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Potential energy surfaces (PES) for rotation about th€CksF) or N—C(aryl) bond and energies of stationary
points on PES for rotation about the C{spN bond are reported for methylthiourea, ethylthiourea, isopro-
pylthioureatert-butylthiourea, and phenylurea, using the MP2/aug-cc-pVDZ method. Analysis of alkylthioureas
shows that conformations, with alkyl groups cis to the sulfur atom, are more stable (b%.5.&cal/mol)

than the trans forms. All minima adopt anti configurations with respect to nitrogen pyramidalization, whereas
syn configurations are not stationary points on the MP2 potential surface. In contrast, analysis of phenylthiourea
reveals that a trans isomer in a syn geometry is the global minimum, whereas a cis isomer in an anti geometry
is a local minimum with a relative energy of 2.7 kcal/mol. Rotation about theZE{&pbond in alkyl and

phenyl thioureas is slightly more hindered (9110.2 kcal/mol) than the analogous motion in the unsubstituted
molecule (8.6 kcal/mol). The maximum barriers to rotation for the methyl, ethyl, isopresyhutyl, and

phenyl substituents are predicted to be 1.2, 8.9, 8.6, 5.3, and 0.9 kcal/mol, respectively. Corresponding PESs
are consistent with the experimental dihedral angle distribution observed in crystal structures. The results of
the electronic structure calculations are used to benchmark the performance of the MMFF94 force field.
Systematic discrepancies between MMFF94 and MP2 results were improved by modification of selected
torsion parameters and one of the van der Waals parameters for sulfur.

Introduction SCHEME 1

Thiourea and its derivatives have been the focus of attention ) S Hg /Hs s
; v e ; ; ; I = I
in recent years in view of their interesting physmochemlc.al Ho Ca. H H _Ca e Lo~
properties and broad range of applications in several chemical N N N|1 fl\lz H, | fl\l
disciplines. Certain thiourea molecules have antiviral activity H H H Hs H H
and might be characterized as prospective inhibitors of many 1 thiourea 2 methylthiourea 3 ethylthiourea
enzymes, particularly, HIV-1 reverse transcriptages anti- s s )
bacterial and antifungal agents, they have been used in agri- H g H '('; H 'g Ph

2 . . . . . . Ny o ras Na 2 as \N/ as,,~

culture? In technical applications dithioamide compounds are rl\l rl\l ll\l ll\l | |
known to be prospective nonlinear optical materfadsyrosion H H H H H H
inhibitors for copper and iron in acidic mediand function- 4 ipropyithiourea 5 tbutylthiourea 6 phenylthiourea

alization agents for production of chemically modified resins.

Thiourea derivatives have been also reported as potential recep- Herein we report conformational analyses for thiourea

tors and ionophores for heavy metal catiérimyilding blocks (Scheme 1)1, methylurea,2, ethylurea,3, isopropylurea4,

in the synthesis of heterocyclic compouridsnally, the strong tert-butylurea5, and phenylthioured, performed with second-

hydrogen-bonding donor capability of the -NHE(=S)—N(H)- order Mdler—Plesset perturbation theory (MP2). All possible

group has been widely exploited in supramolecular chemistry, minima generated by rotation about both-Gl and N—-C(alkyl)

where it has been used as a building block for anion receptors. or N—C(aryl) bonds are considered. Where possible, the results
The ability to model the shapes and energetics of thiourea are compared with those obtained from previous electronic

molecules is essential for understanding the chemistry of com- structure calculations and with experimental data for geometries

pounds containing this important functional group. Although and rotational barriers. The results also serve to benchmark and

some force field models, such as MMFFBAave been para-  improve the performance of the MMFF94 model. Finally,

metrized for this moiety, such models have not been tested for conformational preferences and rotational barriers in thiourea

their ability to reproduce the geometries and relative energies groups are compared with those found for urea groups.

of substituted thiourea derivatives. In prior conformational ana- . .

lyses of structurally related urea molecules, we found that the Theoretical Details

default MMFF94 model failed to reproduce thg-N rotational Electronic Structure Calculations. Conformational analysis

barriers and relative energies of cis and trans forms obtained atof the alkyl- and phenylthioureas was performed with the

the MP2/aug-cc-pVDZ level of theo”?.Marked improvement NWChem prografft using second-order Mier—Plesset per-

in the performance of the MMFF94 model was achieved after turbation theory? Calculations were done using the correlation-

simple modification to selected torsional parameters. Motivation consistent aug-cc-pVDZ basis $étincluding all electrons in

for the current study came from a desire to evaluate the trans-the correlation treatment. Initial geometries were generated by

ferability of these parameters to thiourea systems and to eluci-the substitution of sulfur for oxygen and adjusting the length

date the similarities and differences between urea and thioureaof the G=S bond in optimized structures obtained previously

