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Abstract

For a series of diethyl disulfide conformations, the nearly-touching contours of the electrostatic
potential plotted on iso-density molecular surfaces allow the assessment of intramolecular
repulsion. The electrostatic potential is plotted on varying iso-density envelopes to find the
nearly-touching contours for which a) the surface electrostatic potential doesn’t show overlap
between atoms or functional groups and b) the typical features are visible (c-hole, lone pair,
hydrogen Vsmax). When these nearly-touching contours X are closer to the nuclei, the more
electron density is excluded from the iso-density envelopes and the smaller are the volumes
corresponding to these envelopes. Both the contours X and the corresponding volumes are
found to correlate with relative conformational energy, reflecting the degree of intramolecular
repulsion present in the various diethyl disulfides. Quantitative estimates of intramolecular
repulsion can be made based on relationships between the nearly-touching contour X vs.
relative energy and volume (of the nearly-touching contour X) vs. relative energy, obtained for
series of diethyl disulfide conformers. These relations were used to analyze intramolecular
repulsion in a set of disulfides broader than diethyl disulfide conformers. We have shown that
the approach of varying electronic density contours can be used in the study of repulsive
intramolecular interactions, hereby extending earlier work involving attractive intermolecular
interactions.
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Introduction

Interactions occurring within a molecule are called intramolecular !. The intramolecular forces
hold the atoms together within a molecule, resulting in what are often called ionic, covalent or
metallic bonds. Weaker interactions such as hydrogen-bonding and van der Waals interactions
can also be present intramolecularly. For example, large molecules such as proteins and DNA
strands are structured by these types of interactions, and they are found also within small
molecules. Examples are ortho-nitroaniline, 1 and ortho-chlorophenol, 2. One of the amine
hydrogens in 1 interacts attractively with the closest nitro-oxygen, while in 2, the hydroxyl
hydrogen interacts attractively with the negative side of the nearby chlorine atom. In both cases,
the intramolecular interactions affect chemical and physical properties of the molecules 2, such
as acidities and hydrogen bond-donating tendencies.
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Intramolecular interactions are in contrast to intermolecular interactions; in the latter a portion
or portions of one molecule interacts with a region or regions of space of another molecule. For
example, DNA-protein, protein-protein complexes and protein-ligand interactions are
structured by both intra- and intermolecular non-covalent interactions * as are materials that are
directionally-bound via halogen bonding and other o- and n-hole interactions 47 .

In this contribution we are focusing upon intramolecular interactions, which are difficult to
quantify because unlike intermolecular interactions, there is only one molecular species
involved! which cannot be straightforwardly separated into interacting fragments. Therefore,
energy decomposition analyses (EDA) and symmetry-adapted perturbation theory (SAPT)
approaches have been used extensively to study intermolecular interactions 8!, but have only
occasionally extended to intramolecular interactions'?. In this paper we will be presenting an
approach that does not require separating a molecule into parts. For further reading on EDA
and SAPT, we also refer to the references given in the cited papers.

Following the Hellmann-Feynman theorem '3!3, the intramolecular forces that hold the atoms
together within a molecule or molecular complex, whether they be ionic, covalent or metallic
bonds or the weaker interactions mentioned above, are Coulombic in nature '®2!. The force
exerted upon any nucleus is the classical electrostatic force due to the other nuclei and the
electron density distribution; thus, the attractive interactions of each nucleus are with the
electrons and the repulsive ones are with the other nuclei, while electron-electron interactions
are by nature repulsive. This follows from the Schrédinger equation, where all terms in the



Hamiltonian are Coulombic and from the fact that the wave function is an eigenfunction of the
Hamilton operator. For a comprehensive derivation of the Hellmann-Feynman theorem, see
Politzer et al.">.

Intramolecular interactions as H-bonds are attractive in nature 22, however, repulsive
intramolecular interactions may also be present within molecules. An illustrative example
thereof is the strained ‘staple’ conformation (3) a disulfide - formed by the interaction between
the sulfur atoms of two cysteine amino acids - can adopt in proteins. Examples are the redox
enzyme disulfide binding protein D-alpha (DsbD o) of E. coli; the disulfide formed in
neurotoxin type B of C. botulinum or in agglutenin of Anguilla Anguilla (see further Table 2).
In these disulfide-staples, a repulsive interaction is present between the end -CHj3 groups
coming as close as ~ 3.9 A to each other. In these conformations, the six heavy atoms form a
6-membered ring, adopting a conformation resembling a ‘staple’ (3).

