3554 J. Phys. Chem. A999,103, 3554-3561

Conformational Analysis of Malonamide, N,N'-Dimethylmalonamide, and
N,N,N’,N’-Tetramethylmalonamide

Giovanni Sandrone, David A. Dixon,* and Benjamin P. Hay*

Theory, Modeling, and Simulation Group, #ronmental Molecular Science Laboratory, Pacific Northwest
National Laboratory, Richland, Washington 99352

Receied: January 4, 1999; In Final Form: February 22, 1999

This paper reports the results of a theoretical study to identify the stable conformers of malonamide, three
geometric isomers dfl,N'-dimethylmalonamide, and,N,N'N’-tetramethylmalonamide at different levels of

ab initio electronic structure theory. Two stable conformations are identified for each malonamide derivative
examined. Only one of these 10 structures has previously been reported. The structural parameters and relative
energies of these conformations are compared at the Hafimak, local density functional theory, nonlocal
density functional theory, and MgllePlesset levels of theory. The results show that significant differences

in both structure and energy are obtained at the different levels of theory.

Introduction

A previous paper has described a theoretical study of the
stable conformations and the potential energy surfaces for
C(sP)—C(sp) rotation in the simple aliphatic amides acetamide,

1, propanamidep, 2-methylpropanamide3 and 4, and 2,2-
dimethyl-propanamide; (see Figure 1}.In these cases, the
C(sp) carbon is substituted with either H or Glgroups. The

current study extends this work by examining the conformations
of malonamide and itdN-methylated derivatives6—10 in
Scheme 1. The C(8p-C(sp) rotational potential surface in
these diamides is more complex than those found in the
monoamides in that the C&psubstituent is an amide group

yielding two possible C(gp—C(sp) bond rotations and, in some
cases, the possibility of intramolecular hydrogen bonding.

The stable conformations of malonamides are important in
understanding the chemistry of several classes of molecules
including bioactive peptide analogu&s$,n,3 nylon polymer§;10
and metal ion sequestering agehtdt is the last class of
compounds that provides the motivation for the current study.
We have recently reported on the structural aspects of metal
ion complexation by the amide oxygen donor and have
elucidated the optimal orientation for coordination in terms of 5
M—0 bond length, M-O=C angle, and M-O=C—X torsion
anglel213When two amides are connected to form a potential Figure 1. Simple aliphatic monoamides.
bidentate ligand, the connecting structure constrains the orienta-
tions of the two donor groups. Malonamide-derived ligands, in a single minimum wittC, symmetry which they later confirmed
which the amide groups are connected by a methylene moiety,by HF/STO-3G and HF/4-31G* calculatioAsHowever, full
represent one of the simplest cases of this. Understanding howgeometry optimizations were not performed. Subsequent cal-
ligand architecture influences metal complex stability requires culations have revealed that this symmetrical minimum is not
knowledge of the stable ligand conformations and their relative obtained when full optimizations are performed. Aleman et al.
energies. Obtaining this information in the absence of environ- have explored the potential energy surface8otising the
mental effects (e.g., solvation, crystal packing) is the first step semiempirical AM1 method. Full HF/4-31G* optimizations of
toward this goal. the four degenerate minima yielded an asymmetric structure with

Attempts to identify preferred conformations of malonamides an intramolecular NHO hydrogen bon&&PThe conformational
from X-ray crystal structure data area are complicated by a preferences 08 have also been explored by force field meth-
propensity for the amide group to form intermolecular hydrogen ods®¢ No other stable conformations f8rhave been reported.
bonds®78 Prior theoretical studies have focused almost exclu- Analogous conformations were obtained in studiesd,N'-
sively on the most stable geometric isomeMyN’-dimethyl- trimethylmalonamidé, 2-methyldN,N'dimethylmalonamidé$
malonamide 8. The earliest calculations were performed by and 2,2-dimethyN,N’-dimethylmalonamidé. No conforma-
Stern et al. using a molecular mechanics me#tiddhey located tional analyses have been reported Gralthough there has
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been a recent study of asymmetrically substituted,N’,N'-
tetraalkylmalonamide®. No conformational analyses have been
reported for7.

Herein we report the results of a theoretical study to identify
the stable conformers @—10 at different levels of ab initio
electronic structure theory with correlation effects included. We
have adopted the following strategy to avoid exhaustive dihedral
angle scans for each molecule. First we examined the potential
energy surface of6é in which no intramolecular NH-O
hydrogen bonding can occur. This yielded two conformers. Then
we examined for all possible structures in which intramolecular
hydrogen bonding could occur. This yielded two other conform-
ers. Conformations obtained wiéhand7 provided the starting
points for8, 9, and10. The structural parameters and relative
energies for these conformers are presented. The results
demonstrate that significant differences in both structure and
energy are obtained at different levels of theory.

