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Abstract: The energetics of rotation about the N-C# (¢) and C2-C’ () bonds of methyl groups in simple amide and peptide
systems have been studied by experimental and theoretical methods. X-Ray crystal structure analyses of 12 molecular confor-
mations indicated that the position of the minimum in ¢ (C’-N-C*-H) was equal to 180° (i.e., C-H anti to the C’-N bond).
In ¢ (H-C*-C’-N) the minimum was found to be 0°, i.e., methyl C-H syn to the C’-N bond, based on analysis of ten molecu-
lar structures. Variations from these rotational minima appeared to be induced by crystal forces. In order to better understand
these phenomena, ab initio molecular orbital, and empirical force field calculations of the rotational potential surface, and lat-
tice energy calculations of the effect of crystal forces on the conformation were carried out. Minimal basis set molecular orbital
calculations as carried out here and by others seem to yield results in disagreement with the experimental observations. When
extended basis set calculations were carried out it was found that the calculated rotational potential surface in ¢ is compatible
with the experimental results. The location of the minimum in ¥ is still not correct, however, although the barrier was found
to be almost negligible (0.1-0.2 kcal/mol vs. ~1 kcal/mol in the minimal basis sets). Lattice energy calculations on N-
methylacetamide indicated that the crystal forces were of the same magnitude as those due to the rotational potential, in agree-
ment with the experimental observation from various crystals that these forces seem to affect the intramolecular conforma-
tions. The minimized lattice energies at different ¢’s and y’s were combined with the rotational potential energies as obtained
from the various quantum mechanical methods in order to compare the predicted conformation with that observed. The empir-
ical force field calculations using four previously derived different sets of potential functions (three of which having been ob-
tained from fitting crystal data) all yielded the correct minimum in ¢. However, in ¢ all potentials predicted a minimum in dis-
agreement with the experimental results as in the case of the quantum mechanical calculations. Thus in ¢, all theoretical meth-
ods yield the same result, which seems to be at odds with the experimental observations. The results also indicated that a 12th
power repulsion may be too “stiff”” when applied to the short intramolecular interactions important in determining rotational
potentials.

To date the available experimental and theoretical infor- 0 g R H
mation concerning the energetics of rotation about the N-C« I N 'a I
(¢) and C2-C’ () bonds?? in simple amide and peptide sys- PLNRSA PN
tems has been very scarce, and as a consequence the properties N s C
of these rotations have not been sufficiently well understood. | v
These systems are important as they serve as model compounds H .

for the analogous rotations in biologically important oligo-
peptides and proteins 1. The situation is such that up to now
not even the position of the minimum energy conformation of

the methyl group in model compounds 2 and 3 has been de-
termined unambiguously. In addition, different theoretical
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methods have led to different proposed locations for the min-
ima.

In order to obtain a better understanding of these rotations,
both experimentally and theoretically, we have undertaken
experimental crystal structure analyses of a total of 19 mole-
cules of the types shown in 2 and 3, as well as quantum me-
chanical, lattice energy, and empirical force field calculations
on a subsample of these.

The apparent differences in the theoretical results for the
¢ torsion are resolved, and the experimental observations are
explained in terms of the theoretical results. It is shown that
although no theoretical results give the correct position of the
barrier in ¥, comparison of extended and minimal basis set
results shows that the trend is in the correct direction, and it
might be supposed that in the Hartree-Fock limit the calcu-
lated barrier would be in the correct position.

In addition to investigating the nature of the rotations in
these compounds, another aim of this study is to present a set
of objective experimental data on which proposed potential
functions for conformational calculations of large biomolecules
involving rotations about these angles may be tested. Up to now
no objective criteria for rotational potentials about these bonds
(¢ and ) have been available and these potentials have had
to be constructed from analogy with other compounds? (such
as ketones, aldehydes, etc.). All molecules considered in this
study are given in Figure 1.

Experimental Section

Method. Experimental Determination of Methyl Torsion Angles.
The positions of the hydrogen atoms in N-methylacetamide* (NMA)
and a-chloro-N-methylacetamide,’ whose structures were previously
reported without hydrogens,®5 were located by first refining the
positional and anisotropic thermal parameters of the C, O, and N (and
Cl) atoms with the reported structure factors. This was followed by
computation of electron density difference maps on which the hy-
drogen atoms were evident (Figure 2) and further refinement with
isotropic temperature factors for these hydrogen atoms.62 (We were
not able to locate the hydrogen atoms in the orthorhombic form of
acetamide®® by these same techniques.)

The methyl torsion angles of all secondary amide structures de-
termined by us were located in a similar manner from the experi-
mentally determined structure factors. The methyl torsions in acet-
amide in its rhombohedral form? and in its complex with barbituric
acid,® as well as N-methyldipropylacetamide,® N-acetyl-DL-phe-
nylalanine-N-methylamide,? acetanilide,d and N-acetyl-L-trypto-
phan methyl ester,¢ were calculated from the reported hydrogen
positions.

The values of the methyl torsion angles as found here are derived
from the values of the three individual hydrogen torsion angles (e.g.,
o1, 92, ¢3) by taking the average of ¢1, ¢2 — 120°, and ¢3 — 240°. It
is worth noting in this connection that at room temperature hydrogen
atoms are usually not located by x-ray diffraction to the precision
required to determined precise molecular geometry (e.g., scatter in
bond lengths is often of the order of 0.1 A and in bond angles as much
as 10°, which is an order of magnitude larger than for heavier atoms).
However, for our purposes, these deviations are not so serious when
the hydrogen positions are used to determine torsion angles for two
reasons. The first is that the methyl torsion is determined from three
hydrogens and thus statistical errors will be reduced by the averaging
process. Secondly, the objective in determining torsion angles here
is not the precise determination of structure but rather of overall
conformation (e.g., the extent of the deviation of the methyl torsion
angle from the staggered form). Thus, determination of this angle to
within 3-5°, which is attainable by these techniques, is highly satis-
factory for our purposes.

4601

N-methyl-@-chloroacetamide

N —acetyiphenylalanine -N-methylamide N-acetyl-L-tryptophan methyl ester

N-methyldipropylacetamide ﬂ-ocetylglycine(hydrogens on C-methyl

are not given due to free rotation)

N-methyisorbamide

0

N-methyitetrolamide

Figure 1. Perspective drawings of all molecules considered in this paper
(hydrogen atoms are not labeled).
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Table I. Observed Torsion Angles ¢ and w and Out-of-Plane Angle §% in N-Methylamides (Angles in deg)

Molecule ¢ H-C2-N-C) w (C-C'-N-0) 5 R (see 2)
N-Methyltetrolamide? 164 (4)° 0 0.2 -C=CCH,
N-Methylacetamided 180 (0)e 0 0 —CH,
N-Methylpropiolamide? 169 (2) 6 5.7 -C=CH
N-Methylcinnamide/ 156 (3) 5 5.8 -CH=CHC,H,
N-Methylsorbamide/ 147 (3) 2 1.7 —-C=CHCH=CHCH,
N-Methyl-a-chloroacetamidef 173 (2) 1 1.1 —-CH,C1

156 (6) 1 2.3
N-Methylformamide” 125 (7) 4 2.1 -H

118 (6) 2 2.8
N-Methylbenzamide/ . 167 (2) 1 0.6 -C,H,
N-Methyldipropylacetamide? . 179 (7) 0 0.0 —C(H)(- CH,CH,CH,),
N-Acetyl-DL-phenylalanine-N-methylamide/ 144 (12) 5 5.9

aSee text for definition of §. P L, Leiserowitz, C. P. Tang, and M. Tuval, to be submitted to Acta Crystallogr. € The standard deviation in
torsion angle as determined from the scatter of the three individual H—-C—N-C’ torsion angles. ¢ Reference 4, €The standard deviation of the
torsion angle in NMA is zero by virtue of the crystallographic mirror plane. fL. Leiserowitz and M. Tuval, to be submitted to Acta Crystallogr.

&Reference 5. 2Reference 16a. {Reference 8b. /Reference 8c.

{a)

©

©

(»)

b

Figure 2. Electron-density difference maps through the plane of the three
hydrogens in N-methylacetamide: (a) N-methyl hydrogens; (b) C’-methyl
hydrogens.
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Figure 3. Geometries of N-methylformamide, N-methylacetamide, V-
methylpropiolamide, and acetamide used in the calculations carried out
in this study. (All methyl groups were taken as tetrahedral with a C-H
bond length of 1.11 A.)