The conformation of the catalytic disulfide formed, for example in the reductase protein
thioredoxin (Trx), is a very stable low energy disulfide conformation (4). Here, no repulsive
interactions are present and Trx preferentially crystallizes in its disulfide (oxidized) form. The
disulfide conformation in which the heavy atoms form a 5-membered ring, the eclipsed
conformation (5), was previously identified 2 as a TS for rotation around the disulfide bond.

Protein disulfides can thus adopt a wide variety of conformations, each having different relative
energies 24?7 to which the disulfide redox potentials are directly linked 23. Strained disulfide



conformations in which intramolecular repulsion is present, such as staple-disulfides (see 3),
have high conformational energies and a strong tendency to be reduced. Here, the unfavorable
repulsive interactions are released upon reduction of the disulfide to di-thiol 3.

Starting with diethyl disulfides in different conformations as model systems, in this
contribution, we investigate whether the electrostatic potential plotted on iso-density surfaces
can be used as a tool to make intramolecular repulsion visible. Varying contours of the
electronic density have been used in earlier work to asses attractive intermolecular interactions
2829 Here, we extend this to assess repulsive intramolecular interactions.

Electrostatic potential and varying contours

The electrostatic potential V(r) that is produced at any point r by the nuclei and electrons of a
molecule is expressed rigorously by eq. (1):
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Za is the charge on nucleus A, located at Ra and p(r) is the molecule’s electronic density. Eq.
(1) shows that V(r) is the sum of a positive contribution due to the nuclei and a negative one
from the electrons; its sign in any particular region depends, therefore, upon whether the effects
of the nuclei or electrons are dominant in that region .

The electrostatic potential V(r) is a real physical property, an observable. It can be determined
experimentally, by diffraction techniques 3!~33, as well as computationally. It is important to
recognize that the value of the potential at any point r reflects contributions from all of the
nuclei and electrons of the molecule 343%. Among the consequences of this are that the
electrostatic potential does not always follow the electron density, i.e. electron-rich regions do
not necessarily have negative potentials, and the positive potentials due to c-holes may not be
directly at the positions of the most diminished electronic density (c-hole) ’.

The electrostatic potential V(r) is often computed on an iso-density surface, following Bader et
al. ¥, defined by the 0.001 a. u. or similar contour of its electronic density ** and is labeled
Vs(r). The locally most positive and most negative values, of which there may be several on a
given molecular surface, are designated as Vs max and Vs min respectively.

A key observation regarding the electrostatic potentials of most organic molecules containing
hydrogens is that each hydrogen will have an accessible hemispherical positive region of
electrostatic potential with a surface maximum, or Vs max 22>+, unless the hydrogen is involved
in an intramolecular interaction '#°. In cases where the hydrogen is involved in an
intramolecular interaction, there is either no visible Vsmax on the surface or one that has a
smaller than expected magnitude; see Figure 1(a). The four phenyl hydrogens of ortho-



chlorophenol (2) each have hemispherical surfaces around them, while the hydroxyl hydrogen
does not (Figure 1(a)). This is a clue that this hydrogen is involved in an intramolecular
interaction, in this case with the side of the negative chlorine. The hydrogen Vs max observed on
most hydrogens in organic molecules (and others) are typically along the extension of the bond
to the hydrogen and result from the diminished electronic density (o-hole) in that region of
space "2,

Look now at Figure 1(b). Figure 1(b) shows the potential of 2 on a contour of the electronic
density much closer to the nuclei, the 0.018 a. u. contour, where the hydroxyl hydrogen is shown
to be hemispherical, and the chlorine also has its typical shape. In this paper we refer to such
contours as the nearly-touching contours.

Cl

Figure 1. Computed electrostatic potentials on the (a) 0.001 a. u. and (b) 0.018 a. u. molecular
surfaces, respectively, of ortho-chlorophenol (2). Gray spheres denote the positions of the
atoms, corresponding to structure 2. Color ranges: red, greater than 15; yellow, between 15
and 0; green, between 0 and -5; blue, more negative than -5. The hydroxyl group is at the top
with the chloro substituent to the top right. View (b) resolves the driving forces for the H---ClI
intramolecular interaction in 2; these cannot be clearly identified in view (a).



