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The potential energy surfaces at different levels of ab initio electronic structure theory with correlation effects
included are reported for rotation about the C(sp2)-C(aryl) bond inN-methylbenzamide. The results reveal
a minimum at a CdCsCdO dihedral angle of(28° with barrier heights (MP2/aug-cc-pVTZ//BLYP/DZVP2/
A2) of 0.48 kcal/mol at 0° and 2.80 kcal/mol at 90°. Fully optimized geometries are in good agreement with
crystal structure data, and potential energy surfaces are consistent with the experimental dihedral angle
distribution. The results are used to assign MM3 force field parameters to allow calculation onN-
methylbenzamide and other benzamide derivatives.

Introduction

Amides are a class of molecules important to several chemical
disciplines. Not only are they a major functional group in organic
chemistry1 but also they form key linkages in natural macro-
molecules such as proteins, polypeptides, synthetic macromol-
ecules such as nylons, and polyaramides such as Kevlar. Amides
also contain oxygen and nitrogen atoms that can coordinate with
metal ions.2 Our current research centers on the development
of structure-function relationships for the design of organic
receptors for actinides and lanthanides. In the design of such
host molecules, the amide functionality can play a role as a
donor site or as a structural element for linking other donor
sites.3 Knowledge of the stable configurations of the host
provides the foundation for understanding how the host structure
influences guest binding. To gain this knowledge, we have been
studying the conformational aspects of amides and diamides
by using high-level electronic structure methods. In prior studies,
we have reported detailed analyses of C(sp2)-C(sp3) rotation
in simple aliphatic amides,4 the stable conformations of mal-
onamide5 and succinamide derivatives,6 and C-H‚‚‚O hydrogen
bonding between amide donors and acceptors.7 The current study
extends this work by examining the rotational potential energy
surface (PES) for the C(sp2)-C(aryl) bond inN-methylbenz-
amide (NMB; Scheme 1).

We are interested in NMB as a model for a structural element
that occurs in a class of siderophores known as triscatechola-
mides.8 In these compounds, an amide moiety is used to link a
chelating donor site, catechol, to the backbone of the host

(Scheme 2). The degree of rotation about the C(sp2)-C(aryl)
bond plays an important role in directing the oxygen donors
toward the guest. In this case, the rotational potential surface
will be influenced by the conjugation of the amide and areneπ
orbitals, steric repulsions with ortho arene substituents, and
intramolecular hydrogen bonding. A study of NMB provides a
measure of the effect of the first two factors. Understanding
C(sp2)-C(aryl) bond rotation in NMB also has application in
the conformational analysis of aramide polymers (Scheme 2).

An examination of the literature failed to reveal any reported
experimental measurements of the barrier to C(sp2)-C(aryl)
rotation in NMB. Large C(sp2)-C(aryl) rotational barriers, 12-
18 kcal/mol, have been measured forN,N-dialkylbenzamide
derivatives with ortho substituents on the arene.9 These barriers
approach the barriers for C(sp2)-N(amide) rotation, suggesting
that C(sp2)-C(aryl) rotation may be coupled with C(sp2)-
N(amide) rotation in these severely sterically hindered com-
pounds. Prior reports of theoretical studies on NMB are limited
to a rotational PES obtained by molecular mechanics after fitting
force field parameters to give the best agreement with X-ray
crystal structure data.10 Rotational PESs at the AM1 and HF/
DZ+D level have been reported for C(sp2)-C(aryl) rotation in
the closely related molecule 1,4-phenylenediformamide.11

Herein we report PESs for rotation about the C(sp2)-C(aryl)
bond in NMB obtained from both density-functional theory
(DFT) and Møller-Plesset theory calculations. The calculations
yield a barrier height of 2.8-2.9 kcal/mol. Fully optimized
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geometries are in good agreement with crystal structure data,
and the calculated PESs are consistent with an experimental
dihedral angle distribution. The results are used to assign MM3
force field parameters to allow calculation on NMB and other
benzamide derivatives.

