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Potential energy surfaces (PES) for rotation about th€i6F) or N—C(aryl) bond and energies of stationary
points on PES for rotation about the C{spN bond are reported for methylurea, ethylurea, isopropylurea,
tert-butylurea, and phenylurea, using the B3LYP/DZVP2 and MP2/aug-cc-pVDZ methods. The analysis of
alkylureas reveals cis and (less stable) trans isomers that adopt anti geometries, whereas syn geometries do
not correspond to stationary points. In contrast, the analysis of phenylurea reveals that the lowest energy
form at the MP2 level is a trans isomer in a syn geometry. The fully optimized geometries are in good
agreement with crystal structure data, and PESs are consistent with the experimental dihedral angle distribution.
Rotation about the C(8p-N bond in alkylureas and phenylurea is slightly more hindered—-8.6 kcal/

mol) than the analogous motion in the unsubstituted molecule (8.2 kcal/mol). At the MP2 level of theory, the
maximum barriers to rotation for the methyl, ethyl, isopropgti-butyl, and phenyl groups are predicted to

be 0.9, 6.2, 6.0, 4.6, and 2.4 kcal/mol, respectively. The results are used to benchmark the performance of the
MMFF94 force field. Systematic discrepancies between MMFF94 and MP2 results were improved by
modification of several torsional parameters.

yielded rotational barriers for the ,€N bond and have

Urea and its derivatives comprise an important class of established that local minima for urea are nonplanar. Studies

organic compounds that have a great variety of applications in ©f @lkyl-substituted ureas have been less numefd#s’2 0
fundamental and applied science. The presence of urea or thedarriers have been reported for rotation about the X bond
urea moiety in the products of metabolism of nitrogen-containing ©f mono-, di-, and tetramethylureas at the HF/6-31G* and MP2/
compoundsand in many biologically important natural com-  6-31G* levels of theor#32 and N,N'-dimethyl-N,N'-di-1-
pounds (enzymes, nucleotides, vitamipg)Bmakes it the subject  naphthylurea at the HF/6-31G** levél However, no electronic

of great interest in biochemistry. Other important topics include structure calculations of the potential energy surface (PES) for
urea-induced unfolding of proteins in water solutibagd the the rotation of differenN-alkyl or N-aryl groups in urea, apart
chiral recognition of amino acids by urea-based recepttns.  from the methyl groug? have been reported.

pharmaceutical chemistry, urea-based compounds are highly i ) )
potent osmotic, antitumor drugiand HIV protease inhibitors. In several instances, the data obtained from electronic
A hydrogen-bonding network of urea-containing moieties is Structure calculations have been used in force field parametriza-
potentially useful for the construction of nonlinear optical tion for modeling the urea functional group. Urea parameters
devices stable self-assembled monolay&rand for industri- have been reported for the QMFF force fiéfdhe MMFF94

ally important resind! The use of the lone pair of either oxygen force field3 and three different variants of the MM2 force
or nitrogen to coordinate with different metal ions makes urea field.233237|n these studies, conformational analysis has focused
attractive in coordination chemistfy? Finally, the anion  on the G—N bond rotation in a limited number of simple urea
binding properties of urea resulting from its ability to form two  gerivatives. None of these force field models has been tested

hydrogen bonds are also well established. F#N—C(=0)—
NH— unit has been attached to a variety of scaffolds (calix[4]-
arenet314 porphyrinl415 ferrocenél® tris(ethyl)aminéy’ cis-

extensively for its ability to reproduce the shapes and relative
energies of substituted urea derivatives.

1,3,5-methylcyclohexan&® cholic acid!® naphthalené? etc20) Herein we report conformational analyses for urea, methyl,
and incorporated into macrocyctéso produce effective anion  ethyl, isopropyl tert-butyl, and phenylureal—6 (Scheme 1),

receptors.

performed with density-functional theory (DFT) and second-

Knowledge of the shapes and energetics of urea moleculesorder Mdler—Plesset perturbation theory (MP2). All possible
iS essen“al fOf Understanding the I’ICh Chemlstl’y Of th|S |mp0rtant minima generated by rotation about bow and N_C(alkyl)
functional group. Electronic structure calculations provide a or N—C(aryl) bonds have been considered. Fully optimized
convenient method for obtaining such information. The majority geometries are in good agreement with crystal structure data,

of prior electronic structure calculations, however, have been
limited to the study of urea itself!22231 These studies have

and calculated PESs are consistent with experimental dihedral
angle distributions. The results are used to benchmark and

* Corresponding author. Tel: 509/372-6239. Fax: 509/375-4381. IMProve the performance of one of the existing force field
E-mail: Ben.hay@pnl.gov. models, MMFF94.
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Theoretical Details