Acetamide

Quantum Mechanical Calculations. We have calculated the torsion
barriers in NMA, N-methylformamide (NMF), N-methylpropiola-
mide (NMP), and acetamide (see Figure 3) using ab initio molecular
orbital theory. The energy as a function of the methyl torsion angle
at 30° increments was calculated using a minimal Gaussian basis set
(STO-3G),’ and the energy at the minima and maxima of the rota-
tional potentials was also calculated with an extended 6-31G basis
set,10 both sets having been used extensively in studying rotational

barriers.!! All ab initio calculations were carried out using the
“Gaussian-70” program.!2

Lattice Energy Calculations. We have calculated the effect of
crystal lattice energy on the observed methyl torsion angles by varying
these angles by 30° and minimizing the lattice energy for each value
of the methyl torsion. The minimization is carried out with respect
to all degrees of freedom of the molecules in the crystal, the only
constraint being the number of molecules per unit cell (even crystal
symmetry is not imposed).132 NMA was chosen for these calculations
since it contains both ¢ and ¥ rotations and, yet, is still reasonably
small.13® The initial crystal structures for minimization for those
conformations of NMA which contain a mirror plane, i.e., ¢(120,180)
¥(0,60), were generated in the Pnma space group, while those which
do not contain a mirror plane were generated in the analogous or-
thorhombic system Pn2ja. The lattice energy for each crystal was
calculated with ““6-9” and “6-12" potential functions determined
previously by fitting the structure and energy of a set of amide crystals
as well as the dipole moments of several amide molecules!4 and with
a similar set of potential functions (“6-12"") reported recently in the
literature.!3 The potential functions used are given in Appendix I.

Empirical Force Field Calculations. The rigid rotor rotational po-
tential surfaces for the isolated molecules NMA, NMF, NMP, and
acetamide were also calculated by use of the same potential functions
discussed above (derived from crystal data and given in Appendix I)
by calculating the change in the intramolecular energy at 10° intervals
of the appropriate methyl torsion angle. All other geometrical pa-
rameters were kept constant and only interactions between atoms
separated by three or more bonds were included.

Experimental Results

Variation in ¢. The values of the torsion angle about the
N-CHj; bond (¢) for a series of 12 molecules of type 2 con-
tained in ten crystal structures (two of which contain two
molecules per asymmetric unit) are given in Table I (along with
the values of the out-of-plane angles w and &). The torsion
angles, ¢, as given in Table I are such that for conformation
4, in which one of the C-H bonds is anti to the C’-N bond, ¢

0
LAY
A \NQ ~g
| ]

H
4

= 180°. (The methyl hydrogen used in defining ¢ is labeled
explicitly.) Of these 12 molecules, six exhibit N-CHj3 angles
(¢) close to 180° (i.e., £15°), four of the torsion angles deviate
by as much as 30° from this conformation (e.g., ¢ =~150°), and
only the two molecules of V-methylformamide in the crystal
complex of this compound with oxalic acid!6? exhibit a torsion
angle of 120° (i.e., the C’-N bond is eclipsed by a methyl C-H
bond!6%),
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Since the N-methyl (N-CH3) is fairly far removed from the
R group (see 2), we would expect that the effect of this group
on the intramolecular torsion potential should be small.
Therefore it would appear that the differences in conformation
observed in Table I are primarily due to the effect of the dif-
ferent intermolecular environments on the N-methyl torsion
angle in the different crystals. The crystal structure of N-
methyl-a-chloroacetamide’ (as well as the various acetamides
discussed below) provides support for this argument since it
contains two molecules per asymmetric unit, which have sig-
nificantly different ¢ and y angles. (Thus the two values of ¢
are 173 and 156°, while the two values of Y are 179 and 166°).°
The differences in conformation of the two chemically identical
molecules can only be due to the different intermolecular
forces, due to the different packing environments.

Comparison with Gas Phase. In this connection it is of in-
terest to compare the conformation of the methyl groups in the
gas phase as obtained by recent electron diffraction results with
the conformations observed in the crystal. The structure of
NMA is of special interest since it is the simplest “peptide”
model and various calculations have been carried out on the
crystal.1317:18 Kitano et al.!® found that ¢ = 180° (as found
here in the crystal) gave a significantly better fit to the gas
diffraction data than ¢ = 120°. The fit to the gas diffraction
data was insensitive to the conformation of the methyl about
the C’-C bond ().

The methyl group in N-methylformamide was also assumed
to have one C-H anti to the C’-N bond (i.e., ¢ = 180°) in the
gas phase by Kitano and Kuchitsu;?? however, this assumption
could not be verified as the gas diffraction data were insensitive
to this angle.

Variation in . The values of the torsion angles about the
C’-CHj; bond () for ten molecules contained in nine crystal
structures are given in Table II. The torsion angles for ¢ as
given in Table 11 are such that for comformation 8, in which

C’
\\C ¢ NN
| l
H H
5

one of the C-H bonds is eclipsed by the C’-N bond, y = 0°.
(The methyl hydrogen used in defining y is labeled explicitly.)
This set of molecules also bears out that significant differences
in the conformation of the methyl group can arise from dif-
ferences in crystal forces. The same molecule, acetamide, is
contained in four different crystal structures and is found to
have significantly different values of ¥ in the different crystal
environments. The inherently favored position of the methyl
appears to be i = 0° with the largest value of ¥ being ~30° as
found in rhombohedral acetamide.”

The situation in N-acetylglycine?! is of interest in that the
methyl group appears to undergo free rotation. In this con-
nection it is noteworthy that the electron diffraction results on
diacetamide indicate that one of the C’-methyl groups also
exhibits nearly free rotation.?? Again it would be of interest
to compare these results in the crystal with those obtained from
gas electron diffraction. Although both acetamide?? and N-
methylacetamide!® have been studied in the gas phase by this
technique, unfortunately the experimental data were insensi-
tive to the location of the methyl group. A more recent study
of acetamide and diacetamide?? by gas diffraction, however,
yields a better fit to the data when the methyl group in acet-
amide is staggered with respect to the C=0 bond (¢ = 0) in
agreement with what is generally found in the crystal. As noted
above, one of the methyls in diacetamide was found to be
undergoing nearly free rotation, while the other exhibited a
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Table II. Observed Torsion Angles ¢ in Ten Amides and Peptides

Molecule Y (H-C-C'-N) R’ (see 3)
Acetamide? 29 (9) -H
Acetamide? 15 4) -H

14 (6) -H

Acetamide€ 0(3) -H
Acetamided 5(4) -H
N-Methylacetamide® 0 (0)/ —CH,
N-AcetylglycineS Free rotation -CH,COOH
Acetanilidef 130 —-C.H,
N-Acetyl-L-tryptophan” 1(7)

methyl ester
N-Acetyl-DL-phenylalanine- 3@4)

N-methylamide!

aRhombohedral form of acetamide, see ref 7. » Acetamide—oxalic
acid complex (L. Leiserowitz and F. Nader, to be published). ¢ Acet-
amide—allenedicarboxylic.acid complex (L. Leiserowitz and F.
Nader, to be published). ¢ Acetamide—5,5'-diethylbarbituric acid
complex, see ref 8a, €Reference 4. fReference 21. §Reference 8d.
h Reference 8e. {Reference 8c. /See footnote e in Table I,

torsion angle y of ~18° (£9)2? (the differences due, of course,
to the folding of the molecule).

Variation in w. The dihedral angle w (C*C’'NC*) as well
as the angle 6 between the best plane of the four atoms in the
amide group [C*-C(=O0)N] and the plane of the three atoms
(C’-N-C?) is also included in Table I. The values for w and
& for these molecules indicate that the deviation from planarity
of the amide group is small. A comparison of the trends in ¢
and w (or 8) shows that there is no apparent correlation be-
tween these angles. Of more relevance is the fact that the de-
viations from planarity which do occur would again seem to
be due to intermolecular or crystal forces, as discussed above
in the cases of ¢ and . This can be seen by comparing, for
example, the analogous molecules of V-methylpropiolamide
(6 = 5.7°) with N-methyltetrolamide (6 = 0.2°). Since the only
differences in these molecules involve the substitution of a
methyl for a hydrogen 4-5 A removed from the pendant atoms
of the C’-N bond (see Figure 1), the effect on the geometry
of the amide group should be small (furthermore the deviation
from planarity occurs in the propiolamide which contains the
hydrogen). A similar situation obtains for the analogous
molecules N-methylsorbamide (§ = 1.7°) and N-methylcin-
namide (6 = 5.8°).