Methods Figure 3. Optimized MP2/DZP geometries 6f

The calculations were done at both the ab initio molecular (seq Figyre 2). The nine different conformers on this rotational
orbital (MO) theory and density functional theory (DFT) levels. potential energy curve were optimized by freezing the value of
The DFT calculations were done with the program system W, the G—Cs—Ces=0; dihedral angle ' = —50°, —25°, 0°

DGauss:* The DFT calculations were done with the DZVP2 55 5p 750 100, 125. and 150). Two stable conformers
basis set and the A1 fitting basis $etCalculations were done AR e X ' '

6a and6b, were obtained by full optimization of the structures
at the local level (LDFT) with the Vosko, Wilk, and Nusair fit y P

atW = 100 andW, = 25°. These conformers are shown Figure

of the correlation energy and Slater exchafigend at the 3 gy ctural parameters at all levels of theory are reported in
gradlent-correcyed (nonlocal) level (NLDFT)_W'th the_ Becke Taple 1. Relative energies at all levels of theory are reported in
exchange function&l and the Perdew correlation functiorél. Table 2.

The MO calculations were done at the Hartré®ck (HF) and The lowest energy conformesa, occurs at¥ = 108.8 and

lelegg—PIesset (MP2)20IeveIs with the programs GAUSSI- 55, symmetry. In this conformer, the two=€D dipoles are
AN94™ and NWCHEM?The MO calculations were done with e nte in opposite directions, minimizing unfavorable dipole

a polarized doublé-basis set! Geometries were optimized at dipole interactions. In addition, there are close contacts (2.26

all levels for the different conformers. Frequencies were A) between the oxygen of one amide and a methyl hydrogen
calculated analytically for all conformers at all levels except ¢ ha other amide. These close contacts suggest the presence

for 6 at the .MP2 Ielvell. Final energy galculations were done at ¢ ¢rther stabilization through two ©@H(CH,) hydrogen bonds.
the appropriate optimized geometry with larger basis sets, TZVP Analogous G--H—C hydrogen bonding interactions are often

for the DFT calculation$ and aug-cc-pVDZ and aug-cc-pVTZ - ghserved in cases when the acceptor oxygen occurs in water,
for the MO calculationg?23 an alcohol. or an eth&f.

The second conformergb, occurs at¥ = 10.8. This
conformer is higher in energy thaa at all levels of theory

N,N,N",N'-Tetramethylmalonamide (6).A potential energy (see Table 2). At our best level of theory, MP2/DZP//MP2/cc-
surface for rotation about one of the-C bonds inN,N,N’,N’- aug-pVTZ, the energy difference is 2.84 kcal molThe higher
tetramethylmalonamide was calculated at the MP2/DZP level energy of 6b can be attributed to both the less favorable

Results and Discussion
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TABLE 1: Calculated Geometry of 6a and 613

Sandrone et al.