Electronic Structure Calculations. Conformational analysis
of the alkyl- and phenylureas was performed with the NWChem
progrant® using both DFT* and second-order Mier—Plesset
perturbation theory (MP2% DFT calculations were done with
Becke'$? three-parameter functional and the correlation function
of Lee, Yang, and Patt (B3LYP) using a polarized doublg-
basis set (DZVP2) optimized for DFT calculatiofi\No charge
fitting was used. MP2 calculations were done using the
correlation-consistent aug-cc-pVDZ basis ¥eincluding all
electrons in the correlation treatment.
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TABLE 1: Modified MMFF94 Torsional Parameters 2

dihedral angle atom types V1 \2 V3
N—C;—N—H 10 3 10 28 1.800 3.300 0.620
N—Ca—N—C(alkyl) 10 3 10 1 —-0.300 3.100 0.000
N—Cs—N—C(aryl) 10 3 10 37 1.000 3.800 0.000
Cs—N—C(aryl)-C(aryl) 3 10 37 37 0.000 3.000 0.000
H—N—C(aryl)-C(aryl) 28 10 37 37 0.000 1.100 0.000

aBarrier heightsV,—Vs, are given in kcal/mol.

The majority of these discrepancies are explained by the use
of generalized wildcard parameters for torsional interactions,
which depend only on the atom type of the central two at&ins.
Parameters pertaining to rotation about the-8 bond were
adjusted to obtain a better fit with MP2 barrier heights and cis/
trans relative energies. Parameters pertaining teCRaryl)
rotation were adjusted to fit the MP2 barrier height and
geometries. The modified parameters are presented in Table 1.
Calculations performed with this modified parameter set are
termed MMFF94-.

Results and Discussion

Conformational aspects for each derivative;6, are dis-
cussed in separate sections below. For clarity, the discussion
follows the same order in each case: the planarity of the
structure, barrier to rotation about thg-€N bond, the relative
stability of cis versus trans configurations, and the conformations
formed by rotation about the NC(substituent) bond. Since

The potential energy surfaces, PESs, were obtained by (qtation about the &N bond has been a major focus of prior

constraining the corresponding dihedral angles-@—N—X

for rotation about the £-N bond and G—N—C—X for rotation
about the N-C bond, where X= H or C) and fully optimizing

the remaining internal coordinates. Intervals of 46d 30 were
used for B3LYP and MP2 calculations, respectively. Additional
calculations in 8 increments were performed around maxima.
The approximate location of stationary points on the PES was
found, and full geometry optimization of the minimum energy
and transition state structures for rotation about theNXCbond

studies, plots of these PESs are not presented. However, all
stable points on these surfaces were optimized, and the
geometries and relative energies are discussed. On the other
hand, since PESs for rotation about-R(substituent) bonds
have not been reported previously, plots of these PESs are
presented for each case.

Two levels of electronic structure theory were used in these
studies: B3LYP/ DZVP2 (hereafter referred to as B3LYP) and
MP2/aug-cc-pVDZ (hereafter referred to as MP2). The data

was performed at the B3LYP level of theory. The B3LYP qptained from the MP2 calculations were used to check the
geometries were used as starting points for full optimization of performance of the default MMFF94 model. Systematic dis-
geometrical parameters at the MP2/aug-cc-pVDZ level. Fre- crepancies between MMFF94 and MP2 relative energies led to
quencies were computed analytically at the B3LYP level to he modification of several torsion interaction parameters,
characterize each stationary point as a minimum or a transition yie|ding an improved model: MMFF94 (see Table 1). Relative
state. energies for all optimized geometries obtained using different
Cambridge Structural Database. Experimental average  methods are summarized in Table 2. Views of these geometries
X-ray diffraction crystal structure parameters and distribution are provided in the corresponding sections below.
of dihedral angles were obtained through analysis of the  Urea. Prior studies have identified five stable geometries (two
Cambridge Structural Database (CSD). The CSD program ground states and three transition states) for uréa3! These
QUEST was used to identify structures in which at least one geometries are defined in Figure 1. All five geometries have
of the urea nitrogen atoms is substituted by both a hydrogen heen located in the current study, and the MP2 optimized
atom and an alkyl or phenyl group. Searches yielded 49 methyl, structures are shown in Figure 2. Relative energies are sum-
55 CHCH,X (X is an arbitrary group), 25 isopropyl, 2&rt- marized in Table 2.
butyl, and 76 phenyl derivatives of urea when applying  Considerable effort has focused on whethieis planar in
constraints of arR factor less than 10%, no errors, and no the gas phase. Early theoretical calculati8and experimental
disorder. A statistical analysis of the geometric parameters in studies ofl in the solid stat® predicted a fully planacC,,
these structures was carried out with the CSD VISTA progtam.  structure. More recent calculatidds’ and microwave studies
Force Field Calculations.The calculations were performed on1in the gas phase by Godfrey efafind that it is nonplanar
using the MMFF94 force fieR® implemented in PCMODEL with NH; groups somewhat pyramidal. Two conformations of
molecular modeling softwar.Comparison of the MP2 results  C, (anti form) andCs (syn form) symmetry with Nk groups,
with those obtained from the default MMFF94 model revealed pyramidalized on opposite and on the same sides of molecular
several discrepancies. MMFF94 overestimates both the barrierplane, respectively, were found to be true minima with the
heights for rotation about£-N bonds and the relative energies former structure slightly more stablé22527.29-30 A planarC,,
between the cis and trans forms for all cases examihe®, structure was found to be a second-order stationary point
In addition, while MMFF94 does a good job at reproducing connecting two pairs of conformefd22526.29,30
the N—C(alkyl) rotational PESs, the barrier heights for-8(ar- In accord with recent calculatiod$;3! we find that there are
yl) rotation in 6 are greatly overestimated. two minima on the PES oflL corresponding to anti@
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TABLE 2: Relative Energies (kcal/mol) for Geometries of
1-6 at Various Levels of Theory

