peptide, skeleton. The methyl group was 
assumed to have regular tetrahedral angles of 109.5", with the C-H bond 
length equal to 1.1 A. The single bond C-C was assumed to be 1.53 A. 
The variation of total energy with Au and ON is shown in Figures 2a and 
2b, respectively, by isoenergy contours, for the CNDO/2 and the INDO 

(a) (b) 

Fig. 2. Similar to Fig. 1, but with the coutours drawn for the acetamide molecule. 
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(b) 

Fig. 3. Similar to Fig. 1, but with contours representing the variation of energy for 
A'-methylacetamide. 

calculations, respectively. The trends shown are similar to formamide. 
The CND0/2 calculations show that a nonplanar conformation with AOJ 
in the range 10-30" leads to decreasing energy values for nonzero values of 
ON up to -40°, when compared to the planar conformation, and that the 
minimum of about -1.4 kcal/mole with reference to the energy for (Oo,Oo) 
occurs at AOJ = 20" and ON = -35" (see Fig. 2a). The INDO energy for 
any nonplanar conformation is larger than that for the planar conformation. 
However, nonplanar distortions of the order of AOJ = 15", ON = -25", are 
very likely to cccur, since the energy change for this deviation from planarity 
is only of the order of 0.5 kcal/mole. 

N-Methylacetamide 
The input geometry used for the N-methylacetamide molecule was the 

same as the one mentioned in Ref, 1 with methyl hydrogens in staggered 
positions about the CQ-C and the N-C" bonds. (The results of our 
calculations made using CNDO/2 and INDO methods with different orien- 
tations for methyl groups, such as the eclipsed or the staggered, about the 
CQ-C or the N=CQ bond show that there is very little effect on the 
minimum energy conformation obtained with respect to nonplanar distor- 
tions. Therefore, these results are not presented here.) The energy varia- 
tion for N-methyl acetamide using CNDO/2 and INDO approximations 
are shown in Figures 3a and 3b. The results are similar to those for either 
acetamide or formamide, and the variation in energy also follows the same 
trend. 

N=Ethylacetamide 
This is a good model compound for the glycyl dipeptide. The geometry 

The used for this molecule was the same as that for N-methylacetamide. 



NONPLANAR PEPTIDE UNIT 1085 

ethyl group was fixed in the usual manner by taking C-C and C-H bond 
lengths equal t o  1.53 8 and 1.1 8, respectively. The bond angles were 
assumed to  be tetrahedral, of value 109.5". For 4 in the range -180 to  
Do, the energy of the N-ethylacetamide molecule was calculated using the 
CNDO/2 method at 30" intervals, assuming the peptide skeleton to  be 
planar. (4 is defined, following IUPAC-IUB conventions.') The energy 
was found to  be minimum for 4 = - 180". Therefore the ethyl group was 
fixed in this conformation and computations were carried out by varying 
Am and ON in the range -30 t o  +30". The energy minimum occurred at 
Aw = = t l O "  and ON = zk20". The energy difference between the confor- 
mation (loo,-20") and the planar conformation (Oo,Oo) was found to  be 
only 0.16 kcal/mole. 

In  order to  see the effect of 4 on nonplanar distortions, calculations were 
repeated by fixing the ethyl group in the conformation 4 = -120". For 
this conformation of the ethyl group also, the energy minimum occurred a t  
(loo, -20"). The energy difference between the conformation (lo", -20") 
and the planar conformation (with 4 = -120") was found to  be 0.20 
kcal/mole. We also found that the conformation at 4 = -180" is more 
stable than that for 4 = -120" by about +0.20 kcal/mole, both for the 
planar as well as for the conformation (lOo,-2O0). The variation of 
total energy with Aw and ON for N-ethylacetamide for 4 = - 120" is shown 
in Figure 4a. The isoenergy contours a t  0.5 kcal/mole intervals, as 
drawn in Figure 4a, indicate that they are nearly symmetric, though they 
will not be exactly symmetric in the case of N-ethylacetamide except for 
4 = -180 and 0". Thus, these calculations indicate that there is prac- 
tically no effect of 4 on nonplanar distortions, at least for N-ethylacetamide. 