HF LDFT NLDFT MP2
parameter 6a 6b 6a 6b 6a 6b 6a 6b
C3-04 1.211 1.206 1.245 1.239 1.251 1.245 1.246 1.241
c6—-07 1.211 1.205 1.245 1.239 1.251 1.246 1.246 1.241
C3—-N2 1.351 1.360 1.356 1.364 1.375 1.383 1.368 1.375
C6—N8 1.351 1.359 1.356 1.360 1.375 1.379 1.368 1.375
C1-N2 1.453 1.455 1.440 1.441 1.466 1.467 1.457 1.458
C11-N2 1.455 1.452 1.444 1.440 1.468 1.465 1.459 1.456
C10-N8 1.455 1.451 1.444 1.440 1.468 1.465 1.459 1.456
C9-N8 1.453 1.454 1.440 1.442 1.466 1.468 1.457 1.458
C6—C5 1.531 1.525 1.516 1.516 1.542 1.540 1.531 1.531
C3-C5 1.531 1.525 1.516 1.513 1.542 1.537 1.531 1.525
C2-C5-C6 113.0 111.6 112.9 112.1 114.5 112.7 112.1 110.9
C10-N8-C9 115.1 115.5 116.8 116.8 115.8 115.8 115.5 115.7
C1-N2—-C11 1151 114.6 116.8 115.8 115.7 1151 115.5 114.7
O7—-C6—N8 122.7 122.6 122.5 122.1 122.4 122.2 122.6 122.5
04—C3—N2 122.7 122.5 122.5 122.5 122.4 122.4 122.6 122.7
O7-C6-C5 118.6 120.4 120.4 121.6 119.7 1215 119.9 121.3
04—-C3-C5 118.6 118.2 120.4 119.5 122.4 122.4 122.6 122.7
C9-N8-C6 119.1 118.5 118.5 118.3 118.6 118.5 118.9 118.9
C10-N8—C6 125.2 123.8 124.6 124.2 124.8 123.9 125.4 123.9
C11-N2-C3 125.2 1235 124.5 123.7 124.9 123.8 125.4 123.9
C1-N2-C3 1151 117 118.5 117.3 118.6 117.3 118.9 117.5
C9-N8—-C6-07 45 8.3 4.1 6.9 4.7 7.6 3.9 7.0
C10-N8—C6—07 175.5 169.5 179.8 173.9 174.6 171.5 177.6 172.8
C9—N8—-C6—C5 —175.5 —173.4 —176.1 —174.0 —175.2 —173.6 —176.9 —174.1
C10-N8—-C6—-C5 —4.6 -12.3 -0.4 -7.0 -5.2 -9.7 -3.2 —-8.4
C11-N2—-C3-04 175.5 162.6 —179.8 169.4 174.2 165.2 177.4 164.7
C1-N2—-C3-04 45 8.2 45 8.8 4.9 7.8 4.0 8.4
C11-N2—-C3-C5 —4.6 -21.7 0.0 -13.0 -5.8 —18.7 -3.4 —18.3
C1-N2—-C3-C5 —175.5 —176.2 —-175.7 —-173.7 —175.2 —176.1 —176.8 —174.6
N8—C6—C5—-C3 —-81.1 170.5 —77.4 167.4 —77.4 170.3 —78.5 170.5
N2—-C3-C5-C6 —-81.1 84.9 —77.9 75.6 =771 81.9 —78.4 81.2
O7-C6—-C5-C3 98.9 -11.2 102.4 —13.5 102.7 —10.8 100.8 -10.7
04—-C3—-C5-C6 98.9 —99.2 101.9 —106.8 102.9 —101.9 100.8 —101.8
aBond distances in A. Angles in degrees.
TABLE 2: Relative Stabilities of Conformer Pairs for 6 -1
HF LDFT NLDFT MP2
DzP pvDz pVvTZ DzvP2 TZVP DzvP2 TZVP DzP pvDzZ pVvTZ
6b—6a 1.20 0.88 1.40 5.98 5.01 3.96 3.41 3.14 2.63 2.84
7b—7a 4.65 4.45 4.47 6.26 6.20 4.83 4.77 4.19 3.97 4.22
8b—8a 7.10 7.04 5.54 5.53 4.54 4.10 4.37
9a—8a 3.26 3.27 3.41 3.89 6.67 3.43 3.73 2.47 2.23 171
9b—9a 3.78 3.34 3.57
10a—8a 7.47 7.44 7.74 6.75 7.21 6.74 7.28 5.81 5.20 4.93
10b—10a 1.53 0.88 1.40 4.93 2.93 3.61 4.77 2.83 2.69 2.97

a AE values (kcal/mol). DZP= polarized doublé€: basis set, pv¥DZ= aug-cc-pVDZ, pVTZ= aug-cc-pVTZ.

TABLE 3: Close Hydrogen Contacts along the CG-C
Rotational Surface in &

v Hp—Ha1 Hp—Ha2
—25.C 2.581 2.018
0. 2.364 2.166
10.7 (min) 2.304 2.265
25.0¢ 2.063 2.469

a See Figure 3 for hydrogen assignments.

orientation of the &0 dipoles and the loss of the stabilizing
O---H(CH2) hydrogen bonds. Théb conformer is stabilized
by a minimization of the steric interactions between the methyl

hydrogen, H, and the methylene hydrogens,tnd Hy, (see
Figure 3). Table 3 reports the values of the distancgsHt;

and H,—Hgz as a function ofV!. On either side of the minimum
one of the two possible HHy, distances becomes quite short;

Ha1—Hp is 2.063 A atW = 25° and H—Hy is 2.018 A at¥;
= —25°. These severe steric clashes are minimizeH at 10.8
where the H—H,, distances are 2.265 and 2.304 A.