conformer DFT MP2 MMFF94 MMFF94
1 anti 0 0 0 0
1syn 1.02 1.06 1.95 1.92
1plane 1.60 154 2.49 2.30
1TS1 8.04 8.16 10.49 8.13
1TS2 14.18 13.48 12.52 13.46
1TS3 1.08 1.08 1.96 1.92
2 cis 0 0 0 0

2 trans 0.93 1.25 2.94 1.25
2TS1 9.67 9.39 13.60 9.43
2TS2 15.76 15.35 18.14 15.35
3acis 0 0 0.27 0.26
3atrans 1.65 2.14 3.17 1.79
3aTS1 10.96 10.93 15.09 10.95
3aTS2 17.50 17.36 19.96 16.83
3bcis 0.56 0.54 0.55
3btrans 1.35 1.53 3.34 1.43
3bTS1 10.01 9.12 13.68 9.50
3bTS2 15.98 14.85 18.47 15.72
3ccis 0.14 0.74 0 0
3ctrans 0.95 1.67 3.70 1.42
3cTS1 9.66 9.71 13.26 9.09
3cTS2 15.55 15.41 17.92 15.18
4acis 0 0 0 0
4atrans 1.67 1.95 3.48 2.16
4aTS1 10.96 10.62 14.48 10.37
4aTS2 17.62 17.23 19.70 16.65
4b cis 0.47 0.39 0.92 0.94
4b trans 1.30 1.29 3.62 1.24
4bTS1 9.68 8.55 13.54 9.35
4bTS2 15.55 14.08 18.35 15.65
4ccis 2.32 1.86 1.37 1.38
4ctrans 4.20 4,16 5.50 4.17
4cTS1 11.83 10.49 15.18 11.11
4cTS2 18.14 16.75 20.66 17.52
5cis 0 0 0 0
5trans 2.41 2.61 4.82 3.51
5TS1 9.67 8.68 13.20 9.14
5TS2 16.12 15.16 19.03 15.96
6 cis 0 0.94 0 0.95
6 trans 0.16 0 2.90 0
6TS1 9.67 9.06 13.67 9.05
6 TS2 12.09 11.03 13.77 11.81

symmetry) and synGs symmetry) forms, while the plan&ss,

Bryantsev et al.

anti syn planar

AL by Ao

Flgure 2. MP2 optimized geometrles fd.

TABLE 3: Calculated and Experimental Geometric
Parameters for the Anti Conformation of 12

feature DFT MP2  MMFF94 MMFF94  exp?
C=0 1.228 1.229 1.219 1.219 1.221
C—N 1.395 1.393 1.350 1.350 1.378
N—H; 1.012 1.014 1.013 1.013 1.021
N—H> 1.012 1.014 1.010 1.010 0.998

av. dey 0.012 0.012 0.013 0.013
O—-C—N 123.0 123.2 123.5 123.5 122.6
N—C—N 114.0 1135 112.9 112.9 114.7

C—N—H; 112.5 112.5 112.8 112.7 112.8

C—N—H> 117.0 116.6 1154 115.7 119.2

Hi—N—H; 114.3 114.1 114.2 114.0 118.6
av. dev. 1.6 1.8 2.2 2.3

O-C—-N—-H; 134 13.8 8.4 9.2 10.8

O—C—N—H, 148.7 148.4 142.1 142.5 156.9

N—-C—N—-H; —166.6 —166.2 —-171.6 —170.8 —169.2
av. dev. 4.5 4.8 6.5 5.9

aBond lengths in A, angles in defExperimental data from a
microwave study (ref 27 Average absolute deviation between the
theoretical and experimental data.