Theoretical Details

Electronic Structure Calculations. Calculations on NMB
were performed using both DFT and second-order Møller-
Plesset perturbation theory (MP2).12 DFT calculations were done
with the DGauss program system13 using the local density
approximation (SVWN exchange-correlation functional)14 and
the generalized gradient approximation (BLYP exchange-
correlation functional).15 All DFT calculations were done using
a polarized double-ú basis set (DZVP2) optimized at the DFT
level with the A2 charge-density-fitting basis set in order to
get formal N3 scaling (DFT/DZVP2/A2).13,16MP2 calculations
were done either with the Gaussian 98 program17 using a
polarized double-ú valence basis set for molecular orbital
calculations (DZP)18 or with the NWChem program19 using the
aug-cc-pVTZ basis set.20

The PES for NMB was obtained by constraining the dihedral
angleΦ (C1-C2-C3-O4; see Scheme 1) to a series of values
and fully optimizing the remaining geometrical degrees of
freedom at the SVWN/DZVP2/A2, BLYP/DZVP2/A2, and
MP2/DZP levels of theory. In addition, single-point energies
were calculated at the MP2/aug-cc-pVTZ level using the BLYP
geometries. The approximate location of the minimum on the
PES was identified, and the full geometry optimization of the
minimum energy structure for NMB was performed at the
SVWN/DZVP2/A2, BLYP/DZVP2/A2, and MP2/DZP levels
of theory. Frequencies were calculated analytically at the BLYP/
DZVP2/A2 level.

Cambridge Structural Database. Experimental average
geometric parameters and dihedral angle distribution were
obtained through analysis of the Cambridge Structural Database
(CSD).21 The CSD program QUEST was used to identify
structures containing a phenyl ring attached to an amide CdO
in which both arene ortho positions were occupied by hydrogen
atoms and the nitrogen was substituted with a hydrogen atom
and a C(sp3) carbon. A total of 170 structures were retained
when the search was constrained to eliminate all structures with
R factors greater than 10%, with errors, or with disorder. The
CSD program VISTA was used to perform a statistical analysis
of the geometric parameters in these structures to provide a basis
for comparison with theoretical results.

Force Field Calculations.Calculations were performed with
the MM3(96) program.22 The development and validation of
default amide parameters provided with the program are
described elsewhere.23 This model uses several dielectric-
dependent parameters to account for changes in the amide
moiety that occur on going from the gas phase to the condensed
phase. These changes include an increased CdO bond length,
a decreased C-N bond length, and an increase in the barrier to
rotation about the C-N bond. Default gas-phase parameters (ε

) 1.5) were applied when doing MM3 calculations for fitting
the PES and for comparing structural features with those
obtained from electronic structure calculations. Condensed phase
parameters (ε ) 4) were applied when doing MM3 calculations
for comparing structural features with those obtained from X-ray
data.

Input files for NMB were created using standard MM3 atom
types: 1 (alkane carbon), 3 (carbonyl carbon), 50 (benzene
carbon), 7 (amide oxygen), 9 (amide nitrogen), 5 (C-H), and

28 (N-H). It is not possible to perform calculations on NMB
with the default MM3(96) parameter set because of missing
parameters. The default MM3(96) parameter set was used after
the following modifications and additions. Using the same
stretching force constant as a type 50-50 bond, 6.56 mdyn/Å2,
the bond 3-50 was assigned anr0 of 1.485 Å to reproduce the
average bond length observed in crystal structures. After a
bending force constant of 1.00 (mdyn Å)/rad2 was assigned,
which is similar in magnitude to values used for 1-3-7 and
7-3-9 bends, the 9-3-50 bend (missing in the default
parameter set) was assigned aθ0 of 114.0° to reproduce the
average bond angle observed in crystal structures. On the basis
of prior work withN-benzylformamide,24 parametersε* ) 0.400
and r* ) 2.580 Å were assigned to a 5-7 hydrogen bond.
Finally, theV2 parameters for 7-3-50-50 and 9-3-50-50
(missing in the default parameter set) torsion interactions were
adjusted to fit PES for C(sp2)-C(aryl) bond rotation at the MP2/
aug-cc-pVTZ level of theory, yielding values of 3.300 and 0.700
kcal/mol, respectively.

Results and Discussion

The PESs for rotation about the C(sp2)-C(aryl) bond in NMB
at the different levels of theory are shown in Figure 1, and the
energy values are given in Table 1. Given the symmetry of this
PES, we present only values from 0 to 90°. The form of the
PES for the different methods is very similar with all levels of
theory, showing a low barrier at 0° and a high barrier at 90°.
The BLYP/DZVP2/A2, MP2/DZP, and MP2/aug-cc-pVTZ
barrier heights are very close in energy at 90°, 2.80-2.91 kcal/
mol, whereas the SVWN/DZVP2/A2 method gives a 90° barrier

Figure 1. PES for C(sp2)-C(aryl) bond rotation in NMB whereΦ is
the C1-C2-C3-O4 dihedral angle (see Scheme 1).