Malonamide (7). Intramolecular hydrogen bonding results
in conformations foi7 that differ substantially from those located
for 6. The two stable conformations of malonamid& @nd
7b) are shown in Figure 4. If calculations are performed7on
using initial geometries corresponding to eitléeror 6b, then
7ais obtained. Structural parameters at all levels of theory are
reported in Table 4. Relative energies at all levels of theory are
reported in Table 2.

The more stable of the two structuré&, has a NH--O
hydrogen bond. This interaction involves the hydrogen that is
trans to the carbonyl group which has been found to be a
stronger hydrogen bond donor than the hydrogen cis to the
carbonyl group® The H--O distance is 2.135 A at the HF level,
1.824 A at the LDFT level, 2.036 A at the NLDFT level, and
2.086 A at the MP2 level. The +O distance at the MP2 level
is comparable to the value of 2.076 A calculated for tiia@s
N-methylacetamide dimer (MP2/DZP3.0ur H:---O distances
correspond to heavy atom-NO distances of 2.855 A, 2.685,
2.838, and 2.849 A for the HF, LDFT, NLDFT, and MP2 levels
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Figure 4. Optimized MP2/DZP geometries Gf

of theory, respectively. The=€0 bond of the hydrogen bond
acceptor is longer, by 0.003 to 0.009 A, than the otherGC
bond at all levels of theory. The-€N bond of the hydrogen
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method predicts a slightly smaller energy difference of 4.2 kcal
mol~! with the DZP basis set. The value decreases to 4.0 kcal
mol~! with the aug-cc-pVDZ basis set. We also calculated the
energy difference with the aug-cc-pVDZ basis set and the energy
only changed by a small amount to 4.2 kcal molThe DFT
calculations also predicta to be the most stable conformer.
The NLDFT values are 4.8 kcal nmidl with both the double-
and triple€ basis sets, similar to the HF values and about-0.6
0.8 kcal mot™* above the MP2 values. The LDFT value for DE
is 6.3 kcal moft with the DZVP2 basis sets and 0.1 kcal mbol
higher when TZVP is adopted.

The stability of 7a over 7b can be attributed to two main
factors. First, as in6a, unfavorable €O dipole-dipole
interactions are minimized inarelative to7b. Second, studies
of the intermolecular interactions between two amides reveal
that the strength of the NiHO hydrogen bond (67 kcal mol?)
is stronger than that of the NHN hydrogen bond (32 kcal
mol=1).25-27 |n the specific case of acetamide dimers, in which
the hydrogen bond donor is the trans hydrogen, the difference
between a NH-O hydrogen bond and a NHN hydrogen bond
is 5.0 kcal mof .25 This difference is comparable to the energy

bond donor is less noticeably affected with changes ranging differences obtained betwedia and7b (see Table 2).

from —0.001 to 0.004 A, depending on the level of theory.
The less stable of the two structured), has a NH:-N

N,N'-Dimethylmalonamide (8, 9, and 10)We now turn our
attention to the case where each nitrogen is substituted with

hydrogen bond. This hydrogen bond also involves the hydrogenone methyl group and one hydrogen. Because the barrier to

that is trans to the carbonyl group. The-HN distance is 2.562

A at the HF level, 2.224 A at the LDFT level, 2.439 A at the
NLDFT level, and 2.323 A at the MP2 level. These distances
correspond to heavy atom NN distances of 3.20 A, 2.94, 3.16,
and 3.05 A for the HF, LDFT, NLDFT, and MP2 levels of
theory, respectively. The intramolecular NHN distance at the
HF level is significantly shorter than the intermolecular NN
value of 3.54 A calculated for the acetamide dimer (HF/6-
31G**).25The C-N bond length of the hydrogen bond acceptor
is significantly longer, by 0.013 to 0.023 A, than the-8 bond
length of the hydrogen bond donor at all levels of theory. The

rotation about the amide bond {NC(=0)) is large, on the order
of 16—20 kcal mot™,28 N,N'-dimethylmalonamide exhibits three
geometric isomers. The orientation, cis or trans, of the methyl
groups relative to the carbonyl groups distinguishes these
isomers. Using this designation, the three cases are theisis
form, 8, the cis-trans form,9, and the transtrans form,10.
Cis-cis Form 8). The two stable conformations of the €is
cis form @aand8b) are shown in Figure 5. Dihedral angles at
all levels of theory are reported in Table 5. Relative energies at
all levels of theory are reported in Table 2. These conformations
are similar to those observed farAttempts to locate additional

C=0 bond distances, however, are less noticeably affected with stable conformations using initial geometries corresponding to

changes of only 0.001 to 0.002 A.