(a 1 
Fig. 4 (continued) 
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( b )  

Fig. 4. (a) Isoenergy contours drawn for N-ethylacetamide at intervals of 0.5 kcal/ 
mole. (b) Observed conformation (Aw,ON) from 
X-ray and neutron diffraction data. The values of (h,fj") as given in Table I are 
plotted with Au and ON and z and y coordinates: (0) represents glycyl residues; (0) 
represents nonglycyl residues; ( X  ) (@), represent, respectively, glycyl and nonglycyl 
residues in which the hydrogen atom attached to the nitrogen in the peptide skeleton is 
replaced by a carbon atom (as for example, in the case of the proline residue). Note that 
most of the points lie in the low-energy region of the map (the 0.5 kcal/mole contour is 
shown) and follow roughly the correlated variation given by ON = - 2 A w .  

Minima are marked by the symbol X . 

ANALYSIS OF OBSERVED CRYSTAL STRUCTURE DATA 

During the last three or four years, hydrogen atoms have been fairly 
accurately located in crystals using X-ray and neutron diffraction tech- 
niques, and consequently, one could estimate values of (BN,Au) from crystal 
structures fairly reasonably. In Part 112 we reported the values of ON, 

Au, and Bc as obtained from the data of crystal structures of simple pep- 
tides. Since our theoretical calculations on simple amides such as form- 
amide, acetamide, N-methylacetamide, and N-ethylacetamide show that 
nonplanar distortions are likely to occur in all these cases, we have now 
calculated the values of ON, &, and Au from the available crystal structure 
data of various such compounds for which hydrogen atom positions have 
been located. The compounds may be broadly divided into three cate- 
gories, namely, (a) open peptides, (b) cyclic peptides, and (c) amides other 
than (a) and (b). The values of the three parameters which define the 
nonplanarity of the peptide unit are given in Table I. The values given 
in Table I are only for peptides in the trans configuration. Though non- 
planar distortions have been observed in cyclic peptides having cis peptide 
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bonds, we have not included the data of such compounds in this paper 
because our thcoretical calculations reported here are for trans-amides. 
Theoretical calculations made on N-methylacetamide with cis configuration 
for the amide and the comparison of these results with observed data on 
cyclic peptides in cis configuration will be reported in a separate communica- 
tion. 

The conformations (Awl(?,) for the compounds as given in Table I are 
also plotted in Figure 4b, in which the 0.5 kcal/mole contour of Figure 4a 

TABLE I 
values of Dihedral Angles Aw, ONv, and Oc from X-Ray and Neutron Diffraction Data for 

Open Peptides, Cyclic Peptides, and Amides 

Technique 
A% ON, OC, and ref. 

Compound degrees degrees degrees n0.a 

Gly-cLeu 
Gly-Gly, HCI, HzO 
a-Gly-Gly 
cAla-Gly 
t A h - t  Ala 
Glutathione 

DtN-Chloroacetyl-Ala 
Gly-Gly phosphate monohydrate 
N-Methyldipropyl acetamide 
Gly-L-Ala, HC1 
Me-DLLeu-Gly, HBr 
tAla-tAla, HC1 
LAla-Gly, HBr 
Gly-Gly nitrate 
Ac-LPhe-tTyr 