Computational methods and model systems

In the present study, electrostatic potentials were computed at the density functional
B3PW91/6-31(d,p) level, using Gaussian 09 *'#> and the WFA-SAS %3 code. This procedure
has been shown to be reliable for computing electrostatic potentials *4. Prior to the electrostatic
potential calculations, all geometries are optimized and energies are calculated at the MP2/6-
31++G(d,p) level with Gaussian 09 4142,

Three series of model systems were selected and built:

Series 1 consists of diethyl disulfide adopting different conformations; DEDS (Table 1). The
conformation of diethyl disulfide CH3CH>,S—SCH>CH3 can be characterized by the dihedral
angels: y2, 3 and %2’ (see Scheme 1). Note that the structure of CH3CH,S-SCH>CH3 is
symmetrical with equivalent x2 and y2’. Therefore, the conformations (%2, x3, x2’) and (%2,
%3, x2) have the same energy.

Caj S1 H'.’

X2 X2

Scheme 1: Numbering of the C and S atoms and of the 2, ¥3 and ¢2’ angles in diethyl-
disulfide.

The diethyl disulfides with different conformations were fully optimized (R) or fully optimized
with fixed dihedral angles (F).

For series 2, the conformations of diethyl disulfides were taken directly from PDB structures;
PDB (Table 2). For these structures, only the H-atoms were placed and subsequently optimized.

For both of these series, relative energies are obtained in relation to the lowest energy
conformation, DEDS2, adopting dihedral angles (68,87,68).

For Series 3, in addition to diethyl disulfide in its lowest energy conformation, a variety of
commercially available disulfides were selected and fully optimized; S3 (Scheme 2).



Table 1: Series 1, the diethyl-disulfides, DEDS. Relative energies AE ,(kcal/mol) are

calculated (MP2/6-311++G(d,p)) with respect to the fully optimized lowest energy structure
reference structure DEDS2, adopting dihedral angles (68,87,68).
The intramolecular interaction distances d are given in Angstroms; F: optimized with fixed
dihedral angles; R: optimized with relaxed dihedral angles

Name Dihedral Dihedral angles after | 5 Eml d(Si- S2) d(Cai-Ca2) ggzl-gm;
angles of | optimization 2-Cai
stagrting ; i kcal/mol
structures paea A A A
Koo X35 Ko

DEDSI1 60,90,60 F 0.46 2.058 5.59 3.41

3.41

DEDS2™ 60,90,60 R: 68,87,68 0.00 2.060 5.70 3.49

3.49
DEDS3 -60,90,-60 F* 5.73 2.061 3.30 3.68
3.68
DEDS4 -25,90,-60 F* 6.98 2.056 3.31 3.61
3.43
DEDS5 -60,90,-60 R:-71,111,-71 2.05 2.068 3.58 3.59
3.59
DEDS6 60,90,-5 F* 4.09 2.053 4.90 2.96
3.43

* Structures having one imaginary frequency, after optimization at the MP2/6-311++G(d,p)

level

kk
Reference structure




Table 2: Series 2: PDB: Examples from the Protein Data Base. Relative energies AE,,

(kcal/mol) are calculated (MP2/6-311++G(d,p)) with respect to the reference structure DEDS2,
cfr. Table 1. The intramolecular interaction distances d are given in Angstroms.

Name Protein PDB Dihedral angles | * AE d(Si- S2) |d(Cai- d(Si-Caz)
after e Ca) | d(S2-Ca)
optimization keal/mol | g A A
X2 X3s X
PDBl | S aureus Trx (WT) | 207k 81,74,-146 3.6 2.036 5.32 3.70
Cys32-Cys35 4.34
PDB2 | E. coli ljpe -77,93,-112 3.5 2.038 3.88 3.68
DsbD-alpha Cys103-Cys109 4.11
PDB3 | E. coli Grx1 2clr -142,80,71 4.1 2.064 5.21 3.69
Cys27-Cys30 4.37
PDB4 | E. coli Trx 1xoa 74,76,-146 3.1 2.070 5.24 3.72
Cys32-Cys35 4.32
PDB5 | C. botulinum | lepw -106,98,-81 4.1 2.031 3.98 3.77
neurotoxin type B Cys436-Cys445 4.05
PDB6 | Anguilla  Anguilla | 1k12 91,-88,83 6.0 2.053 3.74 3.97
agglutinin Cys82-Cys83 3.85