conformations. for urea derivatives. The potential energy surfaces, PESs, were
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TABLE 1: Modified MMFF94 Torsional Parameters 2 TABLE 2: Relative Energies (kcal/mol) for Geometries of
atom types 1-6 at Various Levels of Theory
dihedralangle ———— Vi V2 Vs ref conformer MP2 MMFF94 MMFF94
N—Ca—N—H 10 3 10 28 1.800 3.100 0.620 10 Tani 0 0 0
N—C,—N—C(alkyl) 10 3 10 1-0.100 3.100 0.000 10 1an| 051
N—C,—N—C(aryl) 10 3 10 37 1.000 3.800 0.000 10 lsf n 0.51 0.67 0.77
C.—N—C(aryl)-C(aryl) 3 10 37 37 0.000 3.000 0.000 10 lggle 853 1067 8 s
H—N—C(aryl)-C(aryl) 28 10 37 37 0.000 1.100 0.000 10 1792 1538 13.89 1538
S—Co—N—H 16 3 10 28-1.100 6.300—0.340 this work 2ai > 5 87 0
S—Ca—N—C(alkyl) 16 3 10 1-5200 8500 0.600 this work 2fr|§ns 0.70 5 116
S-Ca~N—C(aryl) 16 3 10 37-3.750 6.280 0.000 this work 27151 10.20 13.89 1620
aBarrier heightsV,—Vs, are given in kilocalories per mole. 2TS2 17.74 16.31 17.85
3acis 0 3.33 0.10
i ini i i 3atrans 1.52 0 1.00
?:btalned byf constra}lnmgbthe cr?rrespot:ldlrég dlgedral aggles (N zatey 125 16.33 1539
a——N—Xfor rotation about the £&-N bond and G-N—C—X 3aTS2 19.79 17.99 18.81
for rotation about the NC bond, where X= H or C) and fully 3bcis 0.35 3.6 0.49
optimizing the remaining internal coordinates. Intervals of 15 3btrans 1.26 0.02 1.01
. 3bTS1 9.48 14.01 10.85
and 30 were usgd for phenyl and alkyl substituents, respec- 3hTS2 17.06 15.50 15.77
tively. Frequencies were computed at the MP2/aug-cc-pVDZ 3ccis 0.58 3.1 0
level to characterize each stationary point as a minimum or a ~ 3ctrans 0.97 0.45 141
L 3cTS1 10.43 13.56 9.65
transition state. . 3cTS2 17.72 15.91 17.57
Cambridge Structural Database. Experimental average 4acis 0 6.21 0
_ ; ; iatribi it 4atrans 1.34 3.15 1.25
X-ray diffraction crystal structure parameters and distribution 4
‘ ) X aTsl 12.38 18.84 11.88
of dlhgdral angles were obtained through analysis of the 4aTS2 19.77 20.68 18.90
Cambridge Structural Database (CSD). The CSD program 4b cis 0.29 6.87 0.79
ConQuest was used to identify structures in which at least ﬁfl[gqs 91'82 15'23 1%3421
one of the thiourea nitrogen atoms is substituted by both a 4bTS2 16.40 19.95 16.92
hydrogen atom and an alkyl or phenyl group in a cis position 20;:!8 31-4363 %66 5.2(5)
: : ctrans . .
with respect to the €S bqnd. Searches yielded 118 methyl, 40TS1 1280 1311 1301
187 CHCH_X (X is an arbitrary group), 12 secondary alkyl, 6 4cTS2 19.14 15.46 18.82
tertiary alkyl, and 74 phenyl groups when applying constraints gtCiS % 9 4(540 % 6
: rans . .
of aanactor of .Iess. than 10%, no errors, no qllsorder, and no 5TS1 037 14.11 938
metal ion coordination at the sulfur. A statistical analysis of 5TS2 15.67 15.51 16.04
the geometric parameters in these structures was carried out with gg:g% %-gg 5.96 22-5375
4 . .
the CSD VISTA progrant: _ 6 trans 0.00 0 0
Force Field Calculations.The calculations were performed 6TS1 9.83 12.62 9.88
using MMFF94 force fielfl implemented in the PCMODEL 6TS2 13.38 12.86 13.35

molecular modeling softwar€.Comparison of the MP2 results

with those obtained from the default MMFF94 model revealed the default value of 4.0 to 2.7*AThe new value seems to be
several systematic discrepancies. MMFF94 yields an incorrectis consistent with the default atomic polarizability parameters
picture of the relative stability of cis and trans isomers and for sulfide sulfur (3.0 &) and sulfoxide sulfur (2.7 . In the
overestimates the barrier heights for rotation abqutiCbonds ~ following text we refer to this model as MMFF34to indicate

for all cases examined—6. In addition, while MMFF94 does  that we have modified the default MMFF94 parameter set.

a good job at reproducing the-NC(alkyl) rotational PESs, the
position of minima for N-C(aryl) rotation in6 is significantly
different and the barrier heights are greatly overestimated. Conformational aspects for each derivatide;6, are dis-

The majority of these discrepancies are explained by the usecussed in separate sections below. For clarity, the discussion
of generalized wildcard parameters for torsional interactions, follows the same order in each case: the planarity of the struc-
which depend only on the atom type of the central two atdms. ture, barrier to rotation about the;€N bond, the relative sta-

In our prior study of urea molecules, the default MMFF94 para- bility of cis versus trans configurations, and the conformations
meter set was updated to include the modifications pertaining formed by rotation about the NC(substituent) bond. Since ro-

to C,—N and N-C(aryl) rotation® These modifications were  tation about the €&-N bond has been a major focus of prior
retained, and additional parameters specific for rotation about studies, plots of these PESs are not presented here. However,
the G—N bond in thiourea (SC;—N—X, X = H, C(alkyl), all stable points on these surfaces were optimized, and the geo-
and C(aryl)) were adjusted to obtain the best fit with MP2 barrier metries and relative energies are discussed. On the other hand,
heights and cis/trans relative energies for thiourea derivatives. since PESs for rotation aboutNC(substituent) bonds have not

All modified torsional parameters are presented in Table 1.  been reported previously, plots of these PESs are presented for