Ac-LPro-tmethyl acetamide 

L-Leu-tPro-Gly 

Tos->Pro-LHypro monohydrate 
0-Br-CbrGly-LPro-LLeu-L 

Gly-tPro-Et Ac 

N-Xlethyl-2,4,6-trinitroacet- 
anilide 

4-Diethyl carbamoyl-l-cyclo- 
hexane-5-carboxylic acid 

5-Br-12s tetrahydroaustamide 

Open peptides 
-11.4 
-3.2 
+3.6 
-6.1 
-4 .3 

+13.7 
+2.6 
-4.9 
-4.6 
-0 .1  

-10.7 
-1.1 
+0.8  
+7.2 
-5.5 
+3.5 

-17.7 
-2.7 
-8.4b 
-4.8b 
-4.4 
+5.6b 
+0.7 
+2.7 
- 4 . 9  

+11 ..ih 

+2.3 
+2.1 
-2.2b 

+.5. 8b 

+6.sb 
-3.6b 

+24.1 
- 3 . 5  
+8.2 
+2.5 
-3.9 

-13.4 
+6.4 
+8.7 
-9.7 

+15.3 
+17.2 
-17.9 
-21.1 
$2.0 
$4.3 
-0.1 

+11.4 
-8.6 

-11.4 
+1 .o 
-2.6 
-9.6 
-9.1 
+5.2 
t 0 . 2  

-14.5 
+4.8 

+5.1 

-10.2 

+14.0 
-9.4 

N.L. 

+0.2 
-2.4 
+3.3 
-2.0 
-1 . G  
$3.7 
+1.2 
- 0 . 5  
+0.2 
-0.8 
+4.5 
+2.2 
-2.7 
-2.5 
-1 .o 
+0.3 
+6.2 
+1.2 
+1.3 
-4.2 
-4.0 
-3.1 
+0.6 
+2.1 
-0.8 
-2.0 
+2.6 
-3.7 
+0.9 

+o.o 

+4.5 
-2.1 

x, 8 
N, 9 
N, 10 
x, 11 
x, 12 
X, 13 

X, 14 

X, 16 
X, 17 
X, 18 

x, 15 

x, 19 
x, 20 
x, 21 
x, 22 

X, 23 

X, 24 

X, 25 

X, 26 
X, 27 

X, 28 

X, 29 
X, 30 

(continued) 
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TABLE I (continued) 

Technique 
ON, OC, and ref. 

Compound degrees degrees degrees no.’ 

-Gl y-Gl y-D- Ala-D- Ala-Gl y-Gl y 

Cyclotetrasarcosyl 
Cyclooctasarcosyl 

Cyclopentasarcosyl 

Li-antamanide 

2- (N-Nitrosomethylamino- 
acetamide) 

Difluoroacetamide 
Picolinamide 
N-Methyl benzamide 
N-Hydroxy benzamide 
L-Asparagine monohydraLe 
Hippuric acid 

Cyclic peptides 
+1.4 
+2.8 
-3.7 
+8.2 
+3.0 
-7.4 
+9.4” 
-10.4” 
-1.P 
-8.2b 
-6.1b 
-0.P 

-18.5” 
-1.5b 
+8.P 
Amides 

-7.0 
-9.4 
-8.4 
+0.5 
-5.8 

-12.5 
-2.7 
-2.9 

-13.1 
-28.5 
+9.2’ 

N.L. 
+5.8 

+13.1 
-1.3 
+8.9 
+5.7 

+18.3 
+ l O . l  
+4.6 

+19.5 
-3.1 

-11.4 

-5.5 
+9.2 
-0.6 

+10.3 
+31.9 
+28.0 
+1.6 

+31.7 

-0.9 X, 31 
+1.1 
-1.5 
+4.2 
-0.7 
+1.0 
+3.2 X, 32 
-3.1 x, 33 
-0.6 
-0 .5  
+0.4 
+0.5 x, 34 
-2.0 
+2.2 x, 35 
+4.9 

-0.6 x, 36 

-3.8 x, 37 

-2.3 x, 39 

-1.2 

+0.2 X, 38 

+1.3 X, 40 
+0 .5  N, 41 
+o. 1 X, 42 

8 X = X-ray, N = neutron diffraction. 
b Denotes that the H in the N-H of the peptide skeleton is replaced by a C (as in the 

case of a proline residue). 

2d 

-20° 
Fig. 5. Distribution of observed data, given in Table I, in the (Aw,ec)- plane. Note 
that ec is rarely larger than 5” and there is no correlated variation between Aw and Bc. 
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is also marked. The glycyl residues are shown by dots (0) and the non- 
glycyl residues by circles (0). In  molecules like proline peptidcs in which 
the hydrogen atoms attached to  the amide nitrogen is replaced by a carbon 
atom (i.e., exists as imido N), glycyl residues arc marked as (X)  and non- 
glycyl residues as (8). In  Table I ,  these residues are marked by an 
asterisk. The variation of Aw and ec is likewise shown in Figure 5. 