* Calculated after placing and optimization of the H-atoms at the MP2/6-311++G(d,p) level.

s3_1 $3.2

s3_3

s3_4

S3.6

Scheme 2: Series 3: Dibenzyl disulfide (S3_1); Di-isopropyl disulfide (S3_2); Di-phenyl
disulfide (S3_3); Dimethyl disulfide (S3_4); Di-tert-butyl disulfide (S3_5); Diethyl disulfide
(S3_6).
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Results and discussion
Exploring varying iso-density envelopes

Following Bader et al. 3, for all of the conformers/molecules of the three series mentioned in
the Methods section, we first have looked at the electrostatic potential on the envelope or
surface around the molecule at the standard contour of the electron density (0.001 a. u.). We
anticipated that each molecule at the 0.001 a. u. contour might have a Vs max for each hydrogen,
as is normal for non-interacting hydrogens in organic molecules 2>*4. This is indeed found in
some of the conformations studied (DEDSI, Figure 2 1. a). In other cases, the information is
hidden within the 0.001 a. u. contour envelope (Figure 2 I. b-d) and so, accordingly, a Vs max 1S
not visible on each of the ten H-atoms. Here, we need to plot the electrostatic potential on
contours closer to the nuclei to ‘free’ the hydrogen atoms. For example, for the eclipsed
conformation DEDS6 and for PDBI, the nearly-touching contours are respectively the 0.0053
a. u. and the 0.0075 a. u. contour (Figure 2 II. ¢ and d).

1I I

a DEDS1

b DEDS3

¢ DEDS6

d PDB1

Figure 2. I Examples of the electrostatic potential plotted at the 0.001 a. u. contour for which
Vs max 18 a visible and b-d not visible on all H-atoms (a DEDS1; b DEDS3; ¢ DEDS6; d PDB1).
a Each sulfur atom has a Vsmin, designated by light blue hemispheres and each hydrogen atom
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has a Vs max, designated by black hemispheres; b-d Each sulfur atom has a Vsmin, designated
by light blue hemispheres and only 9 of the 10 H-atoms have a Vs max, designated by black
hemispheres.

IT b DEDS3: electrostatic potential plotted on the 0.002 a. u. contour, all 10 H-atoms have a
Vs max, but methyl groups are not separated; ¢ DEDS6: electrostatic potential plotted on the
0.0053 a. u. contour, all 10 H-atoms have a Vs max and methyl groups are separated; d PDB1:
electrostatic potential plotted on the 0.0075 a. u., all 10 H-atoms have a Vs max. Il b DEDS3:
electrostatic potential plotted on the 0.0093 a. u. contour, all 10 H-atoms have a Vs max and
methyl groups are separated. The color ranges for all surface electrostatic potentials, in
kcal/mol, are: red, greater 10; yellow, from 10 to 0; green, from 0 to -10; blue, more negative
than -10.

For the staple conformation, the contours for which the Vs max of each H atom is visible, are not
enough to free all overlapping electron density (Figure 2 II. b). For the DEDS3 conformation,
for example, the Vsmax on all H-atoms is already visible at the 0.002 a. u. contour (Figure 2 II.
b). However, for this contour, the electrostatic potential of the methyl groups still overlaps. In
order to ‘separate’ the methyl groups, we need to go deeper into the envelope and look for
contours on which the electrostatic potential of the methyl groups is nearly touching. For the
DEDS3 example, this is the 0.0093 a. u. contour (Figure 2 III. b). This essentially says that
more electron density must be excluded from the surface envelopes in order to first make the
Vs max visible on each H-atom and next to separate the electrostatic potential of the methyl
groups from each other. Otherwise stated, the electron densities overlap at surfaces with a lower
1so-electron density value, thus laying farther away from the nuclei, indicating intramolecular
repulsion. Furthermore, one can see that the nearly touching groups have both a positive
potential (indicated by the red color in Figure 2), repelling each other; for the attractive
interactions in Figure 1, the electrostatic potential of the nearly touching groups is positive on
the -OH side and negative on the -Cl side.