relative energies for the{@&ndC,, states are 1.4 and 2.5 kcal/
mol for MP2/D95**26 1.20 and 2.73 kcal/mol for MP2/
6-311H-+G**,250.91 and 1.35 kcal/mol for MP2/6-313G-3df,-
3pd? and 0.94 and 1.42 kcal/mol for MP2/aug-cc-pVa%Z.
Table 3 summarizes geometrical parameters of the global
minimum anti structure of, calculated by various methods, as
compared with those obtained from the experimental gas-phase
microwave study® The agreement between calculated and
experimental structural data is good. All the methods used give
structural parameters of similar accuracy although, when

state containing two imaginary frequencies is a second-ordercompared with the experimental geometry, B3LYP and MP2

stationary point. The relative energies of tigandC,, states

calculations yield longer €0 and C-N distances and MMFF94

at the MP2 level are 1.06 and 1.54 kcal/mol, respectively. These calculations yield shorter €0 and G-N distances. The
values are reproduced by B3LYP, 1.02 and 1.60 kcal/mol, but modified torsional parameters in MMFF34do not noticeably
overestimated by MMFF94, 1.95 and 2.55 kcal/mol, and by alter bond lengths or angles, but they do have a small influence
MMFF94+, 1.92 and 2.30 kcal/mol. For comparison, reported on the dihedral angles.

i
H1\N/Ca‘

A
Ho

anti (Cy)

AY

I Z

TS1 (Cy)

Figure 1. The five known stable points and a second-order saddle
point, C, form, for urea,l.

H

I
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i
H
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Three different transition states (TS) have been identified that
connect the anti and syn miniM&Rotation about the £&-N
bond gives rise to &5 symmetry maximum (TS1) and @
symmetry maximum (TS2), where one nitrogen atom is almost
or exactly planar and the other nitrogen atom changes its
hybridization from a mixture of Spand sp at the minima to a
sp® state at the TS. TS2 is always higher in energy than TS1 as
a result of unfavorable orientation of the lone pair of nitrogen
toward the carbonyl oxygen. TS1 and TS2, which involve
rotation about the £-N bond, are much higher in energy than
TS3, which connects the two minima via the inversion of one
nitrogen center.

Rotation around the £-N bond breaks the conjugation and
significantly destabilizes the corresponding TSs. Loss of the
conjugation in TS1 and TS2 should lead to substantial elongation
of one C-N bond and shortening of another. This is reflected
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TSH
Figure 3. MP2 optimized geometries fdt.

TS2

in B3LYP and MP2 calculations, but the MMFF94 calculations

do not reproduce the bond length changes. For example, MP2N2—Hz

gives long and short lengths of 1.455 and 1.363 A for TS1,
whereas MMFF94 gives values of 1.354 and 1.346 A.

The relative energies for TS1 and TS2 obtained with MP2
and B3LYP (Table 2) are in agreement with reported calculated
values of 7.79.0 kcal/mol for the lower barrier and 13:5
14.6 kcal/mol for the higher barrié232The barrier height of
11.0-11.4 kcal/mot® measured in solution is several kilocalories
per mole above the calculated values. Unfortunately, no
experimental values for gas-phase rotational barrier heights hav

default MMFF94 model overestimates the barrier height for TS1

and underestimates the barrier height for TS2. This is corrected?N1

in MMFF94+.

Inversion at nitrogen to yield TS3 has a much lower barrier
height than TS1 and TS2. The relative energy of TS3 is very
close to that of the syn form, differing by only 0.02 kcal/mol at
the MP2 level. This result is consistent with prior calcula-
tiong526.29that predict the difference in energy between the
syn form and TS3 to be in the range of 08238 kcal/mol,
with the most accurate estimate of 0.06 kcal/mol at the MP2/
aug-cc-pVTZ level. Such a small barrier height raised an
important question of whether the syn form is a distinct
conformer or part of a large-amplitude motion of the anti
form_25,29,30

Methylurea. Methylurea,2, exhibits two nonplanar minima,
both in an anti configuration with respect to nitrogen pyrami-
dalization. Syn configurations are not stable points on either
the B3LYP or MP2 potential surface, consistent with behavior
reported for 1,1-dimethylure®.The two minima, designated
cis and trans, are interconverted by rotation about theNC
bond. As with1, there are two TSs for this interconversion

J. Phys. Chem. A, Vol. 109, No. 5, 200335

e
been reported for comparison to the theoretical results. The o_c__N,—H; 157.0

© O
i ? ¢
|
He Oy P H\ﬁ//C\N/R H\N/C\\ﬁ/ﬂ
| | I I | |
H H H H H H
A B C
Figure 4. Resonance structures for alkylated urea.
TABLE 4: Calculated and Experimental Geometric
Parameters for cis-22
feature DFT MP2 MMFF94 MMFF94 expP
C~=0 1.231 1.232 1.220 1.221 1.2330.011
Ca—Nj 1.402 1.399 1.357 1.357 1.3230.036
Ca—N2 1.384 1.385 1.364 1.364 1.3370.011
C—N2 1.460 1.460 1.441 1.441 1.4420.014
1.011 1.014 1.013 1.013 0.9610.113
C—Hgy 1.093 1.097 1.092 1.092
C—Hs 1.097 1.102 1.094 1.094 0.9660.042
C—Hs 1.090 1.096 1.094 1.094
N;—Co—O 1225 123.0 121.9 121.9 121422.0
N1—C5—N2 1139 1137 111.9 111.9 116401.5
Ca—No—C 119.6 117.6 119.6 119.6 1241471.0
Ca—No—Hs 116.0 115.2 113.8 113.8 118493.3
No—C—Hg 109.2 108.5 108.6 108.6
No—C—Hs 1125 1124 109.0 109.0 110482.1¢
N2—C—He 108.6 108.8 110.0 110.0
O0—-C;—N>—C 8.9 10.0 5.2 6.6 @ 2.4 (0-8.6
153.3 150.1 151.3 1805.8
(155-180¥
3415 3410 341.4 340.8
yN2 352.2 349.2 350.2 350.2