It can be seen from these figures that Aw and ON are correlated and almost 
all the observed conformations lie inside the 0.5 kcal/mole energy contour, 
as obtained for N-ethylacetamide, using the CNDO/B method. The 
values of & are rarely larger than ,5" and lie uniformly on either side of the 
Aw axis. 

DISCUSSION 

Formamide 

The location (20° , -35")  for the minimum energy conformation of the 
formamide molecule (as obtained from CNDO/2 calculations) is much 
further removed from planarity (Oo,Oo) than the observed conformation 
(7",-19") as obtained in the microwave study of Costain and D o ~ l i n g . ~  
On the other hand, INDO calculations indicate that, for a fixed input 
geometry of the formamide molecule, the energy is lowest for (Oo,Oo), but 
that a very broad valley extending up to  (10°,--2;io) even for the contour 
with 0.5 kcal/mole, in the direction ON = -2Aw,  exists. In  fact, recent 
microwavr studios of Hirota rt al.F madr with the formamide molecule 
indicate a situation not too different from the predictions of our INDO 
calculations. Hirota rt a1.6 assumed that the nonplanar deviations occur 
in a symmetrical way as indicated in Figure 6 ,  i.r., the magnitudes of anglcs 
Aw and Au are equal (here w is the dihedral angle H,-C-N-HI and u is 
H,-C-N-HP, which means that AU = +Aw). This type of variation as 
used by them, namely, Aw = - Au, corresponds to the equation ON = - 2Aw, 
which is the probable type of deformation predicted by our theory for all 
molecules discussed here. The effect of variation of geometry, in particular 
the variation of bond angles a t  the nitrogen atom of the formamide molecule 
will be discussed in the next part of this series. In  summary, these calcula- 
tions made using the CND0/2 method also indicate that the nonplanar 
conformation is more stable as compared to  the planar conformation of 
the molecule and suggest that the nitrogen atom of the amide group in 

Fig. 6. Iliagram showing the definition of the dihedral angles Am and ec and Au. 



1090 KOLASKAR ET AL. 

formamide has a large pyramidal character. However, the INDO calcula- 
tions again yield a shallow minimum corresponding to the planar conforma- 
tion, indicating that nonplanar distortions can occur readily. 

Acetamide, N-Methylacetamide, and N-Ethylacetamide 

Both the CNDO/2 and INDO calculations show similar trends for form- 
amide and acetamide. Thus, it is seen that a methyl group attached to 
the carbonyl carbon atom has very little effect on the possible nonplanar 
distortions of the peptide skeleton. However, a comparison of N-methyl- 
acetamide with acetamide indicates that a methyl group attached to the 
nitrogen leads to a decrease in the pyramidal character of the nitrogen atom. 
On the other hand, on increasing further the bulk of the group attached to  
N, as in the case of N-ethylacetamide, the pyramidal character is not fur- 
ther reduced. Using the CNDO/2 method, the difference obtained be- 
tween the nonplanar minimum and the planar conformation is +0.25 
kcal/mole for N-methylacetamide and 0.20 kcal/mole for N-ethylacetamide 
Also, the minimum occurs at about the same position, (Aw,ON) in both the 
cases. 

The observed data shown in Figure 4b correspond to various side groups 
attached to the atom C,". However, no systematic trend could be noticed 
between the extent of nonplanarity and the bulk of the side group. In 
fact, all the data obtained from X-ray structure analysis lie close to the 
line ON = -2Au, and they go out to about 15" for IAuI and up to 30" for 
ION[. Also, no particular differences could be noticed in the trend of the 
data, with respect to the sign of Au, although the data plotted in Figure 4b 
correspond to amino acid residue having an L configuration (except, of 
course, in the case of glycyl residues). 