Qualitative Observations on the Rotational Potential about
¢ and . The results presented above would seem to indicate
that both ¢ and y have inherently preferred conformations. For
¢, the minimum appears to be that conformation in which one
of the methyl C-H bonds is anti to the C’-N bond, i.e., ¢ =
180° as defined here. This is borne out by both the crystal data
and the gas diffraction results on N-methylacetamide. The
barrier to rotation would appear to be small since it is observed
that crystal forces can cause significant variation in the methyl
torsion. N-Methylformamide in its crystal complex with oxalic
acid presents a unique case in which a methyl C-H bond is
found to be syn to the C’-N bond rather than anti. The gas-
phase conformation of the methyl in this compound was in-
determinate and the conformation in the crystal is probably
due to the strong amide-acid packing forces. This phenomenon
should provide a nice test of proposed inter- and intramolecular
potential functions.

Similar considerations hold for the barrier to rotation about
Y. Here the preferred conformation appears to consist of a
methyl C-H syn to the C’-N (i.e., ¥ = 0°). In this case, how-
ever, as indicated by the apparent free rotation of the methyl
group in /V-acetylglycine in the crystal and in one of the methyl
groups in diacetamide in the gas, the barrier to rotation may
be very small (e.g., of the order of a few tenths of a kilocalorie).

In order to check these observations quantitatively, both with
respect to the approximate size of the rotation barrier, the ef-
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Table III, Ab Initio Torsion Potential for ¢ and ¥ (STO-3G)
E¢ - Enso’ E¢ - Enso’
Molecule ¢, deg E,au au kcal
N-Methylformamide 120 -205.25145 -0.00044 —0.28
150 -205.25123 -0.00022 -0.14
(C'=N, 1.29 A)a 180 -205.25101 0 0
(C'—N, 1.38 A)4 120 -205.26428 -0.00075 -0.47
150 -205.26389 -0.00036 -0.23
180 -205.26353 0 0
N-Methylacetamide 120 -243.83660 +0.00005 0.03
W =0%) 150 -243.83661 +0.00004 0.02
180 -243.83665 0 0
N-Methylpropiol- 120 -279.98062 -0.00032 -0.20
amide 150 -279.98046 -0.00016 -0.10
180 -279.98030 0 0
Ey -E, Ey -E,
Molecule v, deg F,au au kcal
N-Methylacetamide 0 -243.83665 0 0
(¢ =180°) 30 -243.83739 -0.00074 -0.47
60 -243.83809 -0.00144 -0.91
Acetamide 0 -205.26034 0 0
30 -205.26111 -0.00077 -0.48
60 -205.26187 -0.00153 -0.96

aC’ —N = 1.38 corresponds to the gas phase value while C —N =
1.29 corresponds to the bond distance in the crystal.

fect of substituent groups (R), and the magnitude of the effect
of the crystal forces, we have carried out ab initio and empirical
force-field calculations of the rotation barrier and lattice en-
ergy calculations of crystal energy as a function of methyl
rotation. These results are presented below.

Results of Ab Initio Calculations

The potential surface for rotation of the methyl groups in
N-methylacetamide, N-methylformamide, N-methylpropio-
lamide, and acetamide as obtained from ab initio calculations
with the minimal STO-3G basis set is given in Table II1. The
barriers to rotation are also calculated with the extended 6-31G
basis set and these results are presented in Table IV. The
geometries of the molecules used in these calculations are given
in Figure 3. Most of the calculations are carried out using the
crystal geometry (since our experimental observations are in
this phase), although we have also calculated the torsional
potential for the gas-phase geometry of NMF to investigate
the effects of the significant differences in geometry in the two
phases.?0

As can be seen from Tables III and IV the results of the
quantum mechanical calculations are not unequivocal. As
expected from the structures of the molecules, the nature of
the R group does not make a difference in the location of the
barrier although it does seem to affect the barrier height
somewhat. The largest difference due to R is approximately
0.5 kcal between the barrier to rotation about ¢ in N-meth-
ylacetamide and N-methylpropiolamide in the extended basis
set. Although the absolute difference is not large it is of the
same order of magnitude as the barrier.

Although the results in Tables 111 and IV appear to depend
on the nature of the R group, analysis of the results of the
empirical force field calculations (see Methyl Rotation Barriers
section below) indicates that in fact the barrier is very sensitive
to the amide geometry (e.g., the OC’N and C’NC angles)
rather than to any inductive effect or direct interaction of the
N-methyl group with the R group. Thus the OC’N and C'NC
angles are slightly smaller in NMA than they are in either
NMF or NMP (Figure 3), and it is this difference that leads
to the relatively large differences in the barrier heights in these
molecules. This is verified and the effect of the geometry (as
opposed to inductive and interactive effects) is found by cal-
culating the ¢ rotational potential in NMA with the geometry

Table IV. Barriers to Rotation as Calculated with an
Extended Basis Set

E¢ - Enso’ E¢ - Enso’
kcal

Molecule ¢, deg FE, au au
N-Methylformamide 120 -207.85776  +0.00052  +0.33
(C-N,1.29 &) 180 -207.85828 0 0

(C’-N, 1.38 &) 120 -207.86160 +0.00021 +0.13
180 -207.86181 0 0

N-Methylacetamide 120 -246.88729 +0.00122 +0.73
W =0% 180 -246.88851 0 0

N-Methylpropiol- 120 -283.50329 +0.00039 +0.25
amide 180 -283.50368 0 0

Ey -E, Ey -E,
Molecule Y, deg FE,au au keal

N-Methylacetamide 0 -246.88851 0 0

(¢ =180°) 60 —246.88860 -0.00009 -0.06
Acetamide 0 -207.88130 0 0

60 -207.88154 -0.00024 -0.15

Table V. Effect of Geometry on Calculated Rotational Potentials

E¢ - Enso’ E¢ - Enso’
au kcal

Molecule ¢, deg FE, au
NMA« 120.0 —243.83700 -0.00057 -0.36
STO-3G 150.0 —243.83670 -0.00028 -0.18
180.0 —243.83643 0 0
6-31G 120.0 —246.88790 +).00038 0.25
180.0 -246.88828 0 0

4NMA with amide geometry of (crystal) NMF,

of NMF. These results are given in Table V. Comparison of
these results with those for N-methylformamide in Tables 111
and IV shows that the direct effect of the R group on the bar-
rier is indeed very small (~0.1 kcal) in both the minimal and
extended sets. The variation in geometry either induced by the
different R groups or by differences in crystal forces accounts
for the rest of the variations in the barrier heights. The reason
for this geometric effect and a fuller discussion of it is given
in the sections on Methyl Rotation Barriers and Consideration
of Deficiencies.

The minimal and extended basis sets, however, do seem to
indicate different qualitative behavior independent of the R
group or geometry. The minimal basis set results yield a very
small barrier in ¢, with a minimum at ¢ = 120°, i.e., one of the
methyl C-H bonds syn to the C’-N bond contrary to the ob-
served results. The results with the extended 6-31G basis set
differ from the smaller basis set by ~0.6-0.7 kcal, and the
minimum occurs at ¢ = 180° in agreement with the experi-
mental observations (Table I). Again the barrier is very small,

Similar differences exist for . The minimal basis set cal-
culations on acetamide and N-methylacetamide yield barriers
of ~1 keal, which is larger than the calculated barriers for ¢.
Again the location of the minimum as calculated with the
minimal basis (a methyl C-H anti to C’-N) is opposite to that
we expected from the observations of this angle in the crystal
(Table II), i.e., ¢ = 0°, C-H syn to C’-N. In this case, however,
the results obtained with the extended basis seem to produce
the same barrier position as the minimal. There is a difference
in energy of about 1 kcal between the extended and minimal
basis sets favoring the conformation at 4 = 0°. However, this
is not enough to change the position of the barrier and the result
is that the extended calculations still predict a minimum at ¢
= 60° although with an extremely small barrier of the order
of 0.1-0.2 kcal.