At the HF/DZP level,7ais 4.6 kcal mot! more stable than
7b. AE slightly decreases (4.5 kcal nmd) as the quality of the
basis set is improved (aug-cc-pVDZ, aug-cc-pVTZ). The MP2

TABLE 4: Calculated Geometry of 7a and 713

6a and6b yielded8a at all levels of theory.

The more stable conforme8a, with a NH---O hydrogen
bond, corresponds tdéa. The hydrogen bonded ring structure
in 8ashows an ®-H distance of 2.129 A at the HF level, with

HF LDFT NLDFT MP2

parameter 7a b 7a 7b 7a b 7a 7b
C2-06 1.206 1.198 1.242 1.228 1.247 1.236 1.240 1.231
C4-07 1.203 1.200 1.233 1.23 1.240 1.237 1.235 1.232
C2-N1 1.350 1.368 1.354 1.379 1.371 1.396 1.367 1.394
C4—N5 1.350 1.356 1.350 1.357 1.370 1.375 1.368 1.371
C3-C2 1.520 1.519 1.506 1.506 1.530 1.529 1.523 1.520
C3-C4 1.528 1.528 1.527 1.524 1.547 1.550 1.534 1.537
C2-C3-C4 1151 115.7 114.9 117.1 115.0 115.7 112.9 114.2
N1-C2—-06 122.2 122.0 125.6 121.5 121.8 121.6 122.3 121.9
N5—-C4-07 123.7 122.6 125.4 123.1 1245 123.0 124.1 123.1
H10—N1—-H11 119.3 117.2 120.2 117.7 119.4 116.2 119.3 1155
H13—-N5-H12 119.8 118.8 122.8 121.3 119.9 119.3 119.6 119.5
06—-C2-C3 122.1 122.1 122.6 123.1 121.8 122.8 122.4 123.2
O7-C4-C3 120.0 119.9 120.5 120.2 120.9 120.7 121.5 121.2
N1-C2-C3-C4 128.4 —86.9 134.6 —67.8 130.5 —83.7 122.5 —-82.5
N5—C4—-C3-C2 47.4 27.3 38.8 14.6 47.7 33.6 52.0 35.0
06—-C2-C3-C4 —53.5 90.1 —46.6 108.7 —50.8 91.9 —58.5 92.5
O7-C4-C3-C2 —135.9 —155.9 —143.7 —166.3 —136.0 —149.9 —131.0 —148.0
H10-N1-C2-06 2.2 11.4 15 12.2 25 134 43 14.6
H11-N1-C2-06 175.2 162.6 176.0 161.1 174.9 157.9 172.9 155.7
H12—N5-C4-07 167.0 171.5 168.6 179.6 164.5 170.2 164.4 171.4
H13—N5—C4-07 7.9 7.6 8.1 2.2 11.6 9.0 10.5 7.7

aBond distances in A. Angles in degrees.
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TABLE 5: Dihedral Angles (degrees) for 8a and 8b

HF LDFT NLDFT MP2
parameter 8a 8a 8b 8a 8b 8a 8b
04—-C3—-C5-C6 57.4 39.2 90.6 53.2 87.9 60.0 90.2
O7-C6—C5-C3 136.1 155.5 —152.5 144.7 —148.4 134.1 —150.4
N8—-C6—-C5—-C3 —-124.1 —26.5 29.1 -37.5 34.0 —48.4 31.8
N2—-C3-C5-C6 —46.7 —142.0 —85.3 —127.3 —88.4 —120.6 —85.4
C9—N8—-C5-C6 178.2 —177.6 —178.1 —179.1 —-177.8 177.8 —179.0
C1-N2—-C3-C5 179.5 178.2 —176.9 —178.9 —176.8 178.4 —-174.1
C9-N8-C6—-07 —-4.7 0.2 35 -15 4.7 —-4.8 3.2
C1-N2—-C3-04 -2.0 0.7 7.1 0.6 6.9 —-2.3 10.3