aBond lengths in A, angles in deg. Pyramidalization of the nitrogen
is expressed in terms ¢f the sum of the three bond angles subtended
at nitrogen.” Experimental data from X-ray diffraction data for 48-
methylurea example§.Average data for three methyl hydrogen atoms.
d Dihedral angles range.

N-Methyl substitution in urea increases the relative energy
of TS1 by 1.23, 1.63, 1.08, and 1.30 kcal/mol with MP2,
B3LYP, MMFF94, and MMFF94 methods, respectively
(Table 2). Although steric effects on rotational barriers cannot
be completely ruled o this increase in barriers can be
rationalized on consideration of urea resonance structures A,
B, and C, shown in Figure 4. Contribution from the resonance
structure C is expected to increase when R is an electron-
donating group. This should result in an increase of the
m-bonding character of the .£NH(CH3) bond and in the
decrease of the £NH> bond order. Experimental barriers for
these rotations are available f@ronly in solution?! and are
approximately 3 kcal/mol higher than calculated ones. Neverthe-

analogous to TS1 and TS2 (see Figure 1). The cis, trans, TS1|ess, in comparison with, an increase in the barrier height by

and TS2 geometries f@have been located in the current study,

1.0 kcal/mol for rotation around the-NH(CHs) bond and a

and MP2 Optimized structures are shown in Figure 3. Relative decrease in the barrier he|ght for rotation around thd\mz

energies are summarized in Table 2.

The cis conformation is predicted to be the lowest energy
form by all levels of theory. As withi, there is good agreement
between B3LYP and MP2 relative energies, but the default

bond by 1.5 kcal/mol have been experimentally measured for
2_53

Table 4 summarizes the geometric parameters of the global
minimum cis-2, calculated by various methods. Although

MMFF94 model overestimates the energy differences. The experimental gas-phase structural dataX@re not available,

discrepancies are corrected in MMFH94

An NMR study of alkylated ureas in solution shows that only
the cis form is presertt In addition, a survey of the CSD shows
that for every example of urea bearing a methyl substituent,
the methyl group adopts the cis configuration with respect to
the oxygen atom. Although conformations in solution or in the
solid state may be influenced by intermolecular hydrogen-
bonding?6-28the predicted cis global minimum f@is consistent
with available experimental data.

experimental averages from X-ray diffraction data forci®
methylurea derivatives are used for comparison with theoretical
results. As withl, the agreement with the experimental data is
good. The average deviation from X-ray bond lengths for heavy
atoms is equal to 0.024 A with B3LYP, 0.023 A with MP2,
and 0.014 A with MMFF94 and MMFF94.

Introduction of the weak electron-donating methyl group to
1 results in a slight increase of the;€0 and G—N; bond
lengths and in a small decrease of the-8, bond length, as
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Figure 5. PES for N-C(sp’) bond rotation incis-2 at various levels
of theory. 0.8- f%\f“\ G 7S L
predicted by resonance considerations (see C in Figure 4). Note _g
that the sum of the three bond anglegNf) around the =i -
methylated nitrogen is-911° larger than that for the Nfgroup e
(yN2). The relative flattening of &C;—N,—C and G=C,— = 04. i
N>—H3 dihedral angles is also indicative of the reduced g
“pyramidality” at the methylated nitrogen. iy
Figure 5 shows the PESs for the rotation of the methyl group e -
in cis-2 at different levels of theory. All the methods yield three -
equivalent minima and maxima, though the position of stationary 0.0 : b
points on the PES and values of barrier heights are somewhat -180  -120 -60 0 60 120 180
different. The barrier to rotation of the Gldroup is 0.86 kcal/ C,-N-C-H dihedral angle, deg

mol at the MP2 level, 0.54 kcal/mol at the B3LYP level, and Figure 6. Comparison of the distribution of £N—C—H dihedral
1'28, 'kcgllmol atthe MMFF9,4 and MMFFMeyeIS. The MP2 angles observed in crystal structures with an MP2 PES (bold line)
equilibrium structure (179 is closer to an ideal staggered derived by combining the PESs for the two enantiomeris? (dashed
conformation (180) than those obtained from B3LYP (190 lines).

and MMFF94 and MMFF94 (17C°) calculations (values of

one of the HHC—N—C,dihedral angle are given in parentheses).

