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THE APPLICATION OF
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CRYSTALLOGRAPHICALLY STUDIED
N-PHOSPHORYL-N,N’-DISUBSTITUTED
THIOUREAS

JANINA KAROLAK-WOIJCIECHOWSKA

Institute of General Chemistry, Technical University, 90-362 Lodz, Zwirki 36,
Poland

( Received September 12, 1984; in final form February 4, 1985)

Simple-harmonic-oscillator calculation (HOSE-model) was applied to crystallographically studied mole-
cules containing Y-si:aped #-electron bonding unit. The method is tested for model compounds and then,
applied to describe two different conformations of N-phosphoryl-N,N’-disubstituted thioureas. The
contributions of resonance structures in the thiourea moiety are calculated. In molecules adopting an
antiperiplanar conformation, the high contribution of polar structure creates more advantageous condi-
tions for the formation of an intramolecular H-bond which stabilizes the molecule.

INTRODUCTION

The properties of N-phosphoryl-N, N'-disubstituted thiourea derivatives depend on
the nature of substituents.! Structural investigations,>>*> conducted parallel to
chemical studies,!*% indicate the existence of a close relation between the properties
of these compounds and their conformation.

The structures of five N-phosphoryl-N, N’-disubstituted thioureas>**> have been
solved by x-ray analysis. The most important data describing their conformation and
bond lengths in thiourea moiety are collected in Table 1. The numbering system of
the atoms and chemical formulas of the compounds 1, 2, 3, 4 and 5 are given below.

The structures of N, N’-dibenzyl derivatives (1, 2 and 3) were found to contain an
intramolecular hydrogen bond N—H - - - O=P and antiperiplanar arrangement of
the thiourea moiety. The absence of such H-bond in N, N’-dicyclohexyl derivatives
(4, 5) produces a change of the conformation to anticlinal. Differences in conforma-
tions are illustrated by the values of the torsion angle P—N(1)—C(1)—S as well as
of the non-bonding contact P - - - S collected in Table I.

The thiourea skeleton in compounds under discussion fulfills the role of a
m-electron fragment (molecule in molecule).® The thiourea molecule represents a
6-electron, 4-centre bonding unit® with sp? hybridized C(1) atom which forms three
coplanar e-bonds. The term Y-delocalization, for this type of compound, has been
proposed by Gund.!° This term is very convenient for Y-shaped compounds like
urea or thiourea.
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The four resonance structures (I, II, III and IV) are necessary for description of
the thiourea molecule.
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This paper presents the results of calculation of the contribution for these four
resonance structures in the molecules of N-phosphoryl-N, N’-disubstituted thiourea
derivatives. It has to be pointed out that the base for these calculations are bond
lengths taken from crystallographic studies.2**> The use of x-ray measurement data
in the more detailed description of the structurally investigated compounds, as it will
be presented in this study, should be of wider interest. The application of the
simple-harmonic-oscillator calculation proposed by Krygowski and co-workers!!:!2
(HOSE-model) makes it possible.

EXPERIMENTAL

Description of the model. The model is characterized with very simple calculations. The experimental
data, necessary to apply in the HOSE-model are the bond lengths from crystallographic studies of
w-electron molecule (or #7-electron fragment in the larger molecule). The investigated w-electron bonding
unit is described by respective resonance structures. The stabilization energy Eyyogg, . needed to transform
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the i-th resonance structure to the real molecule, is calculated in the HOSE-model, by applying the simple
harmonic oscillator model (eq. 1)

"l "2
1
Eyosg, = E(R' Re)zk; + 2 (RY = RS)ky 1)
r=1 re=l

where: R’ and R/ are the experimental bond lengths from the crystallographic studies; k. and k/'—the
correspondmg to R’ and R/ force constants; m and " are the numbers of single and double bonds
(respectively) in the i-th resonance structure; R? and RY are the standard single and double bonds
respectively.

The force constant k,, where both atoms of the bond are second-period atoms, is calculated by the
empirical linear equation'!!2 (2)

k,=a+ bR, (2)

where a and b are found for each type of bond. In the ?resent study, equation (2) does not hold in the
case of the C—S bond according to the Badger formula.!* The linear dependence of the force constant for
C—S bond in the log/log system (eq. 3) has been determined on the basis of the literature data.!415.16.17

logk, =2.15 — 6.60log R, 3)
In practice, the calculation of the stabilization energy of the i-th resonance structure Eyoge, is done in
the following way'1? (eq. 4)

m

n2
Enose, = 301.15| Y (R, - R%)’k: + Z(R',’ ROk @

r=1

where 301.15 is a multiplier which makes possnbxhty to obtain Eyggy in kI - mol~ ! taking bond lengths
in A. The total stabilization energy of a molecule is calculated from eq. (5)

Eyose =ZC1' EHOSE, (5)
i
where C; is the contribution of the i-th resonance structure. The C; is inversely proportional to its
stabilization energy Eyogr, (eq. 6).