It is of interest to compare these results with those obtained
by others, either by the more approximate semiempirical
methods or ab initio with different basis sets. These are given
in Table VI. The results, for the most part, are very similar to
those obtained here with the minimal basis set (Table III).
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Table VI. Barriers to Rotation about ¢ and ¢ as Calculated by Various Methods

Molecule Method Smin> deg ¢ barrier Y min, deg Y barrier
N-Methylformamide Ab initio? 180 0.86
min-Gaussian?
0]
a—c’ Hy PCILOC 180 0.6
N W CNDO/2b 120 0.25
PARN EHTd 120 0.33
H H
¢=180°
N-Methylacetamide Ab initio® 120 0.69 60 1.1
“molecular fragments”
H /O
BN_/  my PCILOC 180 0.8 60 1.0
/ AN 1 4 CNDO/24 120 0.24 60 0.30
H PAREN EHTd 120 0.30 60 0.18
H H
6=180% ¢ = 0°
Acetamide Ab initio® 60 1.16
min-Gaussian?
H O
BN/ PCILOC 60 0.9
/ AN CNDOQ/2d 60 0.25
H NTH EHTd 60 0.21
H
v =0°

2The absolute energies of N-methylformamide (-207.02462) and acetamide (—207.64971) may be compared with those calculated here in
Tables IIl and IV. As seen they are more negative than the STO-3G energies [because more Gaussians were used to describe the inner (1s) or-
bital] ; however, they are less negative than the extended 6-31G energies. P See ref 24, ¢See ref 25. dSee ref 26. € See ref 27.

Most of the calculations, with the exception of PCILO?’ and
one of the ab initio calculations,?* give the “wrong” minimum
in ¢ of 120° (C-H syn to C’-N). 4!l calculations predict a
minimum aty = 60°, most with the rather large barrier of ~1
keal, contrary to what is expected from the experimental ob-
servations. Consideration of the results given above suggests
that perhaps the difference in the position of the minimum in
¢ is again due to geometry rather than basis set or method,
especially since at least the minimal ab initio basis used* is not
radically different from the one used here. Indeed the ab initio
calculation?® was carried out with all angles at the C’ and N
equal to 120°, while the PCILO calculation?® involved even
smaller angles about N (e.g., C’NC = 117°).28 When the 120°
geometry was used with the STO-3G basis used here the
minimum in ¢ also was calculated at 180° (E ;79 — E130~ 0.4
kcal), and essentially the same result was obtained with the
STO-4G basis. Thus it would seem that these results are again
due to the geometry rather than to differences in basis set or
method.

It is interesting that the small extended basis set, 6-31G,
seems to be the only one used up to now which is able to ac-
count for the observed barrier in ¢ with the experimental ge-
ometry and, furthermore, is only “slightly” wrong in ¢ (see
discussion in the section on Methyl Rotation Barriers). It would
seem worthwhile to calculate these barriers with still larger
basis sets, including polarization functions, to see if the trend
continues as one approaches the Hartree-Fock limit,

Lattice Energy and Methyl Rotation

The experimental observations indicate that although the
methyl groups have an inherently preferred orientation in ¢
and ¢, this tendency is compromised somewhat by the re-
quirements to optimize the crystal packing energy. It was, in
fact, observed that the conformation of the methyl group can
vary for the same molecule in different crystal environments.
In most cases the deviation from the minimum was less than
30°, but in a few cases this was achieved and even exceeded
(Tables I and II). [If the torsion energy is of the form V', =
5K s(1 £ cos 3¢) a deviation of 30° from the minimum cor-
responds to an increase of 4K 4 or half the barrier height.]?°

In order to further investigate the experimental observations,

which for the most part occur in the crystal phase, and to
correlate these with the intrinsic rotational potential as cal-
culated by the various methods, we calculate the effect of the
crystal forces on the methyl rotation. In particular we should
like to obtain an estimate as to how much the crystal packing
energy at the minimum changes if the methyl groups are ro-
tated. If this is very large, i.e., much greater than the barrier
to rotation, the crystal forces alone will determine the methyl
orientation. On the other hand, if the lattice energy is insen-
sitive to methyl rotation, the methyl orientation would be de-
termined solely by the intramolecular “inherently preferred”
position. From the experimental observations, we expect that
the change in crystal energy with methyl rotation is of ap-
proximately the same magnitude as the intramolecular energy
(e.g., the barrier height). Thus the calculation of minimum
crystal energy changes as a function of methyl rotation should
give us corroboratory evidence as to the magnitude of the ro-
tational barrier.

The calculations are carried out on N-methylacetamide,3©
which has the advantage of containing both C’- and N-methyl
groups, enabling us to vary both ¢ and ¥, and still being rea-
sonably small.!?" In addition, it provides a further test of the
6-9 and 6-12 force fields in that it was not one of the molecules
used in their derivation'4 (see Appendix I1 for discussion of fit).
For each set of ¢,, the lattice energy is minimized with respect
to all crystalline degrees of freedom by methods previously
described.!3 It should be emphasized that the crystal energy
must be minimized with respect to these variables (i.e., unit
cell parameters and molecular orientation) for each structure,
since clearly the optimum packing arrangement for one set of"
methyl orientations need not be the same as for another,

The results of these calculations are given below. The vari-
ation in the nonbonded and electrostatic contributions as well
as the total lattice energy of NMA as a function of the methyl
rotations (¢,y) are given in Table VII and in the form of con-
tour diagrams in Figure 4a-c. These energies have been cal-
culated with the three force fields, as described in Methods and
in Appendix I, in order to avoid conclusions that might be
“force field dependent”. Comparisons of the calculated and
experimental structures of NMA for the 6-9 and 6-12 po-
tentials are given in Figures 5 and 6, and a quantitative sum-
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Table VII. Minimized Lattice Energy of N-Methylacetamide as a Function of Methyl Rotations (¢ and y)&b
6 -9 potential® 6-12 potentiale MCMS potential/
¢, deg y,C deg Enp Felec Eat Env Eelec Eat Enp Felec Enhp Elat
120 0 -7.97 -7.41 -15.38 -9.92 —6.66 -16.58 -8.36 -1.58 -1.10 -11.04
120 30 -8.38 -7.33 -15.71 -10.17 -6.49 -16.66 -8.71 -1.53 -1.09 -11.33
120 60 -8.70 -7.30 -16.00 -10.76 -6.18 -16.94 -9.12 -1.53 -1.08 -11.73
150 0 -8.00 -7.37 -15.37 -9.79 -6.70 -16.49 -8.30 -1.57 -1.10 -10.97
150 30 -8.33 -7.17 -15.50 -10.16 -6.31 -16.47 -8.48 -1.50 -1.08 -11.06
150 60 -8.80 -7.08 -15.88 -10.75 -6.02 -16.77 -8.92 -1.51 -1.07 -11.50
150 90 -8.43 -7.33 -15.76 -10.42 -6.31 -16.734 -8.76 -1.52 -1.06 -11.344
180 0b -7.90 -7.77 -15.670 -9.97 -6.82 -16.79% —8.66 -1.64 -1.10 —11.40b
180 30 -8.50 -7.24 -15.74 -10.38 -6.32 -16.70 -8.71 -1.54 -1.07 -11.32
180 60 -9.03 -6.81 -15.84 -10.87 -5.77 -16.64 -8.85 —1.45 -1.01 -11.31

2Enbs Eelecs and Epyp, are the nonbonded, electrostatic, and hydrogen bonded (in MCMS) contributions to the total lattice energy (Epat),
respectively. All energies are in kcal/mol. » The experimental conformation consists of ¢ = 180°, ¢ = 0°. €In cases of symmetry ¢,y (120,30)/
(120,90), (150,0)/(-150,0), (150,30)/(-150,90), (150,60)/(-150,60), (150,90)/(-150,30), and (180,30)/(180,90), the second pair is
omitted from the table since the energies are identical (see contour maps, Figure 4a—c). @ The final structure of this conformation was mono-
clinic rather than orthorhombic (8 ~95° for both 6—12 and MCMS potentials). € See ref 14. fSee ref 15.
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Figure 4. Contour maps of the lattice energy of NMA as a function of
rotation of the N-methyl groups about the N-CH3 bond (¢) and the
C’-CHj; bond () (the contours are spaced at 0.05 kcal/mol intervals and
X marks the minimum energy point): (a) 6-12 potential; (b) 6-9 potential;
(c) MCMS potential.