TABLE 1: Relative Energies (kcal/mol) for the
C(sp2)-C(aryl) Rotational PESa

Φ SVWN BLYP MP2/DZP MP2/aug-cc-pVTZb

0.0 0.02 0.28 0.98 0.43
16.3 0.00
28.3 0.00
28.6 0.00 0.00
40.0 1.39 0.32 0.31
60.0 3.01 1.52 1.52
80.0 4.37 2.65 2.62
90.0 4.54 2.85 2.91 2.80

a Total energies at the minimum:E(SVWN/DZVP2/A2) )
-436.572 175 au;E(BLYP/DZVP2/A2) ) -440.207 116 au;E(MP2/
DZP) ) -438.967 651 au;E(MP2/aug-cc-pVTZ)) -439.584 784 au
b Single-point energy calculation on the BLYP/DZVP2/A2 geometry.
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of almost 2 kcal/mol higher. The spread in barrier heights is
larger for the 0° barrier, where SVWN/DZVP2/A2 gives 0.02
kcal/mol, BLYP/DZVP2/A2 gives 0.28 kcal/mol, MP2/aug-cc-
cpVTZ gives 0.48 kcal/mol, and MP2/DZVP gives 0.98 kcal/

mol. The results support the prior PES obtained by fitting force
field parameters to X-ray structure in which the calculated
barriers were found to be 2.6 and 0.4 kcal/mol, respectively.10

MM3 parameters for the two torsional interactions, 7-3-
50-50 and 9-3-50-50, were adjusted to fit the MP2/aug-cc-
cpVTZ PES to within an average error of(0.05 kcal/mol as
shown in Figure 2. The fit was obtained by assigning barrier
heights for twofold periodicity only, i.e.,V2 parameters. This
result suggests that there is an intrinsic preference for the amide
to remain coplanar with the arene. A tendency toward planarity
is consistent with the fact that coplanar orientation would align
π orbitals resulting in stabilization through delocalization of
electron density.

After locating the approximate positions of the rotational
minima, full geometry optimizations were performed at the
SVWN/DZVP2/A2, BLYP/DZVP2/A2, and MP2/DZP levels
of theory. Vibrational frequencies, calculated at the BLYP/
DZVP2/A2 level, established the absence of any negative
modes, verifying the structure obtained at this level of theory
to be a true minimum on the PES. The lowest frequency, which
corresponds to the torsion about the C(sp2)-C(aryl) bond, is
56 cm-1 (0.16 kcal/mol). This value is only 0.12 kcal/mol less
than that of the torsional barrier at this level of theory, suggesting
that there are at most a couple of modes bound by the 0° barrier.
Calculated frequencies of 1648 cm-1 for the CdO stretch and

Figure 2. Comparison of experimental distribution ofΦ (top) with
the PES obtained at the MP2/aug-cc-pVTZ level of theory (bottom).
The solid curve in the lower plot shows the MM3 fit to the MP2/aug-
cc-pVTZ energies.

TABLE 2: Experimental and Calculated Structural Data a

gas-phase crystal

feature
VWN

re

BLYP
re

MP2
re

MP2
rg

b
MM3+

(ε ) 1.5)
expt

X-ray
MM3+

(ε ) 4.0)

C1-C2 1.398 1.416 1.407 1.412 1.400 1.38(1) 1.400
C2-C3 1.489 1.516 1.502 1.507 1.500 1.50(1) 1.500
C2-C7 1.400 1.417 1.409 1.414 1.400 1.39(2) 1.400
O4-C3 1.238 1.250 1.239 1.229 1.225 1.23(1) 1.241
C3-N5 1.363 1.387 1.374 1.380 1.382 1.34(2) 1.340
N5-C6 1.435 1.467 1.456 1.462 1.455 1.46(2) 1.454
C1-C2-C3 116.5 117.7 117.8 116.5 118(1) 116.2
C3-C2-C7 123.8 123.0 122.4 123.8 123(1) 124.3
C2-C3-O4 121.5 121.9 122.5 120.4 121(1) 120.3
C2-C3-N5 116.0 115.7 115.2 117.0 117(1) 117.2
O4-C3-N5 122.4 122.5 122.3 122.3 122(1) 122.4
C3-N5-C6 120.9 121.9 119.7 121.0 122(2) 121.3
C1-C2-C3-O4 (Φ) 16.3 28.6 28.3 24.4 22(12) 16.6
C7-C2-C3-N5 17.4 30.6 29.3 30.5 22(11) 20.7
C2-C3-N5-C6 178.4 177.7 174.7 179.0 175(4) 179.4
O4-C3-N5-C6 -0.9 -2.3 -5.7 -3.0 -5(4) -1.9
γ 359.3 358.6 355.3 359.7 359.9
R 7.6 12.2 21.6 4.7 2.5

a Bond lengths are in angstroms, and bond angles are in degrees. Pyramidalization of the amide nitrogen is expressed in terms ofγ, the sum of
the three bond angles subtended at nitrogen, andR, the angle between the N-H bond and the C-N-C plane.b MP2 rg values were estimated from
computedre values based on past performance.27