One additional change was made to the parameter set. Toeach case.
correct for the overestimated steric interaction when a substituent The data obtained from the MP2/aug-cc-pVDZ (hereafter re-
is cis with respect to the sulfur atom, one of the van der Waals ferred to as MP2) calculations were used to check the per-
parameters for thiocarbonyl sulfur was modified. The buffered formance of the default MMFF94 model. Systematic discrep-
14—7 form used for the van der Waals potential in MMFF94 ancies between MMFF94 and MP2 relative energies led to the
requires four parameters, three of which (scaling factors, modification of several torsion and van der Waals parameters,
effective numbers of electrons determined from the Stater yielding an improved model, MMFF94. Relative energies for
Kirkwood formula) depend on the atomic species rather than all optimized geometries obtained using different methods are
on the MMFF94 atom types. To obtain the best agreement, thesummarized in Table 2. Views of these geometries are provided
remaining parameter (atomic polarizability) was adjusted from in the corresponding sections below.

Results and Discussion
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ﬁ ﬁ ﬁ TABLE 3: Calculated and Experimental Geometric
1 1 a
Hiw Ca H He Ca uH H\N/Ca‘N/H Parameters for the Anti Conformation of 1
N N N feature MP2  MMFF94  MMFF94  expP
H: H HoH HoH =S 1.665 1.650 1.650 1.645
anti (Cz) syn (Cy) planar (Czy) C—N 1.375 1.349 1.349 1.368
s S N—H; 1.012 1.013 1.013
b LoHL L E N—H, 1.014 1.014 1.014
SNFTRRETS O ONTTEN S—C—N 123.2 122.8 122.9 123.0
| .. ||_{ }( T-1 N—C—N 113.7 114.3 114.3
Ha C—N—H; 114.9 116.1 115.8
TS1(Cy) TS2 (Cy) C—N—H; 118.5 118.3 117.9
Figure 1. Five stationary points for thiourea, Hi—N—H; 116.0 115.4 115.1
'gu Ve stationary pol tou S-C-N-H; 10.7 8.3 83
S—C—N—H, 154.2 152.0 150.4
N—C—N—H; —169.3 —-171.7 —-171.7

M R
| W \”“T/ g 349.5 349.8 348.8
U a2 Bond lengths in angstroms; angles in degrees. Pyramidalization of

B
; | the nitrogen is expressed in termsyothe sum of the three bond angles
anti oy planar subtended at nitrogefl Experimental datat

'Ii i Table 3 summarizes geometrical parameters of the global
minimum anti structure of, calculated by various methods, as
\ﬁ ¥ H compared with the available experimental data obtained from
gas-phase microwave spectroscépll the methods used give
TS1 TS2 structural parameters of similar accuracy when compared with
Figure 2. MP2 optimized geometries fd. the experimental geometry. The modified parameters in
MMFF94+ do not noticeably alter bond lengths but do have a
Thiourea. Prior theoretical studies have identified several small influence on the bond and dihedral angles. Although the
stationary points for thioured, 1622 The geometries are defined experimental data did not allow a precise determination of the
in Figure 1. Five geometries (one ground state, three transition positions of hydrogen atoms, they did indicate that theHN

states, and one second-order saddle point) have been located iRydrogen atoms in thiourea lie closer to the RN plane

the current study, and the MP2 optimized structures are shownthan those in ure® This structural feature is reproduced by
in Figure 2. Relative energies are summarized in Table 2. both electronic structure and molecular mechanics calculations.

Considerable effort has been focused on the problem of the!" Poth cases, the sum of the three bond angles around the

planarity of thiourea in the gas phase. Early theoretical calcula- nitrogen ¢/(N)) is_ 7 larger in th_iou_rea_than in urea. Note that
tiong2 and experimental studies dfn the solid staté predicted the decreased nitrogen pyramidalization upon going from urea

- to thiourea is accompanied by a concomitant shortening of the
a fully planarC,, structure. More recent calculatidfs?? and ; )
gas-phase rotational studién 1 find that the NH groups C.—N bond (by 0.018 A at the MP2 level) consistent with a

: . igher rotational barrier about this bond.
are slightly out-of-plane. These studies suggested that the Iowes{1Ig . ~ ) )
energy structure has, symmetry (anti form) and the less stable m;?rtri?%n (_?_goll;t;zg ?; Nsb%rﬁe%:ve;ﬁﬁ];omg(il%gmvat]rgre
form hasCs symmetry (syn form). Although the syn form has . d &1 sy y ’
been found to be a true minimum at the MP2/DZ(#,@nd one nitrogen atom Is either al_most or (_axaptly planar ar_ld the
MP2/6-3H+G(d,p)-° levels, it was characterized as a transition other nitrogen atom cha_mges its hybridization from a mixture
state at the MP2(full)/6-3£G" level (see Supporting Informa- of s and sp at the minima to a spstate at the TS. The two

. transition states reflect the two possible orientations of the
tion to ref 20). A p'ar_“'?“CZv symmetry structure at _the MP2 . __nitrogen lone pair with respect to the=S bond, with the TS2
level has been identified as a second-order stationary point

) ) : state being always higher in energy than TS1.
connecting two pairs of syn and anti conformé#s" Rotation around the £N bond breaks the conjugation and