Figure 6 illustrates the distribution of,£€N—C—H dihedral etries for3 have been located in the current study, and MP2
angles in crystal structures, plotted as a histogram of the numberoptimized structures are shown in Figure 7. Relative energies
of occurrences versus the values of dihedral angles. Oneare summarized in Table 2.
comment should be made before comparison between theory For each ethyl rotamer, the cis form is more stable than the
and experiment. The three-dimensional structure of the anti corresponding trans form. At the MP2 level, the relative energies
configuration implies the existence of a pair of enantiomers with of the trans forms are 2.14, 0.97, and 0.93 kcal/moB&r3b,
opposite orientation of pyramidal amino groups. The PESs for and3c, respectively. The result is consistent with experimental
one stereoisomer are shown in Figure 5. The correspondingdata. Analysis of the CSD shows that primary alkyl substituents,
PESs for the other stereocisomer are equal to the reflection of ~CH,CH,—X, adopt the cis configuration in 54 of the 55
the PESs shown in Figure 5 through Bxperimental structures,  examples.
due to rapid pyramidal inversion, reflect time-averaged atomic  The relative energy of the three possible forms of TS1 range
positions. Thus, the structures often appear planar and it is notfrom 9.1 to 10.9 kcal/mol with MP2 and from 9.7 to 11.0 kcal/
possible to assign chirality to them. To provide a meaningful mol with B3LYP. The overestimated range of 13.3 to 15.1 kcal/
comparison with experiment, we have combined the PESs for mol with MMFF94 is corrected to a range of 9.1 to 11.0 kcal/
the two enantiomers to yield a PES in which every point on mol with MMFF94+. The variations within a given method
the surface corresponds to the lower of the two energies for theresult from steric effects associated with the position of the ethyl
enantiomers, as shown in Figure 6. Consistent with theoretical substituent. Compared with, the lower values of barrier
results, the experimental data show that the dihedral angle isheights, which are similar to those obtained far reflect
populated predominantly in the60 4+ 30°, 60+ 30°, and 180 electronic (inductive) effects of the attached alkyl group.

+ 30° regions, where the calculated energies are within 0.3 kcal/ A detailed comparison of the geometric parameters at various
mol from the minima. levels of theory was performed. (A table containing this

Ethylurea. Ethylurea,3, behavior is similar to that observed information is provided as Supporting Information.) Bond
in 2. All minima adopt an anti configuration with respect to lengths and valence angles f8are quite similar to those for
nitrogen pyramidalization. Both cis and trans forms exist, with 2, and all methods give geometrical parameters of similar
the cis form being the more stable of the two. Rotation about accuracy as compared with experimental averages from X-ray
the N=C(ethyl) bond gives rise to three minima for the cis form diffraction data forcis-urea derivatives bearing primary alkyl
and three minima for the trans form. For a given ethyl rotamer, substituents. The average deviation between the theoretical and
the cis and trans forms are interconverted by rotation about theexperimental bond lengths (heavy atoms) and angles are as
Ca—N bond with two possible transition states. Three cis follows: MP2 0.021 A, 2.5 DFT 0.023 A, 2.0; MMFF94
minima, three trans minima, three TS1, and three TS2 geom-and MMFF94t, 0.015 A, 2.0.
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Figure 7. MP2 optimized geometries f@.
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Figure 8. PES for N-C(alkyl) bond rotation ircis-3 at various levels
of theory.

Figure 8 shows the PESs for rotation of the ethyl group in
cis-3 at different levels of theory. MMFF94 and MMFF%4

J. Phys. Chem. A, Vol. 109, No. 5, 200837

6 PR 1 PR PR | PR 1 P PR |
2_ w ]
0 AL S L S | ¥

| 1
0.0 -
-180

Number of Structures

Energy, kcal mol™
~ >
o o
1 1

o
(=]
I

420 60 0 60 12
C_,~N-C-C dihedral angle, deg

Figure 9. Comparison of the distribution of £N—C—C dihedral
angles observed in crystal structures with an MP2 PES (bold line)
derived by combining the PESs for the two enantiomergse8 (dashed
lines).

3b, and—170, 3c. B3LYP, missing the-80° form, yields only
two minima. With MP2, the barrier heights are 6.25 kcal/mol
at 1°, 1.55 kcal/mol at 139 and 1.21 kcal/mol a+120C°. The
asymmetric profile of the PES results from the pyramidal
nitrogen atoms. The global minimum near 88a, corresponds
to a geometry in which the CGi&Hs group is staggered with
respect to the NH bond, that is, where one of the+C—
N—H dihedral angles is near 6054°, 58°, and 50 with MP2,
B3LYP, and MMFF94, respectively). The minimum ne&80°,

3b, is less stable, due to the fact that one of theHCbonds
and the N-H bond adopt a partially eclipsed conformation<H
C—N-—H dihedral angle of 11land 30 with MP2 and MMFF94,
respectively).