C, = (Enose,) ' /Z( Eyose,) o (6)

The estimation of the standard deviations of Eoge; and C; suggest the authors of the HOSE-model. In
this paper, these e.s.d.’s are proposed to be calculated from the following formulas:

1,2

"(EHOSE) Zl( d; EHOSE) o?(r) @)
d 2 1/2

o(C) = [(mq) az(EHOSE,)] (8)

where o( Eyogg,) is the e.s.d. of the value of Eyose,; 0(r) is e.s.d. for the R, bond; n is the number of
bonds in i-th resonance structure.

The method of calculations. The values of Enose, and C; collected in Tables III and IV were calculated
on the base of the formulas (4) and (6) taking into consnderauon relations (2) and (3). The standard data
(RY, RY, 4 and b) are given in Table IL.

TABLEII
The constants used in the HOSE model

Bond RY(A) R%(A) a(x10* Pa) b(Xx10* Pa) Ref.
CN 1.458 1.274 43.18 -2573 1118
co 1.428 1.209 5235 ~32.88 11

Cs 1.820 1.610 — — 19.20
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TABLE III

Eyose-values (kJ - mol™!) and resonance structure contribution C;(%) in thiourea and urea molecules
with e.s.d.’s in parenthesis

thiourea urea
Eyose, G Eyose Eyose, G Eyose
I 93(1) 20.3(2) 85(4) 36.5(5)
II 63(1) 29.8(3) 76(1) 139(4) 22.4(5) 124(3)
11 63(1) 29.8(3) 139(4) 22.4(5)
v 94(1) 20.1(2) 166(5) 18.7(5)
TABLE IV

HOSE values (kJ - mol™!) and resonance structures contribution C;(%) for
N-phosphoryl-N, N’-disubstituted thioureas

resonance structure contribution

compound I II I v Eyose
thiourea 20.3(2) 29.8(3) 29.8(3) 20.1(2) 76(1)
1 311 36(1) 14(1) 1%(1) 66(2)
2 30(1) 38(1) 13(1) 19(1) 65(2)
3 23(2) 45(2) 13(1) 1%1) 59(3)

4 39(2) 38(1) 13(1) 1%1) 62(2.5)

The literature structural data for urea® and thiourea®® were used for the preparation of Table III,
Table IV is based on our Previously published results of N-phosphoryl-N,N’-disubstituted thioureas
crystallographically studied.>>%> These data, necessary in calculation, are collected, together with their
e.s.d.’s, in Table L. )

The calculation in terms of the HOSE-model can be performed only for those structures for which the
e.s.d.’s of the bond lengths are < 0.006 A. Such value ensures that the calculation of the percentage
contributions C;, of the resonance structure will be o(C;) < 2%. It is seen, that the data describing
structure 5 (Table I) cannot be taken into consideration in discussion given below. °

RESULTS

Model compounds. Krygowski and co-workers were applying, shortly given above, the HOSE-model to
the description of the effect of substituents in the benzene rings geometry.*12:232¢ In the present study
the HOSE-model is applied to acyclic systems with Y-shaped m-electron bonding unit (thiourea moiety)
and therefore it must be tested. According to this, the calculations for model structures must be
performed. In this case the molecules of urea and thiourea were used as model compounds. Both are
Y-shaped #-electron molecules (6-electron, 4-center bonding unit) and can be described by the four
resonance structures (I, II, III and IV) given in the introduction.

The contributions of four resonance structures (I, I, III and IV) in the molecules of urea and thiourea
were calculated using the crystallographically found bond lengths. These values are taken from the
literature and are equal for urea;?! C=0 of 1.262(2) and C—N = 1.338(4); and for thiourea:?? C=S$ of
1.714(1) and C—N = 1.335(1) A.

The results of calculation, together with e.s.d.’s, are collected in Table III. In the appropriate columns
of this table the Eyyogp values for the four resonance structures as well as their percentage contributions
C, are given. The magnitude of the contribution of the non-polar structure I is of the greatest significance
among the values in Table III. The considerably higher contribution of that form in urea (36.5(5)%)
corresponds with the lower polarity of the carbonyl groupy C=0 in that compound in comparison with
the thiocarbonyl group C=S in thiourea (20.3(2)%). It is in good agreement with the described and
explained?® difference in the polarities of those two groups (C=0 and C=S) which determine the
properties of the model compounds.
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The results obtained for model compounds provide a good base for the use of the HOSE-model to
other compounds with the thiourea moiety which plays a role of “molecule in molecule”.