In the present study we find that the a@tiformis the only  sjgnificantly destabilizes the corresponding TSs. Loss of the
minimum on the PES fofl. The synCs form is a transition  conjugation in TS1 and TS2 should lead to substantial elongation
state for interconverting anti forms, and the pla@ar form is of a one G-N bond and shortening of another. This is reflected
a second-order stationary point with two imaginary frequencies. in MP2 calculations, but the MMFF94 calculations do not
This result is fully consistent with the fact that the matrix reproduce the bond length changes. For example, MP2 gives
isolated FTIR spectra of thiourea suggests the presence of onlylong and short lengths of 1.449 and 1.350 A for TS1, whereas
one form in the vapor phasé.The relative energies of th&, MMFF94 gives values of 1.355 and 1.345 A.
andC;, states at the MP2 level are very similar, 0.505 and 0.514  The relative energies for TS1 and TS2 obtained with MP2
kcal/mol, respectively. For comparison, reported relative ener- (Table 2) are in agreement with other calculated values of 8.6
gies for theCs and Cy, states are 0.09 and 0.09 kcal/mol for  10.6 kcal/mol for the lower barrier and 16:08.9 kcal/mol for
HF/6-31G*? 1.50 and 1.08 for MP2/D95**% 1.08 and 1.00  the higher barrie?? The barrier height measured in solution,
kcal/mol for MP2/6-31G*° 1.23 and 1.01 kcal/mol for MP2-  AG* = 11.3-13.5 kcal/mol, is several kilocalories per mole
(full)/6-31+G*,2° and 0.65 and 0.61 kcal/mol for MP2/  above the calculated valu&s2éUnfortunately, no experimental
6-3114-+G(3df,2pd)//MP4(SDTQ)/6-3Ht+G(3df,2pd)2t Us- values for gas-phase rotational barrier heights have been reported
ing the MMFF94 or MMFF94- models, we could locate the  for comparison to the theoretical results. The default MMFF94
lowest energy anti form and, by enforcing symmetry, the planar model overestimates the barrier height for TS1 and underesti-
C,, form. The relative energy for th€,, isomer is well- mates the barrier height for TS2. This is corrected in MMFF94
reproduced by MMFF94 (0.67 kcal/mol) and MMFFB40.77 Methylthiourea. Methylthiourea,2, exhibits two nonplanar
kcal/mol). TheCs form could not be located with this model. minima, both in an anti configuration with respect to nitrogen
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Figure 3. MP2 optimized geometries fdt.
i ° 5
H\’?‘/C\rl\l/R H\Cll‘i//c\ll\l/ﬂ H\’?‘/C\\(TN)/R
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Figure 4. Resonance structures for alkylated thiourea.

pyramidalization. Syn configurations are not stable points on
either the MP2 or MMFF94 PES. The two minima, with the
methyl group cis and trans to the sulflirare interconverted

by rotation about the £-N bond. As withl, there are two TS

for this interconversion analogous to TS1 and TS2 (see Figure
1). The cis, trans, TS1, and TS2 geometries Zdrave been
located in the current study, and MP2 optimized structures are
shown in Figure 3. Relative energies are summarized in Table
2.

At the MP2 level, we find the cis form to be the global
minimum with the trans form 0.7 kcal/mol higher in energy.
Previous electronic structure calculations 2reported at the
HF/6-31G level gave markedly different results with a global
minimum trans form and the cis form 0.7 kcal/mol higher in
energy?® The difference is likely due to the deficiency of the

employed basis set and importance of electron correlation effects
required to give the correct energetics and geometry. The default

MMFF94 model also predicts a trans global minimum. The
smaller sulfur van der Waals radius used in MMFF92brrects
the discrepancy, which is due to an overestimation of the steric
repulsion between the large sulfur atom and the methyl group
in the cis form.

NMR??:30 and Rama#f? spectra of2 in solution show the
coexistence of both cis and trans isomers. This result is

J. Phys. Chem. A, Vol. 110, No. 14, 2006581

TABLE 4: Calculated and Experimental Geometric
Parameters for cis 2

feature MP2 MMFF94 MMFF94 expt

=S 1.669 1.659 1.657 1.6880.018
Ca—N1 1.387 1.360 1.358 1.36t 0.017
Ca—N2 1.363 1.366 1.364 1.324 0.013
C—N2 1.456 1.449 1.446 1.4580.011
N2—Hs 1.014 1.011 1.011 0.888 0.101
C—Ha 1.101 1.093 1.093
C—Hs 1.097 1.093 1.093 0.964 0.039
C—He 1.098 1.093 1.093
N;—Cs—S 122.6 119.8 120.5 119#1.5
N1—Ca—Na2 113.8 1122 112.7 1165 145
Ca—N—C 121.8 1249 123.1 12421.0
Ca—No—Hs 117.0 1147 115.0 1175 2.7
N2—C—H,4 111.3  109.1 109.0
N>—C—Hs 109.6 110.3 110.1 109F% 2.3
N>—C—He 108.1 108.3 108.4
S—-C+—N,—C 4.5 4.4 5.0 Gt 3 (0-11)
S—Ci—Ny—Hs; 162.8 1595 157.7 188 6 (161—180Y
y(N1) 3447 348.4 347.6
y(N2) 356.5 355.5 354.5

a2Bond lengths in angstroms; angles in degrees. Pyramidalization of
the nitrogen is expressed in termsyothe sum of the three bond angles
subtended at nitrogefA Crystallographic data for 39 thiourea molecules
containing at least one N(H)GHgroup in which the methyl substituent
is cis to the sulfur atonf. Average data for three methyl hydrogen
atoms.d Dihedral angles range.

2.0 .