Previous work assigned the high relative energies (~6-7 kcal/mol) of the staple conformations
as DEDS3 and DEDS4, having a small d(Ca;-Ca,) of ~3.3 A (Table 1), to steric hindrance
between the terminal —CHj3 groups 3. The repulsive interactions were described in terms of an
energy decomposition analysis in which the so-called Pauli repulsion 4>*¢ dominates. Here, we
rigorously showed by means of the electrostatic potential on iso-density surfaces that indeed,
electron densities are overlapping, which is repulsive by nature. This shows that the classical
electrostatic force is indeed able to capture “all” information, including repulsive
intramolecular interactions. Coulomb’s law is thus sufficient to explain covalent and non-
covalent interactions. This was already pointed out in intermolecular contexts °2%2° for
example the attractive interaction in complexes between aromatic molecules and HCN 36, In
this work, we have extended this finding to intramolecular repulsive interactions.

Note that for DEDS1 and DEDS2, even though the Vs max on all H-atoms are already visible on
the 0.001 a. u. contour, a better separation of the electrostatic potential of the closest hydrogens
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can be obtained at the 0.002 a. u. and/or 0.003 a. u. contours. For these contours, the shapes of
the regions around the closest hydrogens are more hemispherical (Figure 3).

Historically, for the purpose of plotting properties such as the electrostatic potential on a
molecular surface to mimic what an approaching molecule would ‘see’, the 0.001 a. u. iso-
density surface was chosen for following reasons: 1) The 0.001 a. u. surface is generally farther
from the atoms than the often-used van der Waals radii (except for hydrogen); and 2) There
was a slightly better correlation between hydrogen Vs max values and the Kamlet-Taft hydrogen-
bond donating parameters at the 0.001 a. u. contour #’.

Since Bader et al. showed that the space within the 0.003 a. u. iso-density surface envelope was
found to well represent the molecular volume of organic molecules ¥, we can take here the
0.003 a. u. isodensity surface as our reference value to identify repulsive interactions in diethyl
disulfides: if the nearly-touching contour is found at a value higher than 0.003 a. u., thus closer
to the nuclei, the volumes, and thus the electron densities overlap.

Table 3 gives a complete overview of the nearly-touching contours by which repulsive
interactions are identified; Figure 2 shows representative examples.

a DEDS1 |

b DEDS2

Figure 3: Separation of the electrostatic potential of the closest hydrogens plotted at the 0.001
a. u. (I) 0.002 a. u. (IT) and 0.003 a. u. (IIT) iso-density surface for DEDSI (a) and DEDS2 (b).
The color ranges, in kcal/mol, are: red, greater 10; yellow, from 10 to 0; green, from 0 to -10;
blue, more negative than -10.
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Table 3: Overview of the nearly-touching contours of the diethyl disulfide conformers from
Series 1 and 2: the contour at which the Vs max is visible for all H-atoms or the contours at which
the electrostatic potential of the methyl groups is separated. The conformations in italics are
identified as conformations in which intramolecular repulsion is present, based on the 0.003 a.
u. isodensity surface criterium for separation of the electron-density.

Series 1 | Dihedral angles | Contour AE,, Volume at
after (a.u) (keal/mol) cor(lggl;r X
optimization
VATV ATV 41

DEDSI 60,90,60 0.003 0.46 120.46

DEDS2 68,87,68 0.003 0.00 120.26

DEDS3 -60,90,-60 0.0093 5.73 79.87

DEDS4 -25,90,-60 0.0105 6.98 76.02

DEDSS5 -71,111,-71 0.0063 2.05 93.18

DEDS6 60,90,-5 0.0053 4.09 99.36

Series 2 | Dihedral angles | Contour AE,, Volume at
after (keal/mol) cont(;ur X
optimization (@.u.) (&)
X2 X3 X