04

8b
Figure 5. Optimized MP2/DZP geometries &f

shorter values predicted at the DFT levels (1.790 and 1.999 A Figure 6. Optimized MP2/DZP geometries 6f
at LDFT and NLDFT, respectively) or at the MP2 level (2.054 Tag|E 6: Dihedral Angles (deg) for 9a and 9b
A). These distances are quite similar to those found in

malonamidera HF LDFT  NLDFT _ MP2
The other conformer8b, with a NH--*N hydrogen bond, parameter 9a 9a 9a 9a 9b
corresponds t@h. All of our attempts to locate structuBb at 04-C3-C5-C6 1220 1321  121.8 1178 107.4

the HF level failed as any optimization without symmetry always O7—C6—C5-C3 78.7 69.2 81.5 85.2-173.3
found structureBa. However, the DFT and MP2 methods do N8-C6-C5-C3  —50.1  —50.1 —59.2 —62.4 6.1
predict the existence of a minimum energy strucglyén which gg_ﬁg’_g‘:’_% —100.1 -1100  —96.2 —916 —68.7

) ) . —N8—-C5-C6 1759 176.8 1755  174.2-178.5
the distance between the two nitrogen atoms (3.10 A, MP2) is C1-N2—C3—C5 29 15 25 0.8 —245
larger than that in7b (3.05 A, MP2). The presence of the co-N8—-C6-07 -56 -56 -55 -5.9 0.9
NH---N hydrogen bond irBb gives rise to differences in the = C1-N2-C3-04 -176.6 177.6 —-175.1 -176.2 1594
N8—C6 and N2-C3 bond distances, as previously noticed in
7b. The reduction of the N8C6 bond distance and the The more stable conformeda, with a NH---O hydrogen bond

elongation of the N2C3 bond distance lead to a difference of corresponds t@a The H--O distance is 2.345 A at the HF

0.02 A at the MP2 level. level, 2.117 A at the LDFT level, 2.350 A at the NLDFT level,
In a prior study, Aleman and Perez explored the potential and 2.357 A at the MP2 level. These distances are significantly
energy surface of the cisis isomer of8 using the AM1 longer than those found ifaor 8a, suggesting a weaker NHO

semiempirical method and then tested the results at the HF/3-hydrogen bond in the case &k At our highest level of theory,
21G and HF/4-31G* level3 A single conformer, equivalentto  9ais 1.7 kcal mot? less stable tha®a (see Table 2). This
8a, was located with this approach. This structure exhibits energy difference is anticipated as-a3 kcal moi preference
C—C—C~—N dihedral angles of 52and 112, in comparison to for methyl orientation cis to the carbonyl group is well-known
our HF values of 47and 124. The G conformer obtained by  in monoamided%282°For example, the cis and trans isomers
Stern et af using force field methods (similar %) is not a of N-methylacetamide differ in energy by 2.3 kcal mb#é
minimum at any level of theory examined in this study. The other conformer9b, with a NH---N hydrogen bond
Cis—trans Form Q). The two stable conformations of the corresponds t@b. This structure is found to be a real minimum
cis—trans form @a and 9b) are shown in Figure 6. Dihedral on the potential energy surface only at the MP2 level as the
angles at all levels of theory are reported in Table 6. Relative Hartree-Fock and DFT methods are only able to find a
energies at all levels of theory are reported in Table 2. The stableminimum energy structure f&a. The distance between the two
conformations o are similar to those observed f@rand 8. nitrogen atoms (3.03 A) is slightly shorter than that obtained
Attempts to locate additional stable conformations using initial with 7b (3.05 A). As before, the presence of the N
geometries corresponding 6@ and6b yielded9a at all levels hydrogen bond irBb gives rise to differences in the N&6
of theory. and N2-C3 bond distances as previously noticed’m
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TABLE 7: Dihedral Angles (Degrees) for 10a and 10b
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HF LDFT NLDFT MP2

parameter 10a 10b 10a 10b 10a 10b 10a 10b
04—-C3—-C5-C6 93.4 97.9 98.5 105.7 96.6 101.6 98.8 101.4
O7-C6-C5-C3 93.5 17.3 98.5 16.4 96.6 16.6 98.8 12.7
N8—C6—-C5—-C3 —85.9 —164.9 —79.8 —164.6 —-82.7 —164.8 —79.2 —169.3
N2—-C3-C5-C6 —86.0 —85.9 —79.8 —76.9 —-82.7 —81.8 —79.2 —82.0
C9-N8—-C5-C6 -3.9 11.2 —-45 6.0 -5.1 9.0 -8.3 12.6
C1-N2—-C3-C5 -39 20.9 —4.0 14.8 -4.9 17.9 -8.3 21.2
C9—N8-C6—07 176.7 —-171.0 177.7 —175.0 175.7 —172.3 173.7 —169.4
C1-N2—-C3-04 176.7 —163.0 177.7 —167.8 173.8 —165.6 173.7 —162.3

Figure 7. Optimized MP2/DZP geometries 4.