Energy, kcal/mol

-120 -60 0 60 120 180
C,—N-C-H dihedral angle, deg

Figure 5. PES for N-C(sp¥) bond rotation in ci< at various levels

of theory.

and lower for rotation around the-@\NH, bond AG* = 10.2
kcal/mol) as compared with the rotational barrier IoAG* =
11.3 kcal/mol)®

Table 4 summarizes the geometric parameters of the global

consistent with the small energy difference between the cis andminimum cis 2, calculated by various methods. Although

trans rotamers o2. On the other hand, the spectral and X-ray
diffraction analysis of2 in the solid state, which is strongly
influenced by intermolecular hydrogen bonding, shows that only
the trans conformation is preséfit.

N-Methyl substitution in thiourea increases the relative energy
of TS1 by 1.57, 3.22, and 1.55 kcal/mol with MP2, MFF94,
and MMFF94+ methods, respectively (Table 2). Although steric
effects on rotational barriers cannot be completely rulec?out,

experimental gas-phase structural dataZ@re not available,
experimental averages from X-ray diffraction data for 39 cis
methylthiourea derivatives are used for comparison with theo-
retical results. As witH, the agreement with the experimental
data is good. The average deviation from X-ray bond lengths
(heavy atoms) and angles are as follows: MP2, 0.022 &;2.7
MMFF94, 0.019 A, 1.7, MMFF94+, 0.020 A, 1.9.

Introduction of the weak electron-donating methyl group to

this increase in barriers can be rationalized on consideration of1 results in a slight increase of the;60 and G—N; bond

thiourea resonance structures-& shown in Figure 4. Contri-

lengths and in a small decrease of thg-®, bond length at

bution from resonance structure C is expected to increase wherthe MP2 level, as predicted by resonance considerations (see C
R is an electron-donating group. This should result in an increasein Figure 4). Note that the sum of the three bond angjes (

of the w-bonding character of the.€NH(CHjz) bond and in a
decrease of the £ NH, bond order. Experimental barriers for
these rotations are available faronly in solution?6:29 which

(N)) around the methylated nitrogen is-I2° larger than that

for the NH; group (/(N2)). The relative flattening of &C,—

N,—C and G=C,—N,—H3; dihedral angles is also indicative of

are consistently higher than calculated ones. Nevertheless, inreduced pyramidalization at the methylated nitrogen.

accord with the classical resonance model, they are higher for
rotation around the ENH(CHs) bond AG* = 15.1 kcal/mol)

Figure 5 shows the PESs for the rotation of the methyl group
in cis2 at MP2 and MMFF94- |evels of theory. These methods
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C,—N-C—-H dihedral angle, deg

Figure 6. 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 enantiomers 2 ¢ifashed
lines).

yield three equivalent minima and maxima, though the position
of the stationary points on the PES are slightly different. The
MP2 equilibrium structure (178is closer to an ideal staggered
conformation (18€) than those obtained from MMFF94
(172) calculations (values of one of the HC—N—C, dihedral
angles are given in parentheses). The barrier to rotation of the
CHgs group is close to 1.2 kcal/mol with both methods.

Figure 6 illustrates the distribution of,EN—C—H dihedral S
angles in crystal structures, plotted as a histogram of the number g,
of occurrences versus the values of dihedral angles. One
comment should be made before comparison between theory
and experiment. The three-dimensional structure of the anti
configuration implies the existence of a pair of enantiomers with Figure 7. MP2 optimized geometries fd.
opposite orientation of pyramidal nitrogen atoms. The PESs for
one stereoisomer are shown in Figure 5. The correspondingMinima for the trans form. For a given ethyl rotamer, the cis
PESs for the other stereoisomer are equal to the reflection ofand trans forms are interconverted by rotation about theNC
the PESs shown in Figure 5 through Bxperimental structures, ~ bond with two possible transition states. Three cis minima, three
due to rapid pyramidal inversion, reflect time-averaged atomic trans minima, three TS1, and three TS2 geometrie$ toave
positions. Thus, the structures often appear planar, and it is notbeen located in the current study, and MP2 optimized structures
possible to assign chirality to them. To provide a meaningful are shown in Figure 7. Relative energies are summarized in
comparison with experiment, we have combined the PESs for Table 2.
the two enantiomers to yield a PES in which every point on At the MP2 level for each ethyl rotamer, the cis form is more
the surface corresponds to the lower of the two energies for thestable than the corresponding trans form. The relative energies
enantiomers, as shown in Figure 6. Consistent with theoretical of the trans forms are 1.52, 0.91, and 0.39 kcal/mol3@ar-c,
results, the experimental data show that the dihedral angle isrespectively. By contrast, the relative stability of cis forms is
populated predominantly in the60 £+ 20, 60+ 20, and 180 greatly underestimated at the MMFF94 level. The problem is
+ 20° regions, where the calculated energies are within 0.4 kcal/ fixed in MMFF94+. The relatively small energy difference
mol from the minima. between the lowest energy cis and trans forms (0.97 kcal/mol)

Ethylthiourea. Ethylthiourea,3, behavior is similar to that  is consistent with the presence of two rotational isomers in
observed in2. All minima adopt an anti configuration with  solution, as follows from two Ckisignals on thetH NMR
respect to nitrogen pyramidalization. Rotation about theC{eth- spectrum of ethylthiourea cadmium(ll) compfiesand twov-
yl) bond gives rise to three minima for the cis form and three (C=S) bands in Raman spectra®éssociated with the cis and
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——©o—— MMFF94+

Energy, kcal/mol
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Ca—N-C—C dihedral angle, deg

Figure 8. PES for N-C(alkyl) bond rotation in ci8 at various levels
of theory.

trans rotamerd’ Analysis of the CSD shows that primary alkyl
substituents, -CHCH,-X, adopt a cis configuration in 187 of
the 241 examples.