Figure 5. Comparison of the observed and calculated crystal structure of
NMA using the 6-9 potential. The observed structure has filled bonds,
while the open bonds correspond to the calculated structure. Hydrogen
bonds are represented by dashed lines.

mary of the fit of these crystals corresponding to those given
in ref 14 for all three potentials is given 1n Appendix II.

The first observation to be made from these calculations is
that the difference in packing energies for the various methyl

Figure 6. Comparison of the observed and calculated crystal structure of
NMR using the 6-12 potential. The observed structure has filled bonds,
while the open bonds correspond to the calculated structure. Hydrogen
bonds are represented by dashed lines.

orientations is indeed small. This is true for the energies cal-
culated with all potentials. The largest energy difference is of
the order of 0.6-0.7 kcal as calculated with the 6-9'% and
MCMS!3 potentials (corresponding to the difference between
the structures ¢, = (120,60) and (150,0). Thus, if the rota-
tional conformation about ¢ and y is to be affected by the re-
quirements of packing, energies of approximately 0.2-0.7 must
be commensurate with the magnitude of the rotational po-
tentials. (The cause for the difference in calculated lattice
energies between the 6-9 and 6-12 potentials on the one hand
and the MCMS potential on the other is discussed in Appendix
I1.)

The second observation is simply that in no case does the
minimum lattice energy correspond to the observed structure.
In fact, all potentials give the minimum lattice energy at
(120,60) as opposed to the experimentally observed (180,0).
There is, of course, no reason why this should not be the case
since, as discussed above, the total energy corresponding to the
sum of the lattice energy plus rotational energy must be a
minimum in the observed crystal.

It is of interest to compare the predicted minimum energy
structures as obtained from the lattice energies given above
combined with the various rotational potentials obtained from
the quantum mechanical methods discussed in the Experi-
mental Results section. These results are presented in Table
VIII for the four staggered conformations (¢ = 120,180;¢ =
0,60). The results for a rotational potential corresponding to
that qualitatively predicted from the experimental results as
discussed in the Experimental Section with minima at ¢ =
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Total Energy (Lattice Plus Rotational) in the N-Methylacetamide Crystal as a'Function of ¢ and ¢

Total energy (Eyq +Ep +Ey)

o, deg v, deg Elat Ab initio® Ext¢ Abinitiod  Abinitic¢ = CNDOQS EHTS PCILO” Exptlé
(@) 6-9 Potentialk
120 0 -15.38 -15.35 -14.65 -14.52 -16.07 -15.52 -15.68  -14.58 -14.65
120 60 -16.00 -16.88/ -15.23 -16.30 -17.79J -16.54]  -16.48/ -16.20 -14.87
180 04 -15.67 -15.67 -15.67 -15.67 -15.67 -15.67 -15.67 -15.67  -15.67/
180 60 -15.84 -16.75 -15.90/  -17.00/  -16.94 -16.14 -16.02 -16.84/ -15.54
(b) 6-12 Potentialk
120 0 -16.58 -16.55 -15.85 -15.72 -1727  -16.82 -16.88  -15.78 -15.85
120 60 -16.94 -17.827 16.27 -17.24 —18.73/ -17.48)  —17.42/ -17.14 -15.81
180 04 -16.79 -16.79 -16.79/  -16.79 -16.79 -16.79 -16.79 -16.79  -16.79/
180 60 -16.64 -17.55 -16.70 -17.807  -17.74 -16.94 -16.82 -17.647  -16.34
(c) MCMS Potential/
120 0 -11.04 -11.01 -10.31 -10.18 -11.73 -11.28 -11.34 1024 -10.31
120 60 -11.73 -12.617  -11.06 -11.43 -13.52/  -12.27/ 122U -11.93 -10.62
180 0@ -11.40 -11.40 -11.40/  -11.40 -11.40 -11.40 -11.40 -11.40 —11.40/
180 60 -11.31 -12.22 -11.37 -12.47§ -12.41 -11.61 -11.49 -12.31/ -11.01

aExperimentally observed structure corresponds to (¢,¢) = (180,0). 2 Ab initio method minimal STO-3G as calculated here (Table III)
minima at (180,60). ¢ Ab initio extended 6-31G as calculated here (Table IV) minima at (180,60). € Ab initio minimal basis?? (Table VI)
minima at (180,60). € Ab initio “fragment’*2 (Table VI) minima at (120,60). FCNDO?* (Table VI) minima at (120,60). §EHT?* (Table VI)
minima at (120,60). #PCILO?** (Table VI) minima at (180,60). {“Experimental” rotational potential (see text) minima at (180,0). /Predicted
minimum in total energy for a given rotational potential, X See ref 13b. /See ref 16a.

180°, ¢ = 0° and small barriers are also included in Table
VIII. To make this latter quantitative, the barrier in ¢ is taken
as 0.73 kcal (the same as the extended basis set result), while
a small arbitrary value of 0.3 is chosen for the barrier in . (The
zero of rotational energy is taken at ¢ = 180°, = 0° and thus
the rotational contributions can be either positive or negative
depending on the location of the predicted barrier.)

In the case of NMA, it is seen that the qualitative potential
predicted from the experimental observations is consistent with
the lattice energy calculations in that all three potentials, in
combination with this torsion potential, yield the experimen-
tally observed structure as the minimum for NMA. The po-
tential, as derived from the extended basis set calculations, also
predicts the correct structure in combination with the “6-12"
and MCMS potentials but not in the case of the 6-9 potential
because of the ¥ dependence (although the difference between
the calculated minimum energy structure and the observed is
only 0.23 kcal). In no other case is the minimum energy
structure predicted correctly, mainly because none of the
theoretical rotational potentials give the correct y dependence,
and the predicted minimum is often ~1 kcal (or more) more
stable than the observed structure.

Thus the results seem to generally support the conclusions
reached from examination of the experimental torsion angles.
Furthermore, and perhaps more importantly, we see that lat-
tice energy calculations can be used to provide independent
tests of proposed rotational potentials. As better intermolecular
potentials become available, and problems of locating hydro-
gens are overcome, these tests will become even more rigorous.
However, even at this stage differences of as much as a kilo-
calorie in this context are probably significant (i.e., the error
in the difference in lattice energies between two “crystals”
which differ only by methyl rotation in the molecule is not as
much as 1 kcal, and therefore if the predicted structure is more
than 1 kcal more stable than the observed, the rotational po-
tential can be considered to be in error).

Methyl Rotation Barriers as Calculated from Potential
Functions Derived from Crystal Data

The barriers to rotation may also be calculated from in-
teratomic empirical functions. It is of interest to calculate these
barriers from the potential functions recently derived to fit
crystal data'3a1415 to see how well energy functions derived
from intermolecular interactions can account for the energetics
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Figure 7. Rotational potential surface in ¢ as calculated with empirical
potential functions (see text for details): (a) N-methylacetamide; (b)
N-methylformamide; (c) N-methylpropiolamide. Potentials: X, MCMS;
A, 6-12; 0,6-9; O, BMF.

of these intramolecular rotations. The forms of these functions
and the potential constants are given in Appendix 1.

These calculations are of special relevance since almost all
conformational calculations of peptides and other large mol-
ecules of biological interest have been carried out using em-
pirical potential functions.3!32 The main source of information
for the determination of these potential functions is crystal data
(structures and sublimation energies) of model compounds.
Although this procedure of transferring potential functions
determined from crystal data to conformational calculations
of large molecules is probably justified for interactions between
atoms separated by many bonds, it has been questioned3! for
nearer neighbor interactions such as the 1-4 interactions
(atoms separated by three bonds) which are of the utmost
importance in determining rotational barriers.