As mentioned earlier, no appreciable variations in the minimum energy 
conformation with regard to nonplanarity were observed when the orienta- 
tion of the methyl groups were changed for N-methylacetamide, or the 
value of 4 was altered in the case of N-ethylacetamide. Thus, the data 
reported in Table I correspond to different values of 4 in the allowed region 
and also to different values of the dihedral angle x1 (at the CB atom), but 
no systematic correlation between the value of 4, or of xl, and that of Aw 
could be clearly noticed. This indicates that nonplanar distortions arise 
because of intra-atomic interactions, although the possibility of occurrence 
of these distortions because of intermolecular forces in crystals cannot be 
ruled out. 

Comparison of CND0/2 and INDO Results 

As will be seen from Figures 1, 2, and 3, there is a systematic difference 
between the theoretical predictions obtained using the CNDO/2 and the 
INDO approximations, In the former case, the energy minima occur a t  
nonzero values of (Aw,ON) with ON = - 2Aw, while in the latter the miniInUm 
energy is at the origin in the (Aw,O,) plane. 
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Fig. 7. Statistical distribution in ( A q ? N )  plane as obtained from the data in Table I, 
for symmetrical nonplanar deviations 6, along with their standard deviations. The con- 
tinuous line indicates a smooth curve drawn through these points. 

These differences may be attributed to the properties of the two quantum 
chemical methods. The CND0/2 approximation does not make any 
allowance for spin-spin interactions of electrons, in particular if they are 
on the same atom, while in the case of the INDO approximation, these 
interactions are partly taken into account by retaining monoatomic 
differential overlaps, although only as one-center integrals. However, as 
accurate structural data are not available for these amides except for 
formamide, the theoretical predictions cannot be compared or checked 
directly with the experimental observations. In order to quantitatively 
compare the two differing theoretical results with the available observed 
data on peptides, we have used the following procedure: From the ob- 
served (&,A@) distribution (as shown in Figure 4b) the probability of these 
conformations along the line ON = -2Aw is calculated. This is shown in 
Figure 7, after normalization along with their standard deviations. This 
probability distribution, which is approximated to a normal distribution, 
is then transformed into a variation of energy with 6 (using the Boltzmann 
distribution law). This expected variation of energy is shown in Figure 8, 
along with the INDO and CNDO/2 variations of energy along the line 
ON = -2Aw for N-methylacetamide. There is a close correspondence 
between the INDO energy and that deduced from experimental data. 
However, the curve obtained using the CNDO/2 method is in poor agree- 
ment. Thus INDO results fit better with the currently available data. 
As can be seen from Figure 5, the CNDO/2 curve departs significantly 
near 6 = 0" from the INDO curve. This may be because of the fact that 
the CNDO/2 method overemphasizes the orbital overlap term as compared 
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Fig. 8. Variation of A E  with 6 in peptide units, using the X-ray data in Fig. 7, as well 
as curves obtained using INDO and CNDO/2 results for N-methylacetamide are shown. 
(These curves are marked, respectively, as X-ray, INDO, and CNDOI2.) Note the good 
agreement between the curve obtained using data in Table I and the curve drawn using 
results of INDO method for N-methylacetamide. 

to INDO, which might also be the reason for the observed trend of sym- 
metric deformation for which the orbital overlap is maximum. 

CONCLUSIONS 
The results reported in this paper show that nonplanar deformations of 

the amide unit with (Awl up to 15" and of (ON( up to 30" are quite probable, 
since the energy increase for such deviations from planarity are only of the 
order of 0.5 kcal/mole. Such a deformation also approximately follows 
the relation ON = -2Aw. Our calculations also indicate that tendency 
towards nonplanarity and for maximum orbital overlap (with respect to  
rotation about the C-N bond) are uncoupled and corresponds roughly to 
the same amount of energy per degree of deformation (this was pointed out 
by one of the referees). When such a deformation from rigid planarity of 
the peptide unit is envisaged, there is no doubt that a polypeptide chain 
will be enormously more flexible. It is therefore suggested that this added 
flexibility should be taken into account in model-building techniques in 
addition to the rotational freedom provided by variation of the dihedral 
angles (4,#). The conformational calculations made on a dipeptide unit 
taking into consideration these deformations and the effect of nonplanarity 
on regular structures will be reported in a future communication. 
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