The relative energy of the three possible forms of TS1 ranges
from 9.5 to 12.5 kcal/mol with MP2. The overestimated range
of 13.5-16.3 kcal/mol with MMFF94 is corrected to a range
of 9.7-12.4 kcal/mol with MMFF94-. The lower values of
barrier heights, which are similar to those obtainedaeflect
electronic (inductive) effects of the attached alkyl group. A
comparison of the geometric parameters3at various levels
of theory show the same behavior as previously described for
2.

Figure 8 shows the PESs for rotation of the ethyl group in
cis 3 at MP2 and MMFF94- levels of theory. The MP2 and
MMFF94+ PESs are very similar. Both methods yield three
minima located neat-80°, 3aand3b, and—174°, 3c. The MP2
barrier heights are 8.9 kcal/mol nedr, @.5 kcal/mol near 135
and 1.4 kcal/mol at-125°. The asymmetric profile of the PES
results from the pyramidal nitrogen atoms. The global minimum
near 80, 3a, corresponds to a geometry in which the £t
group is staggered with respect to the-N bond; in other
words, where one of the HC—N—H dihedral angles is near
60° (44° with both MP2 and MMFF94). The minimum near
—80°, 3b, is less stable, due to the fact that one of theHC
bonds and the NH bond adopt a partially eclipsed conforma-
tion (H—C—N—H dihedral angles of-17 and—16° with MP2
and MMFF94, respectively).

X-ray data for 187 examples of cis GEH.X substituents
(X'is any arbitrary group) on thiourea provides 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 of 8isee discussion
of 2). In agreement with the theoretical results, the-8—
C—C dihedral angle is populated predominantly in the regions
near the calculated minima &t(90 + 30°) and 180+ 30°.

Isopropylthiourea. Isopropylthiourea4, behavior is analog-
ous to that observed for the ethyl derivati@eAll minima adopt
an anti configuration with respect to nitrogen pyramidalization.
Rotation about the NC(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 are intercon-
verted by rotation about the €N bond with two possible
transition states. Three cis minima, three trans minima, three
TS1, and three TS2 geometries #have been located in the
current study, and MP2-optimized structures are shown in Figure
10. Relative energies are summarized in Table 2.

At the MP2 level for each isopropyl rotamer, the cis form is
more stable than the corresponding trans form. The relative
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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 enantiomers d3 ¢iashed
lines).

energies of the trans forms are 1.34, 0.75, and 0.87 kcal/mol
for 4a—c, respectively. By contrast, the relative stability of the
cis forms is greatly underestimated at the MMFF94 level. The
problem is fixed in MMFF94-. To our knowledge, no
experimental data on conformational preferences in the gas
phase or in solution have yet been reported for isopropylthiourea
derivatives. The structural information in the solid state is mainly
available for N,N-diisopropylthiourea that adopts eigrans
conformation®!

Barriers to rotation about the,€N bond are dependent on
the isopropyl group position. They range from 9.1 to 12.8 kcal/
mol with MP2, from 13.8 to 18.8 kcal/mol with MMFF94, and
from 11.8 to 13.1 kcal/mol with MMFF94. A comparison of
the geometric parameters #at various levels of theory yields
the same behavior as previously describedZand 3.

Figure 11 shows the PESs for rotation of the isopropy! 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 neat40°, 4a and
4b, separated by a comparatively low-energy barrier néar O
and one high-energy minimum near 28@c, separated from
the other ones by high-energy barriers ned2(. As with 3,
the MP2 and MMFF94 methods give very similar PESs. The
maximum deviation between MP2 and MMFF94nethods is
0.8 kcal/mol at 180 The global minimum near-40°, 4a,
corresponds to a rotamer where the isopropyl group is staggered
with respect to the NH bond. The local minimum near 40
4b, corresponds to a rotamer where one of the@bhonds of
the isopropyl group is eclipsed with respect to the il bond
(H—N—-C—C dihedral angle of—16° with both MP2 and
MMFF94).
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Figure 10. MP2 optimized geometries fat.
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Figure 13. MP2 optimized geometries fd.

10 1 1 1 1

——o0—— MMFF94+

the experimental distribution of the;,€N—C—H angles. This
distribution is shown in Figure 12, where it is compared with
the MP2 PESs for the two enantiomers of iee discussion
of 2). The theoretical results are fully consistent with the
experimental distribution. The dihedral angle is populated only
in the region of:45° between high-energy barriers. The higher
energy minimum, with a &-N—C—H dihedral angle of 180

has not been experimentally observed.
-180 -120  -60 0 60 120 180

C.—N—C—H dihedral angle, deg tert-Butylthiourea. tert-Butylthiourea, 5, exhibits one cis
minimum and one trans minimum, both in the anti configuration
with respect to nitrogen pyramidalization. The cis and trans
minima, TS1, and TS2 geometries othave been located in
X-ray data for 12 examples of thiourea derivatives bearing the current study, and MP2 optimized structures are shown in
secondary alkyl substituents in the cis configuration illustrate Figure 13. Relative energies are summarized in Table 2.

Energy, kcal/mol

Figure 11. PES for N-C(alkyl) bond rotation in cig at various levels
of theory.
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Figure 14. PES for N-C(alkyl) bond rotation in ci$ at various levels
of theory.