X-ray data for 55 examples of GBH,X substituents (X is
any arbitrary group) on urea provide an experimental view of
the G—N—C—C dihedral angle distribution. This distribution
is shown in Figure 9, where it is compared with the MP2 PESs
for the two enantiomers o€is-3 (see discussion o2). In
agreement with the theoretical results, the-8—C—C dihedral
angle is populated predominantly in the regions near the
calculated minima a#-(90 + 30°) and 180+ 20°.

Isopropylurea. Behavior of isopropylurea4, is analogous
to that observed for the ethyl derivativ&, All minima adopt
an anti configuration with respect to nitrogen pyramidalization.
Both cis and trans forms exist, with the cis form being the more
stable of the two. Rotation about the-C(ethyl) bond gives
rise to three minima for the cis form and three minima for the
trans form. For a given isopropyl rotamer, the cis and trans forms

give almost identical PESs. The MP2 and MMFF94 methods are interconverted by rotation about thg-®l bond with two

both yield three minima located approximatehB0°®, 3a and

possible transition states. Three cis minima, three trans minima,
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Figure 11. PES for N-C(alkyl) bond rotation ircis-4 at various levels
of theory.

cis

B lurea, 9.78 kcal/mot? is nearly the same as that observed for

N,N-dimethyld\'-isopropylurea, 9.80 kcal/mét.

A detailed comparison of the geometric parameters at various
levels of theory was performed. (A table containing this
information is provided in Supporting Information.) Bond
lengths and valence angles fbare quite similar to those for
2 and3, and all methods give geometrical parameters of similar
accuracy as compared with experimental averages from X-ray
diffraction data for isopropylurea derivatives. The average
deviation between the theoretical and experimental bond lengths
(heavy atoms) and angles are as follows: MP2 0.018 £, 1.6
DFT 0.021 A, 1.2; MMFF94 and MMFF94-, 0.018 A, 1.5.

Figure 11 shows the PESs for rotation of the isopropyl group
in cis-4 at different levels of theory. Here, for reasons of
symmetry, the g-N—C—H dihedral angle is plotted on the
x-axis. All calculations yield two minima at abodt40°, 4a
and4b, separated by a comparatively low-energy barrier at near
0°, and one high-energy minimum near 284c, separated from
the other ones by high-energy barriers at akhbl2(. As with
3, the MMFF94 and MMFF94 models give almost identical
PESs. The maximum deviation between MP2 and B3LYP
methods is 0.6 kcal/mol afPand between MP2 and MMFF94
methods it is 1.0 kcal/mol at12C°. The global minimum near
—40°, 4a, corresponds to a rotamer where the isopropyl group
is staggered with respect to the-Nl bond. The local minimum
Figure 10. MP2 optimized geometries fat. near 40, 4b, corresponds to a rotamer where one of theGC

bonds of the isopropyl group is either partially or fully eclipsed
three TS1, and three TS2 geometries4drave been located in  with respect to the NH bond (a H-N—C—C dihedral angle
the current study, and MP2 optimized structures are shown ingf 13°, 0°, and 23 with MP2, B3LYP, and MMFF94,
Figure 10. Relative energies are summarized in Table 2. respectively).

For each isopropyl rotamer, the cis form is more stable than  X-ray data for 23 examples of isopropyl-substituted urea
the corresponding trans form. At the MP2 level, the relative derivatives in the cis configuration illustrate the experimental
energies of the trans forms are 1.95, 0.90, and 2.30 kcal/mol distribution of the G—-N—C—H angles. This distribution is
for 4a, 4b, and4c, respectively. The result is consistent with  shown in Figure 12, where it is compared with the MP2 PESs
experimental data. Analysis of the CSD shows that the iso- for the two enantiomers ofis-4 (see discussion o2). The
propyl substituent adopts the cis configuration in 23 of the 25 theoretical results are fully consistent with the experimental
examples. distribution. The dihedral angle is populated only in the region

Barriers to rotation about the,€N bond are dependent on  between—50" and 50, where the energy is 1 kcal/mol above
the position of the isopropyl group. They range from 8.6 to the minimum. The higher energy minimum, with a-€N—
10.6 kcal/mol with MP2, 9.7 to 11.8 kcal/mol with B3LYP, C—H dihedral angle of 180) has not been experimentally
13.5 to 15.2 kcal/mol with MMFF94, and 9.4 to 11.1 kcal/mol observed.
with MMFF94+. The lowest barrier height at the MP2 level, tert-Butylurea. tert-Butylurea,5, exhibits one cis minimum
8.55 kcal/mol, is closer to that df, 8.16 kcal/mol, than foP, and one trans minimum, both in the anti configuration with
9.39 kcal/mol. This result is consistent with the experimental respect to nitrogen pyramidalization. The cis and trans minima,
observation that the £ N rotational barrier ofN,N-dimethy- TS1, and TS2 geometries féihave been located in the current

TS1 -
4c
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Figure 12. Comparison of the distribution of £N—C—H dihedral
angles observed in crystal structures with an MP2 PES (bold line)

derived by combining the PESs for the two enantiomerssf (dashed
lines).

cis
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Figure 13. MP2 optimized geometries fd.