¢ Dependence. The rotational energies as calculated as a
function of ¢, for the potential functions!!5 used for the lattice
energy calculations of the preceeding section, are presented
in Figure 7a-c. The empirical potential functions used by Brant
et al.’® which were derived from other considerations3®4 have
also been included for comparison. It should be emphasized
that only the interatomic pairwise nonbonded and electrostatic
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Table IX. Dominant Energy Contributions and Interatomic Distances Affecting Rotational Potential Surface in ¢4

Molecule ¢ Ry.-.0 Enp(H--- 0) Ry...c Enb(H---C) AEb Barrier
BMF Potential€
NMA 180 2.72 -0.08 2.70 0.05
120 2.26 1.16 248 0.64 1.86 1.6
NMF 180 2.82 -0.10 2.73 0.03
120 2.37 0.47 2.52 0.49 1.10 0.86
NMP 180 2.81 -0.10 2.74 0.02
120 2.35 0.55 0.52 047 1.18 0.94
6-9 Potentiald
NMA 180 2.72 0.19 2.70 0.12
120 2.26 1.86 248 0.35 1.59 1.3
NMF 180 2.82 0.11 2.73 0.10
120 2.37 1.09 2.52 0.29 0.96 0.69
NMP 180 2.81 0.12 2.74 0.10
120 2.35 1.19 2.52 0.29 1.04 0.76
6—12 Potentiald
NMA 180 2.72 -0.05 2.70 0.42
120 2.26 1.56 2.48 1.80 2.62 2.3
NMF 180 2.82 -0.08 2.73 0.35
120 2.37 0.69 2.52 145 1.60 1.3
NMP 180 2.81 -0.08 2.74 0.32
120 2.35 0.79 2.52 142 1.73 1.4
MCMS Potentiale
NMA 180 2.72 -0.02 2.70 0.35
120 2.26 1.71 2.48 1.52 2.57 2.3
NMF 180 2.82 -0.06 2,73 0.29
120 2.37 0.78 2.52 1.23 1.56 1.3
NMP 180 2.81 -0.06 2.74 0.26
120 2.35 0.89 2.52 1.20 1.69 1.3

4 Angles in degrees, distances in A, and energies in kcal/mol.  AE = Enb(O---H) T Enb(C-+ H) 120 = 2Enp(0-- - H) T Enb(C--- H) 180

cSee ref 3a. 9See ref 13b. €See ref 16a.

interactions are included in these curves, and no explicit “cosine
type” torsional potentials are imposed. (The threefold maxima,
cosine type dependence is seen to arise naturally from these
pairwise interactions and the threefold symmetry of the methyl
group.) The calculations are carried out for the three molecules
NMA, NMF, and NMP.

Inspection of the rotational potential surfaces as calculated
by these functions shows that for all cases the minimum occurs
at ¢ = 180° as expected from the experimental results. This
is in contradistinction to'the rotational potentials as calculated
by the various quantum mechanical methods, where it was seen
that the calculated position of the minimum depended on the
approximate method and basis set used. The barrier heights
however appear to be very sensitive to not only the potential
function but also the R group (see, e.g., 2). This latter result
appears at first sight anomalous since the R group is too far
from the methyl to significantly effect the rotational barrier
in these calculations. Considering first the potential depen-
dence (and anticipating the discussion below as to the causes
of the NMA result, i.e., the R dependence), we see that the
barrier height in ¢ for the BMF potential is ~0.9 kcal, while
the 6-9 barriers are slightly smaller (~0.7 kcal). These would
seem to be in qualitative agreement with the results given
above. The barrier heights as calculated with the 6-12 crystal
potentials are of the order of 1.3-1.4 kcal, and this would seem
to be a little too large based on the interpretations given above
of the experimental data and the effect of crystal packing. The
larger barrier in the 6-12 potentials is of course due to the fact
that the inverse 12th power repulsion is steeper than the 9th
power. Although the BMF potential is also a 6-12 potential,
the steepness in this case is compensated for by the smaller
“van der Waals” radii (see Appendix I and discussion in ref
14).

Origin of Barrier at ¢ = 120°. Consideration of the appar-
ently anomalous results for NMA yields both a better under-
standing of the nature of the barrier to rotation as calculated
in this manner and the limitations of calculating rotational

barriers using the “rigid rotor” model (i.e., keeping the ge-
ometry of the molecule fixed as the methyl rotates). The ro-
tational barrier at ¢ = 120° is due mainly to the strong re-
pulsive interactions between the methyl hydrogen (synplanar
to the C’) and the carbonyl oxygen (ry...0 ~ 2.3 A) and (to
a lesser extent) the carbonyl carbon (rc...q ~ 2.5 A) as shown
in 6a. (Compare with the values of r* as given in Appendix I.)

0.
. 0.
R— C{/- ........ H R C//' I;I H
/\N*C\/\ \N—“'C/
H IR ¥
6a 6b

The quantitative values of these interactions for all the
molecules and potentials considered here are given in Table
IX along with the appropriate distances and the value of the
barrier. The latter is compared with the difference in energy
of interaction of the methyl hydrogens with the C’ and O atoms
for ¢ = 120 and 180° (i.e., those interactions indicated by the
dotted lines in 6). It can be seen that most of the barrier to
rotation arises from the difference in energy of these interac-
tions. Thus we conclude from these results that, at least from
the empirical calculations, the barrier at ¢ = 120° arises from
the strongly unfavorable nonbonded contact of a methyl hy-
drogen with the carbonyl group in this conformation. This
would appear to be a reasonable conclusion, even without any
calculations, as the Hye « <O distance of 2.3-2.4 A at ¢ =
120°, from which the high energy results, is extremely short.
Furthermore, at ¢ = 180° no correspondingly bad contacts
occur. The Hye: - -Hp contact of ~2.3 A is short but not ex-
ceptionally so.

Rigid Rotor Approximation. The cause for the anomalously
large barrier in NMA also becomes apparent by inspection of
Table IX. The large barrier in NMA arises not due to any in-
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Table X. Dominant Energy Contributions and Interatomic Distances Affecting Rotational Barriers in ¢

Molecule Y Ry...o Enb(H---0) Ry...N EnpbH- - N) AEC Barrier
BMF Potential
Acetamide 0 2.72 -0.08 2.50 0.24 0.12 0.38
60 2.50 0.10 2.73 -0.07
NMA 0 2.74 -0.09 248 0.27 0.17 0.50
60 2.53 0.06 2.71 -0.07
6—9 Potential
Acetamide 0 2.72 0.19 2.50 0.93 0.10 0.39
60 2.50 0.57 2.73 0.32
NMA 0 2.74 0.17 2.48 0.99 0.15 0.40
60 2.53 0.50 2.71 0.34
6—12 Potential
Acetamide 0 2.72 -0.05 2.50 1.36 0.52 0.8
60 2.50 0.20 2.73 0.27
NMA 0 2.74 -0.06 248 1.45 0.60 0.9
60 2.53 0.15 2.71 0.29
MCMS Potential
Acetamide 0 2.72 -0.02 2.50 1.27 0.39% 1.0
60 2.50 0.25 2.73 0.32
NMA 0 2.74 -0.03 248 1.37 0.43b 1.2
60 2.53 0.20 271 0.34
GAE= (EppH---N) t 2Enb(H -0)o — (ZEnb(H N) *Enp(H--- 0))so- bIn the MCMS potential the H-methyl— H-amide interaction at

Y =0° (r ~ 2.2) is also considerably repulsive.

teractions of the V-methyl group with the C’-methyl group (R)
but rather due to the fact that at ¢ = 120° the Hpge: - -O dis-
tance is ~0.1 A shorter in NMA than in NMP or NMF. Be-
cause this occurs in the steep repulsive region of the nonbonded
potential (see Chart I), this small difference in distance causes

Chart 1

a large difference in energy resulting in the large calculated
barrier. The same qualitative behavior was noted in the
quantum mechanical results, where the above analysis was
anticipated.

Thus the cause of the difference in barrier heights as cal-
culated here is the slight difference in geometry of the amide
groups in the three molecules. The smaller Hume: « -O distance
in NMA arises from the fact that both the C’NC and OC’'N
angles are smaller by a few degrees in NMA than in either
NMF or NMP (Figure 3). These results bring out the impor-
tance of allowing the geometry to relax (or calculating the
barrier for various geometries) since the theoretical results
indicate that as the methyl group rotates, small changes in the
amide geometry to accommodate it can lead to significant
differences in the calculated barrier heights.

¥ Dependence. The rotational energies as calculated as a
function of  for the molecules NMA and acetamide are given
in Figure 8 for the potentials discussed above. Here, as with
the quantum mechanical calculations, all potentials yield a
minimum at = 60° (C-H cis to C=0 bond) in contradis-
tinction to the conformation expected from the experimental
results. Thus we have the unique situation where all theoretical
methods give the same result, and this result appears to be
contrary to the experimental situation.