As with other alkyl-substituted thioureas, the cis form is the
global minimum at the MP2 level. The cis/trans energy
difference is 0.92 kcal/mol. As before, energetic discrepancies
with the default MMFF94 model are greatly diminished with
MMFF94+. Examination of the CSD shows th&trt-butyl
derivatives of thiourea adopt the cis configuration in five of
the six examples. The barrier to rotation about the i€ bond
in 5, 9.4 kcal/mol with MP2, is similar to those obtained for

Energy, kcal/mol
I

2—4, 9.1-10.3 kcal/mol, at the same level of theory. 0l L NG S, o AL
Figure 14 shows the PESs for rotation of ted-butyl group 180  -120 60 0 60 120 180
in cis 5 at different levels of theory. Both methods yield 3-fold C4—N—-C—C dihedral angle, deg

rotational pot_entials where the minima occur with methyl groups Fiqure 15. Comparison of the distribution of £N—C—C dihedral
staggered with respect to the€N bond. Three structurally anggles observedpin crystal structures with aar? MP2 PES (bold line)
identical minima are located &t60 and 180. The barriers to  derived by combining the PESs for the two enantiomers d (iashed
rotation of thetert-butyl group are 5.3 and 5.8 kcal/mol with  lines).

MP2 and MMFF94-, respectively.

X-ray data for thiourea derivatives bearing tertiary alkyl |
substituents 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 of ci§ (see discussion 02). The
theoretical results are fully consistent with the experimental
distribution. The dihedral angle is populated at the predicted
minima of £60 and 180.

Phenylthiourea. Phenylthiourea®, exhibits two cis minima
and one trans minimum. The trans minimum and a high-lying
cis minimum have a syn configuration while the lowest energy
cis minimum has an anti configuration, with respect to nitrogen
pyramidalization. These three minima, TS1, and TS2 geometries
for 6 have been located in the current study and MP2 optimized
structures are shown in Figure 16. Relative energies are
summarized in Table 2.

In contrast to alkyl-substituted thioureas, the trans form is
significantly more stable than either cis form. The relative energy
of the most stable cis isomer is 2.65 kcal/mol with the MP2
and MMFF94t methods. This result is consistent with an NMR
spectroscopic study of phenylthiourea cadmium(ll) complex that -
shows only the trans form is present in solutféhn addition, Figure 16. MP2 optimized geometries fd.

6 adopts a trans form in the solid sté&®eBarriers to rotation
about the G-N bond are 9.83 and 9.88 kcal/mol with MP2 bond angles are as follows: MP2, 0.020 A, 2.MIMFF94,
and MMFF94+, respectively. 0.014 A, 3.2; and MMFF94+, 0.014 A, 1.4 for the trans form

A detailed comparison of the geometric parameters at various@nd MP2, 0.018 A, 22 MMFF94, 0.016 A, 2.9; and
levels of theory was performed (table provided as Supporting MMFF94+, 0.015 A, 1.7 for the cis form.

Information). Bond lengths and valence angles pertaining to the  Figure 17 shows the PESs for rotation of the phenyl group
thiourea fragment are compared with experimental averagesin cis 6 at different levels of theory. In contrast to previous
from X-ray diffraction data for the trans and cis forms6athat results for urea the MP2 calculations yield an energy profile
are not coordinated with metals through the sulfur atom. The with two different minima located at £N—C—C dihedral
average absolute deviations for bond lengths (heavy atoms) andangles of~55 and—131°. The energy difference between these

cis

cis2

J
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Figure 17. PES for N-C(aryl) bond rotation in ci§ at various levels 5 5 ' ' ' '
of theory.

4 - -
minima is 0.55 kcal/mol. Maxima occur neafl10 and—165 [=)
with the barrier heights of 0.95 and 0.86 kcal/mol, respectively. % 3 |
Comparison of the PES obtained from default MMFF94 versus
that obtained at the MP2 level revealed poor agreement. The <
default MMFF94 model, as in the case of phenylufegields g 24 r
a very high barrier for rotation of the phenyl group (almost 10 | §
kcal/mol). In a prior study, generalized MMFF94 parameters ([ e - - &
for two torsional interactions, HN—C(aryl)—C(aryl) and G— \0 o T gl Ve g5 =%
N—C(aryl)—C(aryl), were modified to reproduce the MP2 0 . ﬁ/‘.\?#

barrier height and position of the minimum for phgnyl_u%éa. 480 150  -120 0 60 30 0
The use of these parameters along with other modifications (see N NEE] _
Theoretical Details) satisfactorily reproduces the low-energy a inedral angle, deg

regions of the MP2 PES fd, although the barrier near Gs Figure 18. Comparison of the distribution of £N—C—C dihedral
overestimated. angles observed in crystal structures with an MP2 PES (bold line)

. . oo . derived by combining the PESs for the two enantiomers o ¢iashed
X-ray data for phenyl-substituted thiourea derivatives in the |jpeg). y g o=

cis configuration illustrate the experimental distribution of the

Ca—N—C—C angles. This distribution is shown in Figure 18, TABLE 5. Comparison of the Relative Stabilities (kcal/mol)
where it is compared with the MP2 PESs for the two enantiom- Of €is and trans Forms for N-Substituted Urea and Thiourea
ers of cis6 (see discussion d). Since the barrier for rotation Derivatives at the MP2 Level of Theoryt

of the phenyl group is relatively small<(L kcal/mol), the substituent  cisurea transurea cisthiourea trans thiourea

dihedral angle adopts values ranging freri80 to C. methyl @) 0 1.25 0 0.75
Conformational Behavior of Thiourea versus Urea.Prior ethyl (3) 0 0.95 0 0.45

electronic structure calculations using high-level methods SOPropyI€) 0 1.29 0 1.04

indi h ial double bond ch . tert-butyl (5) 0 2.61 0 0.92

indicate that G—N partial double bond character increases on pheny! 6) 0.94 0 2.65 0

going from urea to thioure®.This observation is supported by .