PDBI 81,74,-146 0.0075 3.56 86.83

PDB2 -77,93,-112 0.01 3.46 77.44

PDB3 -142,80,71 0.0075 4.06 86.84

PDB4 74,76,-146 0.006 3.06 94.55

PDB5 -106,98,-81 0.0082 4.06 83.84

PDB6 91,-88,83 0.0148 5.96 65.73

Quantifying intra-molecular interactions

To assess the intramolecular interactions, weather they are favorable or disfavor able we can
look at the electrostatic potential plots on varying contours, as pointed out in the previous
section. Furthermore, quantitative relationships exist between volumes at the nearly-touching
contour X and relative conformational energy (Figure 4) and between the values of the nearly-
touching contour X and relative conformational energy (Figure 5). Thus, as the nearly-touching
contour X increases (is closer to the nuclei) and the corresponding volume decreases, the more
intramolecular repulsion is present in the diethyl disulfides, resulting in higher conformational
energies.
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MP2 conformational energies may be criticized for including also attractive contributions as
London dispersion, instead of quantifying the repulsion in the exact sense, as would for example
HF energies do. As mentioned in the introductory section, the sign of the electrostatic potential
in any particular region depends, upon whether the effects of the nuclei or electrons are
dominant in that region 3°. In the same way, the conformational energy can be viewed as a
consequence of both the attractive interactions (as dispersion interactions between methyl
groups coming closer together) and of the repulsive interactions, present in this particular
conformation. As such, the overall resulting conformational energy is either attractive or
repulsive, depending on weather the attractive or repulsive terms dominate. A high relative
conformational energy (thus a large positive value), indicates that the repulsive term dominates
compared to the lowest energy conformation (taken as reference, having the value: 0.0
kcal/mol), even after the subtraction of the attractive terms. This dominance of the repulsive
terms is what is referred to as intra-molecular repulsion throughout the manuscript.

Figure 4 and 5 generalizes what was found before for attractive intermolecular interactions 2%,
For the attractive bimolecular A---B complexes, the nearly-touching contours of the electronic
densities have been proposed as encompassing the impenetrable volumes of A and B in the
complexes. It was found that the smaller the impenetrable volumes are, the stronger are the
interactions in the complexes 2. When you go to contours closer to the nuclei and compute the
volumes, you are removing electronic density and thus volume from everywhere. However,
the volume decrease and also the excluded electronic charge of the electronic density does
correlate with the interaction energy 2%2°. This is attributed to more volume decrease and thus
more excluded electronic charge in the region of the interaction.

The present work thus shows that our approach can be extended to repulsive intramolecular
interactions.

130 100
120 . 95 \
90
110 ° °
85
Volume 100 Volume 80
(X contour) (X contour) e
. 53 » . .3 15
inA”~ 90 in A
70
80 .
) 65 \'
70 60
-1 0 1 2 3 4 5 6 7 25 3 35 4 45 5 55 6 65
Relative energy (kcal/mol) Relative energy (kcal/mol)
(a) (b)

Figure 4. Plots of the nearly-touching contour X vs. relative energy of a conformer: a the
DEDS series; b the PDB series (the data point for outlier PDB2 is shown, but was not
included in the linear regression).
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Figure 5. Plots of the nearly-touching contour X vs. relative energy of a conformer: a the
DEDS series; b the PDB series (the data point for outlier PDB2 is shown, but was not
included in the linear regression).

Estimation of intramolecular repulsion in a new set of disulfides

Can we now use the insight and the relationship established in Figure 5(a) to analyze a new set
of molecules? In Series 3 we have considered, in addition to diethyl disulfide in its fully
optimized, lowest energy conformation, five other commercially available disulfides (Scheme
2). For each molecule, one conformation is picked as a simple test. A full study on the whole
conformational space should be performed to make an absolute classification of intramolecular
repulsion present in these molecules. Overall, the separation we obtain between disulfide,
diethyl disulfide and di-isopropyl disulfide showing no intramolecular repulsion and di-tert-
butyl disulfide, diphenyl disulfide and dibenzyl disulfide showing significant intramolecular
repulsion will hold and indicates that we can reasonably say something when applying our
proposed approach.

For dimethyl disulfide, diethyl disulfide and di-isopropyl disulfide conformation, all 10 H-
atoms have hydrogen Vs max visible on the 0.001 a. u. contour, however to be consistent with
the DEDS Series in Table 3, we are basing our estimates of the intramolecular repulsion for
these on the 0.003 a. u. cut-off established in the DEDS series; no significant intramolecular
repulsion is present in the conformation studied for these molecules.

For the picked di-tert-butyl disulfide, diphenyl disulfide and dibenzyl disulfide conformations,
the electrostatic potential plotted at the 0.001 a. u. contour shows significant overlap of
electronic density (Figure 6), pointing to the presence of intramolecular repulsion in these
molecules.
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For di-tert-butyl disulfide, an interaction between two hydrogens, one on each tert-butyl group
can be noted; the nearly-touching contour resolving this interaction can be found at 0.0062 a.
u. For diphenyl disulfide, all H-atoms have a Vsmax on the 0.001 a. u. contour, but the phenyl
rings overlap. The nearly-touching contour for this molecule is at the 0.01 a. u. iso-density
surface. For dibenzyl disulfide, at the 0.001 a. u. contour, there is an interaction between a C-
H on the benzyl group with the ring of the other benzyl group. Here, the nearly-touching contour
can be found at 0.0056 a. u.