The calculated barrier heights for NMA and acetamide are
essentially the same, smaller than those of ¢, and, again, as in
the case of the ¢ rotation, are considerably different in the

04r
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Figure 8. Rotational potential surface in  as calculated with empirical
potential functions (see text for details): (a) N-methylacetamide; (b)
acetamide. Potentials: X, MCMS; 4, 6-12; 0, 6-9; O, BMF.

different potentials. Thus the barrier height as calculated with
the BMF and 6-9 potentials is ~0.4 kcal, while that calculated
with the 6-12 and MCMS potentials is ~0.8-1.0 kcal.

The short contacts and their corresponding nonbonded
energies are summarized for the two conformations = 0° and
¥ = 60° in Table X. The situation is slightly different in the
case of the  rotation from that in ¢, in that at both = 0° and
¥ = 60° there are considerably unfavorable contacts. In the
case of ¥ = 0° the Hye - ‘N distance (~2.5 A) is quite short
and on the repulsive side of the potential, while for ¢ = 60° the
Hpe « -O distance (2.5 A) is also short. The calculated barrier
at 0° arises because of the strongly unfavorable H-. - N contact
which leads to large repulsive energies in all the potentials. The
relative small height of the barrier is caused by the fact that
the Y = 60° conformation is also sterically hindered to some
extent due to the H- - -O contact, and the barrier is roughly then
the difference between these two positive energies (of course,
there are other interactions we have ignored in this discussion,
but these are the dominant ones).
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Table XI. Nonbonded Parameters and Charges for N-Methylamides?
6-94 6-12d MCMSe BMFS

Atom r* € gb r* € q r* € qb P* € q
H-Methyl 3.54 0.0025 0.11 2,75 0.038 0.10 292 0.037 0.025 2.6 0.076 0
0 3.65 0.198 -0.46 3.21 0.228 -0.38 3.12 0.200 -0.387 3.2 0.172 -0.39
N 401 0.161 -0.26 393 0.167 -0.28 3.99 0.045 -0.344 33 0.212 -0.28
C 3.62 0.184 4.35 0.039 4.12 0.038 0.045 3.6 0.138 0
(o4 3.75 0.042 +).46 4.06 0.148 0.38 3.74 0.141 0.465 3.6 0.138 0.39
H-Amide +.26 0.28 2.68 0.062¢ 0.164 2.6 0.076 0.28

D=1 D=1) D=2 (D =13.5)

@The nonbonded potential in eq Al can also be written as A/r"* — efr® where A;; = 6¢;;r;;*" /(n — 6) and Cj; similarly. The cross terms for
the 69 and 6-12" potentials are obtained by 4;; = (AiiA/]-)‘/’, Cij = (CiiC)":. For details as to how the cross terms in the BMF?b and
MCMS* are calculated as well as to the original methods used to derive these parameters, the original references should be consulted. ?In the
6-9 and 6—12" potentials the CH,, group is defined as neutral and the charge on C can therefore be derived from that of H. The charges
given for the MCMS potential refer to NMA. The C and H charges given in the table refer to the Amethyl. The charges on the C’-methyl are
qc = —0.174 and gy = 0.052. When the amide hydrogen in the MCMS potential is involved in an NH - - - O hydrogen bond the 612 non-
bonded interaction is omitted and replaced by the term 12 040/rgy'? — 4014/ray'. dSee ref 14. € See ref 15. fSee ref 3b.

Table XII. Comparison of Experimental and
Calculated Crystal Structures of NMA
Exptl Calcd Molecular
6-9 Potential
a 9.61 9.89 (0.28) ax =001 -0.04 0.02
b 6.25 6.36 (-0.16) ay -0.08 -0.08 -0.00
c 7.24 7.19 (-0.5) Az -0.06 0.10 0.18
a 90.0 90.0 (0.0) 6z 0.0 0.0 0
g8 900 90.0 (0.0) 6x 0.0 0.0 0
vy 900 90.0 (0.0) ey 0.0 -4.6 -4.6
6—12 Potential
a 9.61 9.84 (0.23) ax  -0.15 -0.32 -0.10
b 6.52 6.26 (-0.26) sy -0.13 -0.13 0.00
c 7.24 7.30 (0.06) Az -0.01 0.22 0.46
a 900 90.0 (0.0) 6z 0.0 0.0 0.0
g 90.0 90.0 (0.0) 6x 0.0 0.0 0.0
Yy 900 90.0 (0.0) 8y 0.0 -7.7 -7.7
MCMSa
a 9.61 9.97 (0.36) ax -0.02 -0.08 -0.02
b 6.52 6.25(-0.27) ay -0.13 -0.13 -0.0
¢ 7.24 7.28 (0.04) Az 0.25 0.20 0.66
a  90.0 90.0 (0.0) 6z 0.0 0.0 0.0
g 900 90.0 (0.0) 6y 0.0 0.0 0.0
Yy 900 90.0 (0.0) 8y 0.0 -6.7 —6.7

@The results given here differ somewhat from those given in ref 15
since there only three degrees of freedom were allowed (a,b,¢) and
the orientation of the molecules in the unit cell was kept fixed. In
addition, y was rotated by 45° from the position used here.

Consideration of Deficiencies in Quantum Basis Functions
and Empirical Potential Functions

The comparison of the various theoretical results, both
quantum mechanical and empirical, along with a comparison
of both with the experimental observations may lead to some
conclusions as to the deficiencies in these procedures and
possible directions for improvements. The most outstanding
result of the calculations is, as mentioned above, that none of
the theoretical methods gave the correct position for the ro-
tational minima in y. The second result which stands out is that
all the empirical results give the correct position for the min-
imum in ¢ while in the quantum mechanical methods the po-
sition of the minimum depends on basis set. (The importance
of geometry is emphasized from the results of both methods.)

It would appear that all of these results may be explained
in terms of various degrees of inadequacies in representing the
carbonyl oxygen atom. The empirical results suggest that the
barrier at ¢ = 120° is due to the unfavorable clash between the
oxygen and methyl hydrogen (H. - -O ~2.3 A). Insofar as this
is the only dominant effect (there are essentially no unfavorable
interactions at ¢ = 180°), the empirical calculations predict
the location of the minima correctly since they more or less

correctly represent the overall size of the oxygen. This, of
course, results from the fact that they were derived by fitting
crystal structures, where one of the requirements is that the
contact distances be represented correctly. The quantum
mechanical calculations, on the other hand, have no “previous
information” about the electron density around the carbonyl
oxygen, and how well the oxygen is represented depends in part
on the validity of the assumptions in the semiempirical methods
and to the quality of the basis set in the ab initio calculations!®
(as well as in the semiempirical). The hypothesis that it is the
“size” of the carbonyl oxygen which may be the problem is
supported by consideration of the minimal (Table I1I) and
extended calculations (Table IV) presented here, where it is
seen that the extended basis set (6-31G) correctly predicts the
location of the minimum in the potential to be at ¢ = 180°
while the minimal (STO-3G) gives the wrong position. One
indication that electron density about the carbonyl oxygen is
more extensive in the extended basis set is that with Mulliken
population analysis it is found to have a much larger “charge”
(—0.64) in the extended than in the minimal (—0.31). (The
extended basis set is known in general to exaggerate charge
separation.!®) Another, more direct indication is that in the
cyclic dimer of formamide the calculated N-H. . .O contact
distances are ~2.7 A with the minimal basis set and ~3.0 A
with the extended.3? (The experimental crystal value is ~2.9
A.) Thus the minimal basis set may restrict the electrons toa
region too close to the nuclei in the carbonyl oxygen. The
greater extension of the electrons in the 6-31G basis set is a
natural result of the splitting of the outer orbitals into inner
and outer functions in this basis.