the G—N rotational barriers, N-inversion barriers, charge Urea de_lte_l are taken from ref 10. In cases where there are more
TR - ; than one minimum, such & 4, and6, the energy of the most stable

distributions, and electron occupancies of the lone pair on

. . form is given.
nitrogen, etc. Analogous effects are observed on going from

amides to thioamide®:33At the MP2 level of theory employed  than those oN-alkylated thioureas. This observation is con-
in this study, comparison of results for thiourdawith those  sistent with crystal structures, showing thaiN'-dialkylureas
obtained for ure¥ are fully consistent with this observation.  form hydrogen bonding networks in the €isis form only,
On going from urea t4, the G—N bonds become shorter (from  wheread\,N'-dialkylthioureas form hydrogen bonding networks
1.395 to 1.375 A), the nitrogen becomes more plapargm with both the cis-cis and cis-trans forms** The behavior is
343.2 t0 349.9), and the barrier of rotation increases (from 8.16 rationalized by increased steric hindrance in the cis form that
to 8.63 kcal/mol). The same effects are seen on comparing uregesults when the smaller oxygen atom is replaced with the larger
analogues with2—6, where the average increase in—@l sulfur atom. The increased steric bulk of sulfur also explains
rotational barrier is 0.70 kcal/mol. Structural changes resulting the behavior of the phenyl-substituted derivativi, Here
from the partial double bond character of the-Gl bond are  although both urea and thiourea prefer a trans configuration,
small and do not account for differences in the relative energy the cis form is 2.65 kcal/mol higher in energy in thiourea, but
of N-substituted thiourea minima versus those of N-substituted only 0.94 kcal/mol higher in energy for urea. Thus, the cis form
ureas. of phenylurea is significantly more likely to be populated than
One significant difference between urea and thiourea deriva- that of phenylthiourea.
tives is the relative stability of their cis versus trans conforma-  Comparison of the PESs for-NC(alkyl) rotation in cis forms
tions?” As summarized in Table 5, the alkyl-substituted of 2—5 to those observed for urea derivatittagveals that they
derivatives2—5 and their urea counterparts all prefer a cis have very similar shapes with minima occurring in the same
configuration. The energy difference between the two forms, locations irrespective of O or S substitution. Consistent with
however, is greater for urea than thiourea. As a consequencethe larger size of sulfur, the barriers to rotation in thiourea, which
trans forms of alkylated ureas are less likely to be populated correspond to eclipsed conformations with respect to #5C
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bond, are 1530% higher than those in the corresponding urea. der Waals parameters for sulfur. The modified model, MMFF94

In contrast, the PES for NC(arene) rotation in ci§ is much in the majority of cases reproduces MP2 barrier heights for
different from that seen in phenylurea. As a consequence of rotation about the £-N bond, relative energies of cis and trans
the strong steric repulsion between sulfur and the ortho-hydrogenforms, and rotational PESs fo2—6 to within <1 kcal/

of the phenyl group, the angle between the thiourea and phenylmol.

planes is—55°, whereas the same angle for phenylurea24°.
Very similar values were observed in a comparative crystal
structure analysis dfl-phenylurea antl-phenylthiourea deriva-

The conformational differences between urea and thiourea
groups have some important consequences in anion receptor
design. Because thiourea¥ groups are more acidic than urea

tives3® The structures indicate that there is less conjugation in N—H groups, it is expected that hosts containing thiourea func-

6 than in phenylurea. Loss of conjugation would lead to a

tional groups will form stronger complexes than their urea-

destabilization of the ground state, providing an explanation for containing counterparts, provided they do not undergo deprotona-

the fact that, unlike the alkyl-substituted cagesb, the barrier
to rotation in6 (0.95 kcal/mol) is actually lower than that in
phenylurea (2.4 kcal/mol).

Conclusions

Exhaustive conformational analyses of thiourgamethyl-
thiourea,2, ethylthiourea,3, isopropylthiourea4, tert-butyl-
thiourea,5, and phenylthioureag, have been performed with
respect to nitrogen pyramidalization and rotation about both
Ca—N and N-C(substituent) bonds at the MP2/aug-ccpVDZ
level of theory. Fully optimized geometries are in agreement
with available experimental data. In addition, PESs ferQ{sub-

stituent) rotation are consistent with the experimental dihedral

angle distributions observed in X-ray crystal structures.

tion 8 In most hosts that contain uf€ar thiourea functionality,
the group is normally N,Ndisubstituted and the intent is that
it will chelate the anion through both-N\H donor groups. This
requires that the functional group adopt a-eiss form.
Although this form will be preferred by botN,N'-dialkylated
urea and thiourea derivatives, urea molecules will be more
preorganized for anion chelation than thiourea ones. Moreover,
when one of the substituents is a phenyl group, the resulting
structures will prefer a configuration in which the phenyl group
is trans to the &X bond, resulting in a cistrans form.
Reorganization to generate the €igs form required for
chelation is energetically more favorable for urea than for
thiourea.

Thus, seeking to enhance anion binding by converting urea
groups to the more acidic thiourea groups may be off-set by a

The results of electronic structure calculations establish that decrease in the degree of preorganization of the host molecule.

the equilibrium conformation for thioured, and monoalkyl-
thioureas2—5, is the anti form. The syn form is not a stationary
point on the PESs fa2—5, while it is a transition state for the
conversion between the two equilibrium anti forms forin
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