N-phosphoryl-N, N'-disubstituted thioureas. All subsequent considerations will be performed for N-phos-
phoryl-N, N'-disubstituted thioureas with known solid state structures®>#* and two types of conforma-
tions connected with different properties, as it was described in introduction. The calculated contributions
of the resonance structure (I, IL, III and IV) of thiourea moiety in compounds 1, 2, 3 and 4 together with
the corresponding values for thiourea (taken from Table III for comparison) are presented in Table IV. It
follows from those data, that the contribution of the resonance structure IV is identical for all cases under
consideration, including thiourea, and is equal 19(1)%. Thus, only first three resonance structures (I, II
and III) are important in the description of these molecules. It must be noted that only three important
standard Lewis structures are considered by Harcourt® for Y-shaped 6-electron, 4-centred bonding unit.

The contributions of the structure III in N-phosphoryl thiourea derivatives (1,2, 3, 4) are also identical
(av. 13(1)%), but they are considerably smaller than those calculated for unsubstituted thiourea molecule
of 29.8(2)%. Such a large decrease of the contribution of the structure III (in structures 1, 2, 3 and 4 in
comparison with thiourea) is due to the presence of a strong electronegative phosphoryl substituent.
However, the equal contributions of this resonance structure indicate that variously substituted phos-
phoryl groups have similar electronegativity.

The effect of different conformation in the discussed molecules is manifested in the contributions of
two resonance structures | and II (Table IV). The contribution of the polar form II of 28(1)% in the
molecule with anticlinal conformation (cyclohexyl derivative) and, an average, 39(1)% in antiperiplanar
form (benzyl derivatives) is determining the concentration of the formal positive charge on the atom N(2)
of thiourea moiety. The larger contribution of that structure creates more advantageous conditions for the
formation of an intramolecular hydrogen bond of the type N—H - - - O=P based on conjugated bond
system. The sterically favored six-membered chelate ring is nearly planar (with experimental error of
crystallographic data).>>* The phosphorus atom, according to Lewis octet structure, carries a formal
positive charge.?® So, two important resonance structures should be contributed in the discussed chelate
ring. The polar ring 6 represents a polymethine-like state?”2® and the larger contribution of this structure
gives possibility of the strong H-bond formation.?® This bond is observed in thioureas derivatives (2, 3
and 4) having antiperiplanar conformation according to higher contribution of the polar resonance
structure II. It is necessary to remind, that the electronegativity of N-phosphoryl substituents is similar.
In the case of antiperiplanar conformation, the intramolecular H-bond stabilizes the molecule, making
N — S rearrangement of the phosphoryl substituent impossible. On the other hand, the predominant
contribution of the non-polar structure I in anticlinal conformation favours rotation around the C—N(1)
long bond, and manifests itself in the easy N — S migrations of the phosphoryl substituent.!

The changes in the contribution of the nonpolar resonance structure I are reflected in the geometry of
the Y-shaped skeleton. The increase in the contribution of that form in compound 4 is accompanied by a
decrease of the valence angle N(1)—C(1)—N(2) (Table I) to 113.2(3)°. For compounds 1,2,3 (antiperi-
planar conformation) this angle is, on average, 117.3(2)°. The direction of changes in that angle is in
agreement with the Walsh rule.3°

CONCLUSION

In the present paper the HOSE-model was applied to Y-shaped #-electron molecules (6-electron, 4-center
bonding unit). The calculations were performed for N-phosphoryl-N, N’-disubstituted thiourea deriva-
tives. The results show that the contribution of the positively charged nitrogen atom (with H-atom)
depends on the conformation of the thiourea moiety. The large contributions of that polar form in the
molecules with antiperiplanar conformation give better conditions for forming of the intramolecular
H-bond. The chelate ring formation represents a polymethine-like state. The polar limit structure of this
ring is favoured. The absence of intramolecular H-bond in the molecule causes the anticlinal conforma-
tion of the thiourea moiety (with easy N — S rearrangement).
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An extension of similar applications of the HOSE-model can give the possibility for the better
application of the crystallographic data for other structures containing m-electron fragment (molecule in
molecule). The estimation of the stabilization energy ( Eyosg ) for bicyclic 2-thiohydantoin derivatives
(crystallographically studied) showing different chemical reactivity,’! can be further exemplification of
usefulness of this approach.
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