TS2

study, and MP2 optimized structures are shown in Figure 13.
Relative energies are summarized in Table 2.

As with the other alkyl-substituted ureas, the cis form is the
global minimum. The cis/trans energy difference for the bulky
tert-butyl group (2.61, 2.41, 4.82, and 3.51 kcal/mol with MP2,
B3LYP, MMFF94, and MMFF94-, respectively) is the largest

J. Phys. Chem. A, Vol. 109, No. 5, 200339
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Figure 14. PES for N-C(alkyl) bond rotation ircis-5 at various levels
of theory.

A detailed comparison of the geometric parameters at various
levels of theory was performed. (A table containing this
information is provided in Supporting Information.) Bond
lengths and valence angles fiare similar to those fo—4,
and all methods give geometrical parameters of similar accuracy
as compared with experimental averages from X-ray diffraction
data for tert-butylurea derivatives. The average deviation
between the theoretical and experimental bond lengths (heavy
atoms) and angles are as follows: MP2 0.014 A°1DFT
0.018 A, 0.7; MMFF94 and MMFF94-, 0.017 A, 1.7.

Figure 14 shows the PESs for rotation of tee-butyl group
in cis-5 at different levels of theory. All calculations yield 3-fold
rotational potentials where the minima occur with methyl groups
staggered with respect to the,€N bond. As with 2—4,
MMFF94 and MMFF94- yield essentially identical PESs.
Three structurally identical minima are located4e60° and
18C°. The barrier to rotation of thiert-butyl group is 4.6, 3.9,
and 5.2 kcal/mol with MP2, B3LYP, and MMFF94, respec-
tively.

X-ray data for thetert-butyl-substituted urea derivatives in
the cis configuration illustrate the experimental distribution of
the G—N—C—C angles. This distribution is shown in Figure
15, where it is compared with the MP2 PESs for the two
enantiomers ofis-5 (see discussion &). The theoretical results
are fully consistent with the experimental distribution. The
dihedral angle is populated at the predicted minimat60°
and 180

Phenylurea. Phenylureag, exhibits one cis minimum and
one trans minimum. The cis minimum has an anti configuration
and the trans minimum has a syn configuration, with respect to
nitrogen pyramidalization. These two minima, TS1, and TS2
geometries foi6 have been located in the current study, and
MP2 optimized structures are shown in Figure 16. Relative
energies are summarized in Table 2.

Unlike the alkyl-substituted ureas, the relative stability of the
two minima depends on the level of theory applied. MP2 and
MMFF94+ show the trans form to be more stable than the cis
form by 0.94 and 0.95 kcal/mol, respectively. B3LYP and
MMFF94 show the cis form to be more stable than the trans
form by 0.16 and 2.90 kcal/mol, respectively. The results of

among the alkyl substituents. Examination of the CSD revealed recent gas-phase spectroscopic studg,afoupled with MP2/

25 examples in which tert-butyl substituent is attached to the
N—H group of urea, all in the more stable cis configuration.
The barrier to rotation about the;€N bond in5, 8.68 kcal/
mol with MP2, is similar to that obtained fa¥;, 8.55 kcal/mol,

at the same level of theory.

6-311++G** single-point calculations on the B3LYP/6-315*
optimized geometries, suggest that cis and trans conformers have
similar relative energies and are both populated therndally.
However, examination of the CSD shows that cis form
predominates in phenyl-substituted urea derivatives, with the
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Figure 16. MP2 optimized geometries fd.

trans form present in only 1 out of 76 examples. Barriers to  Figure 17 shows the PESs for rotation of the phenyl group
rotation about the £&-N bond are 9.06, 9.67, 13.67, and 9.05 in cis-6 at different levels of theory. At the MP2 and B3LYP
kcal/mol with MP2, B3LYP, MMFF94, and MMFF94, levels, the form of the PES is very similar, but the difference
respectively. in barrier heights is large, almost 2 kcal/mol, when compared

A detailed comparison of the geometric parameters at variousto the behavior o2—5. The default MMFF94 model gives a
levels of theory was performed. (A table containing ths very high rotational barrier of about 15 kcal/mol. MMFF94
information is provided in Supporting Information.) Bond parameters for two torsional interactions,—N—C(aryl)—
lengths and valence angles for the cis formbafre compared C(aryl) and G—N—C(aryl)—C(aryl), were modified to repro-
with experimental averages from X-ray diffraction data for duce the MP2 barrier height and the dihedral angle between
phenylurea derivatives. The average absolute deviations for bondurea and phenyl planes. Marked improvement was obtained by
lengths and bond angles are as follows: MP2 0.016 A°:0.7 lowering the 2-fold \§ parameters for these interactions (see
B3LYP 0.015 A, 0.8; MMFF94 and MMFF94- 0.010 A, 1.2. Figure 17).
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