The problem with predicting the correct location of the
minimum in ¥ is more difficult to analyze since as seen from
the empirical results, this minimum arises from a set of op-
posing effects. Here again, however, we suspect the electron
distribution of the oxygen may be at fault. The lone-pair or-
bitals of the oxygen should lie in the plane of the molecule and
presumably one of them is directed in the general direction of
the methyl hydrogen, increasing the overlap from what it would
be for a spherical atom. The problem here may lie in the an-
isotropy of the electron distribution about the oxygen atom.
If this is the case, the empirical potentials, in their present form,
cannot cope with this problem since they assume isotropic
atoms. Terms would have to be added to account for the effects
of anisotropy, as, for example, due to lone-pair orbitals.!42934
These effects should fall out naturally from the quantum me-
chanical calculations, but here again the basis sets must be
complete enough to give good representations of the actual
molecular orbitals. It is interesting that although the barriers
in Y at 0° as calculated with minimal basis sets are ~1 kcal,
those with the extended set are ~0.1 and if one “extrapolates”
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Table XIII. Average Absolute Differences between Experimental
and Calculated Distances (d < 4 A), Hydrogen Bond Distances
(roy), and Angles N-H-+-0O)and (H- - - O-C) for
N-Methylacetamide

Potential |ad| |aroy!| ladnno!  188HoC!
6-9 0.10 0.11 0.2 5.7
6-12 0.12 0.08 9.0 0.5
MCMS 0.16 0.09 8.2 15.8

to still more complete sets, it is not unreasonable to expect the
barrier to shift to the “correct” position of ¢ = 0°.

The height of the barriers is, of course, much more difficult
to assess from the x-ray results. From the analysis carried out
here of the experimental torsion angles, in conjunction with
the crystal calculations, it would appear that the barrier heights
should be of the order of several tenths of a kilocalorie. The
results with the extended basis set in ¢ are in agreement with
this assessment. The barriers as calculated with the empirical
6-12 potentials seem to be slightly large and this is attributed
to the fact that this potential may be too steep in the short re-
pulsive region. A possible solution to this problem is the use of
an exponential repulsive potential?® which has a more funda-
mental basis.3’

A significant number of calculations of rotational potential
surfaces of various systems have been carried out, and several
mechanisms for decomposing these surfaces into their major
components have been proposed.?® It should be emphasized
that by its very nature the above mechanistic discussion is
somewhat speculative. Other effects such as bond-bond and
attractive interactions for example have been ignored,? and
there may be other sets of explanations one could produce
which could account for the observed effects. We have pre-
sented it here since it does seem to be the simplest explanation
which is consistent with the whole set of observations and a
concrete suggestion for further investigation.

Appendix 1

Potential Functions Used for Lattice Energy Calculations
and Empirical Rotational Energy Surfaces. The force fields
used here to calculate lattice energies and rotational barriers
are of the “Lennard-Jones” type.? In these force fields the
potential energy of interaction between two nonbonded atoms
i and j at a distance r;; may be represented by

V= ¢;[(6/(n = 6))(r*/r)" = (n/(n = 6))(r*/r)°]

+ ¢:9:/Dry;
where ¢;; is the depth of the nonbonded potential at the mini-
mum r;*, g; represents the partial charge onatom/, and D is

the dielectric constant. The values of the constants in the
various nonbonded potentials used here are given in Table XI.

(A1)

Appendix II

Comparison between Calculated and Observed Crystal
Structures of NMA. The experimental and calculated struc-
tures of NMA are compared in Tables XII and XIII for the
three potentials used in the crystal calculations. The data given
correspond to those used in ref 13b (Tables II and I11) to an-
alyze the structures of a set of amide crystals.

The structure as calculated with the 6-9 potential is seen to
be in best agreement with the observed structure especially
with respect to the angular properties of the hydrogen bond.
However, all the structures are in reasonable agreement with
the observed. As mentioned in the Lattice Energy and Methyl
Rotation section, NMA was not one of the molecules used in
the derivation of the 6-9 and 6~-12 force fields,!? and thus these
results provide a further check on these force fields. A deeper
analysis of the structural deviations of the minimized crystal
structures from the observed will be presented elsewhere as part
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of a study of the crystal structures of secondary amides.

The lattice energy of NMA as calculated with the 6-9 and
6-12 potentials also appears to be in reasonable agreement with
experiment. Although the energy of sublimation of NMA has
not been measured, the heat of vaporization is ~16.5 kcal/
mol*! and the heat of sublimation should be another 1-3
kcal/mol, in reasonable agreement with the lattice energy of
~16-17 kcal calculated with these potentials. The lattice en-
ergy as calculated with the MCMS potential is much lower
(—11.4 kcal) due to the small electrostatic contribution, This
occurs because the charges in this potential were taken from
CNDO/2 and result in a slightly small dipole moment (2.53
vs. ~3.7 experimental)*? due mainly to the small charge de-
rived for the amide hydrogen. In addition, a dielectric constant
of 2 is used in this potential.
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Structure of a Derivative of Streptovaricin C Triacetate.
Crystal and Molecular Structure of the Atropisomer

of the Cyclic p-Bromobenzeneboronate Ester of
Streptovaricin C Triacetate: Methylene Dichloride 1:1

Solvate
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Abstract: The crystal and molecular structure of a p-bromobenzeneboronate ester of streptovaricin C triacetate has been deter-
mined by single-crystal x-ray methods. The derivative studied was of the atropisomer of the naturally occurring form of strep-
tovaricin C triacetate and it crystallized as a 1:1 methylene dichloride solvate. The crystals are orthorhombic, ¢ = 22.487 (8),
b =12.678(5),and ¢ = 19.723 (6) A, with four molecules of CsaHssBBrNO;7.CH,Cl, in the space group P2,2,2,. The struc-
ture has been refined to an R factor of 0.106 on 2148 nonzero reflections. A strong indication of the absolute configuration was
obtained from the x-ray study. The relative configuration, absolute configuration, and conformation of the ansa ring in this
derivative of streptovaricin are compared with those found in other derivatives of ansamycins that have been studied by x-rays.
Some structural features that may have a bearing on the biological activity of these macrocyclic antibiotics are also described

and discussed.

The streptovaricins are a class of antibiotics that contain
a naphthoquinone nucleus.and a macrocyclic aliphatic ansa
bridge, i.e., one connecting two nonadjacent positions in an
aromatic nucleus.! The streptovaricins, along with the related
rifamycins, have been shown to have important biological
activity, such as the inhibition of RNA-dependent DNA
polymerase (reverse transcriptase) from RNA tumor virus,
the inhibition of DNA-dependent RNA polymerase from
Escherichia coli, and general antiviral and antibacterial
properties, especially against mycobacteria.2 Different
members of the streptovaricin class have varying activities in
these separate areas of biological action. In particular, the level
of acetylation of the several hydroxyl groups in the molecule
has a significant effect on activity.

We are planning to undertake a study of the relationship of
the detailed three-dimensional structure of molecules of the
streptovaricin family to their biological function with the aim
of ascertaining some of the factors that govern such activity.
As the first step in this direction, we now describe the three-
dimensional structure of a p-bromobenzeneboronate ester of
streptovaricin C triacetate. This work also served to confirm
the earlier chemical work of Rinehart and colleagues as to gross
structure? and to establish the complete stereochemistry. A
preliminary communication has been published.* Some more
recent studies® have shown that the compound studied was in
fact the atropisomer of the derivative of streptovaricin C tri-
acetate, rather than the form corresponding to naturally oc-
curring streptovaricin C. Atropisomers in the ansamycins arise
due to a reversal of the sense or helicity of the ansa ring (see
Figure 1).

Experimental Section

Streptovaricin C triacetate (1) upon reaction with p-bromoben-
zeneboronic acid gave two derivatives. One of these esters, 2, was
obtained in 16% yield and melted at 215-220°, while the other, 3, was
obtained in 14% yield and melted at 214-217°. The first derivative
was originally thought to be an acyclic ester,* but the two esters are
now recognized to be the two atropisomeric cyclic p-bromobenzene-
boronate esters (Cs;HsgBBrNO,7) of 1 (Figure 1).° The helicity of
the ansa ring in the ester 2 is now known to correspond to that of
naturally occurring streptovaricin C; the x-ray analysis was carried
out on a solvate of the atropisomeric ester 3.
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The ester 3 was crystallized from methylene dichloride-ether to
give a methylene dichloride solvate, CsoHssBBrNO;7 CH,Clz (mp
275-278°), crystals of which were adequate for x-ray structure de-
termination.

Structure Determination of the p-Bromobenzeneboronate Ester of
Streptovaricin C Triacetate: Methylene Dichloride 1:1 Solvate. The
crystals of the methylene dichloride solvate are red and transparent
with a rectangular bar shape, elongated along the b axis. A relatively
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