Figure 3. Two views of the MP2/DZP minimum energy structure of
NMB.
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3559 cm-1 for the N-H stretch are consistent with the
experimental ranges of 1630-1690 cm-1 for CdO and 3400-
3500 cm-1 for N-H.25 A table of all frequencies is given as
Supporting Information.

The fully optimized MP2/DZP geometry for the minimum
energy structure is shown in Figure 3, and important geometry
parameters at all levels of electronic structure theory are given
in Table 2. The coordinates for the optimized structures are given
as Supporting Information. All levels of theory predict that the
phenyl ring rotates out of the plane of the amide group. The
degree of rotation, as measured by the C1-C2-C3-O4 dihedral
angleΦ, is 16.3 at SVWN/DZVP2/A2, 28.6 at BLYP/DZVP2/
A2, and 28.3° at MP2/DZP. The deviation from planarity results
from steric repulsion between the arene ortho hydrogen atoms
and the amide N-H and O atoms. For example, in the MP2/
DZP structure, the N-H‚‚‚Harenedistance is 2.256 Å and the
O‚‚‚Harene distance is 2.590 Å. The former interaction is
consistent with pyramidalization of the amide nitrogen, as is
shown by the parametersR and γ in Table 2. The O‚‚‚Harene

distance falls within the range of values expected for C-H‚‚‚O
hydrogen bonds.26 However, the weak acidity of the arene
hydrogen coupled with unfavorable geometric features, a Cd
O‚‚‚H angle of 79.3° (ideal angle) 120°) and a C-H‚‚‚O angle
of 94.5° (ideal angle) 180°),7 suggests this interaction to be
repulsive rather than attractive. Consistent with this hypothesis,
an examination of the MM3 energy reveals this interaction to
be repulsive, 0.35 kcal/mol, even when the C-H‚‚‚O interaction
is included in the force field (see Theoretical Details section).

Table 2 provides a comparison of bond lengths and bond
angles obtained at the various electronic structure levels, at the
MM3 level in the gas phase (ε ) 1.5) and in the condensed
phase (ε ) 4.0), and experimental averages from X-ray
diffraction data. Comparison of bond lengths obtained with
electronic structure calculations reveals that, with respect to the
MP2/DZP method, the SVWN/DZVP2/A2 method underesti-
mates bond lengths (low by 0.011 Å on average), whereas the
BLYP/DZVP2/A2 calculation overestimates bond lengths (high
by 0.011 Å on average). Bond lengths from electronic structure
calculations (re) tend to be shorter than those of experimental
values (rg). The re values from MP2/DZP have been corrected
to rg values by a set of empirical parameters to allow a more
meaningful comparison against the MM3.27 The agreement
between MP2/DZP and MM3 (ε ) 1.5) bond lengths is good,
with an average absolute deviation of 0.008 Å. Similarly, there
is good agreement between MM3 (ε ) 4.0) and X-ray bond
lengths, with an average absolute deviation of 0.008 Å. The
average deviations between the theoretical and experimental
bond angles are as follows: VWN/DZVP2/A2, 0.88°; BLYP/
DZVP2/A2, 0.52°; MP2/DZP, 1.11°; MM3 (ε ) 1.5), 0.70°;
MM3 (ε ) 4.0), 0.85°.

Figure 2 compares the distribution ofΦ observed in 170
X-ray crystal structures, plotted as a histogram of the number
of occurrences versus the absolute value ofΦ, against the PES
obtained at the MP2/aug-cc-pVTZ level and reproduced with
our modified version of MM3. Fully consistent with the
theoretical results, the experimental data shows thatΦ is
populated predominantly in the region where the energy is less
than 1 kcal/mol above the minimum, i.e., 0( 55°. The average
experimental value, 22( 11°, is close to the predicted minimum
energy values, andΦ is more heavily populated in the range of
11-33° than it is near 0°, which is in agreement with the
presence of a small barrier at 0°.
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