Trans-trans form 10). The two stable conformations of the
trans—trans form ((0aand10b) are shown in Figure 7. Dihedral
angles at all levels of theory are reported in Table 7. Relative

energies at all levels of theory are reported in Table 2. With

TABLE 8: Lowest Frequencies and CG=0 Stretching
Frequencies (cnT?) for All Conformers Analyzed in the
Present Study

bothN-methyl substituents oriented trans to the carbonyl groups,
10 cannot form intramolecular hydrogen bonds and the stable
conformations are analogous to those observedfdkt our
best level of theorylOais 4.9 kcal mot?! above8a, which is
again consistent with the expected magnitude of the energy

difference for converting two cis methyl groups into two trans

methyl groups.

Vibrational Frequencies. Vibrational frequencies were
calculated to establish the absence of any negative modes, i.e.,
to verify that all structures reported here represent true minima
on the potential energy surface. The low-frequene0 cn1?)
modes for all the structures are given in Table 8. The two lowest
frequency modes for all of the compounds correspond to torsion
about the CG-C bonds. Also of interest are the carbonyl

stretching frequencies, as these modes give rise to the strong

conformer HF LDFT NLDFT MP2
6a 24 47 32 a
54 75 65 a
1887 a (1064) 1705a (775) 1655 a(752)
1889s(0.02) 1706s(22) 1661s(11l)a
6b 37 43.3 30.9 a
69 75.8 61.3 a
1909 a (515) 1720a(354) 1673 a(383)
1923 s(426) 1730s(380) 1681 s (30%)
7a 44 63 40 48
54 84 71 74
1938 (350) 1736 (247) 1701 (271) 1796 (250)
1957 (685) 1784 (513) 1732 a(477) 1801 (374)
7b 23 50 32 52
37 75 62 61
1962 a (570) 1770a(474) 1728 a(351) 1783 a(209)
1983 s (456) 1783s(313) 1737 s(403) 1800 s (459)
8a 32 17 43 36
43 72 64 43
1911 (223) 1711 (183) 1671 (165) 1752 (140)
1933 (602) 1762 (450) 1710 (450) 1778 (416)
8b b 39 38 31
b 60 56 55
b 1752 a (289) 1706 a (257) 1773 a (226)
b 1764 s (338) 1719s(368) 1780 s (299)
9a 30 50 21 44
43 72 47 49
93 132 55 62
1918 (460) 1720 (297) 1683 (368) 1765 (132)
1936 (528) 1762 (442) 1706 (345) 1774 (525)
9b b b b 28
b b b 61
b b b 67
b b b 1767 (347)
b b b 1778 (279)
10a 30 46 45 40
99 105 109 113
1922 a (1184) 1740a(855) 1689 a(851) 1767 s (0.1)
1926 s (15.6) 1742s(35) 1695s(1.4) 1768 a(797)
10b 31 13 21 35
66 48 72 84
1936 a (618) 1749 a(420) 1699 a (451) 1775a (401)

1952 s (486) 1759 (420) 1709s (341) 1783 s (325)

a Structure was located but frequency calculations were computa-

adsorptions in vibrational spectra that are potentially of use in tionally too expensive to perforni.Structure was not be located at
structural assignments. The carbonyl stretching frequencies forthis level of theory ¢ Data in parentheses are the intensities of theC
all the structures, also presented in Table 8, are discussed belowstretching modes in km mol.

We take the frequencies fd@a to represent those for the
carbonyl in a non-hydrogen bonded environment. The carbonyl increase for the less stable confornédy, and the intensities
frequencies show only a small splitting between the symmetric for both couplings are large.
and the asymmetric coupling of the=® stretches. The
asymmetric coupling has a large infrared intensity and the The lower G=0 frequency occurs with the H-bonded carbonyl
symmetric coupling a low infrared intensity consistent with the and the higher frequency occurs with the non-hydrogen-bonded
orientations of the carbonyl groups. As expected, the magnitudescarbonyl. The largest difference in the frequencies is at the

of the frequencies are in the order HFLDFT > NLDFT.30

For 7a the frequencies are blue shifted from thosetm

LDFT level, consistent with the exaggeration of the H-bond
The frequencies and the splitting between the two modes strength at this level. The MP2 frequencies show only a small
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splitting for 7a. The frequencies foi7b do not show much however, compare the relative energies at other levels of theory
change from those in magnitude as comparetei@xcept that to those obtained our best level of theory, the MP2/DZP/IMP2/
there is a slight increase in the splitting at the MP2 level. The aug-cc-pVTZ level. In all cases where comparisons are possible,
assignments foi7b are now in terms of the symmetric and all levels of theory give the same qualitative ordering of
asymmetric coupling of the €0 stretches. In contrast to the conformer stability. Quantitatively, however, there are significant
results for6a, both modes in7a show significant infrared differences in relative energies. In the absence of hydrogen

intensities. bonding 6b—6aand10b—10a), HF underestimates the energy
For 8a, there is a significant splitting of the two modes even differences by an average of 1.5 kcal mILDFT underesti-

at the MP2 level with a smaller splitting predicted 8iy. Both mates one and overestimates the other with an average discrep-

modes are predicted to have significant intensities.&&othe ancy of 1.1 kcal mol', and NLDFT overestimates both by an

lower frequency mode is predicted to be that for the H-bonded average of 1.8 kcal mot. When hydrogen bonding is present
carbonyl group. Fo®a and9b, the splitting is smaller and both ~ (7b—7a and8b—8a), HF overestimates the energy difference
modes still have significant intensity. Again, the H-bonded by 0.3 kcal mot?, LDFT overestimates both by an average of
carbonyl has the lower frequency. Fidaand10b, the modes 3.4 kcal mofl, and NLDFT overestimates both by an average
exhibit behavior similar to that oBa and 6b, as expected  of 0.9 kcal mot™.

because no hydrogen bonds can be formed to the carbonyl The results obtained in the current study, as well as those
groups. The modes ih0aare slightly blue-shifted as compared obtained in our prior study of simple aliphatic amideshow

to those in6b, showing the effect of the additional methyl significant differences in the energies of amide conformations

substitution on the nitrogen. at the different levels of theory. The results reveal that, with
this class of molecules, using the computationally less expensive
Discussion HF and DFT methods does not yield the same quantitative result

) . . as the more costly, and presumably more accurate, MP2 method.
Malonamide andN-methylated malonamide derivatives can |, q,nn0rt of the MP2 results, force field parameters (MM3)

_adopt several stable conform_atlops in the gas phas_,e. When 14 the MP2/DZP potential energy surface shown in Figure 2

intramolecular hydrogen bonding is not possible, a$ and and to MP2/DZP potential energy surfaces for CYsiC(sp)

1.0' two conforme_rs are observed. The lowest energy co_nforma- rotations in monoamides yield a molecular mechanics model

tions,6aand10a in which the two carbonyl groups are oriented 4t reproduces the experimentally observed conformations of

in opposite directions, are stabilized by minimization of in- ;. :qea and their metal complexéé.

tramolecular dipole-dipole interactions. In addition, the close

contacts between the oxygens aahethyl hydrogens suggest

additional stabilization from ©-H(CHj) hydrogen bonding. On 1y mental Management Science Program under direction of the

rotation about one of the-&C bonds, higher energy conforma-  ; 5 pepartment of Energy’s Office of Basic Energy Sciences
tions 6b and 10b are stabilized as one of the hydrogens of the (ER-14), Office of Energy Research and the Office of Science
N-methyl group meshes with the two hydrogens of the central ;4 Technology (EM-52), Office of Environmental Manage-
methylene. _ ment. The research described in this manuscript was performed

Intramolecular hydrogen bonds can form when a nitrogen gt the W. R. Wiley Environmental Molecular Sciences Labora-
bears a hydrogen trans to the carbonyl group & B) and®. tory (EMSL), a national scientific user facility sponsored by
Neither of the two conformations éfand10are observed when  the U.S. Department of Energy’s Office of Biological and
intramolecular hydrogen bonding is possible. Here, the most gpyironmental Research and located at Pacific Northwest
stable conformations/a, 8a, and9a, all contain an intramo-  National Laboratory. Pacific Northwest National Laboratory is
lecular NH--O hydrogen bond. A higher energy conformation  gperated for the Department of Energy by Battelle. Some of
observed in7b, 8b, and9b is stabilized by an intramolecular e calculations were performed on the IBM SP computer in
NH---N hydrogen bond. These conformations can be viewed the Molecular Science Computing Facility of the EMSL.
as distorted versions of the, Conformation observed iGaand
108, i.e., if the intramolecular hydrogen bonding were tumed  sypporting Information Available: Cartesian coordinates
off, then G conformations would be obtained. This may be the of gptimized structures in angstroms. This material is available
case in condensed phases where hydrogen bonding would bgree of charge via the Internet at http:/pubs.acs.org.
weakened by the increased dielectric and by specific solvent
interactions:™’ References and Notes
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