The quantitative estimates of the intramolecular repulsion from the nearly-touching contours
using the linear regression of Figure 5(a) for the conformation studied of dibenzyl disulfide,
diphenyl disulfide and di-tert-butyl disulfide are respectively 2.6, 6.8 and 3.2 kcal/mol. These
values are much higher than the relative energy estimate of 0.1 kcal/mol for dimethyl disulfide,
diethyl disulfide and di-isopropyl disulfide, molecules for which the nearly-touching contours
reveal the absence of intramolecular repulsion (see above). For these quantitative estimates, it
is necessary to use Figure 5(a), which involves the contours X vs. relative energy relationship.
The volume vs. relative energy relationships (Figure 4) in this study can only be used to make
predictions for conformers, such as the DEDS series, because volume is an extensive property.

Table 4: Nearly-touching contours at which the hydrogen Vs max are visible for all H-atoms and
for which there is no overlap of the electrostatic potential between groups. Estimates of the
intramolecular repulsion (kcal/mol) of the molecules from the linear regressions obtained for
the DEDS series plots (Figure 5a).

Name Contour Estimates of
(a. u.) intramolecular
repulsion
(from Figure 5a)
(kcal/mol)
Dibenzyl disulfide (S3_1) 0.0056 2.6
Di-isopropyl disulfide (S3_2) 0.003 0.1
Diphenyl disulfide (S3_3) 0.01 6.8
Dimethyl disulfide (S3_4) 0.003 0.1
Di-tert-butyl disulfide (S3_5) 0.0062 3.2
Diethyl disulfide (S3_6) 0.003 0.1
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I 1I
a Di-tert-butyl disulfide

Figure 6: 1 Electrostatic potential plotted on the 0.001 a. u. contour for a Di-tert-butyl disulfide,
b Diphenyl disulfide and ¢ Dibenzyl disulfide. II Nearly-touching contours for the electrostatic
potential at a 0.0062 a. u., b 0.01 a. u., ¢ 0.0056 a. u. iso-density surfaces. The color ranges,
in kcal/mol, are: red, greater 10; yellow, from 10 to 0; green, from 0 to -10; blue, more negative
than -10.

The electrostatic potential gives the correct picture regarding the presence of intramolecular
repulsion

As shown in the previous sections, intramolecular repulsion, giving high conformational
energies, can unambiguously be detected by the electrostatic potential plotted on varying
contours of the electronic density. On the other hand, high conformational energies are not
always due to the presence of intramolecular repulsion. We will discuss two examples of diethyl
disulfide conformations for which the high conformational energy can mistakenly be appointed
to the presence of intramolecular repulsion. For these examples, the electrostatic potential and
not the conformational energy gives the correct picture regarding the absence of intramolecular
repulsion.
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Conformations in which %2 (or %2’) adopts a value of ~120° or -120° have high relative
energies. The DEDS-TS1 and DEDS-TS2 conformations (Table 5 I. a) are examples thereof.
In proteins, these conformations are stabilized by the protein scaffold and are present in the
PDB structures, as for example PDB-TS3 and PDB-TS4 (Table 5 1. b). Analyzing the
electrostatic potentials for these molecules shows that already at the 0.001 a. u. contour, the
electrostatic potential has a Vsmax for all H-atoms, pointing to the absence of intramolecular
repulsion. When going to the 0.002 a. u. and the 0.003 a. u. contours, a better separation of the
surface electrostatic potentials is obtained (Figure 7a).

In these diethyl disulfides conformations, similar intramolecular interaction distances (Table 5
I. a-b) as in the reference structure with the lowest energy conformation are found and earlier
work pointed out that these conformations are transition states for rotation around the S—S bond
23 As such, the electrostatic potential is able to correctly detect here the absence of repulsive
intramolecular interactions.

Also diethyl disulfide conformations with x3 angles outside the favorable zone, which was
identified before to be between 70° and 120° 23484 have a high relative energy. For example,
DEDS-C1 (Table 5 II. a) and PDB-C2 (Table 5 II. b), having a %3 angle of -142°. Here as well,
the electrostatic potential shows correctly that no intramolecular repulsion is present for these
conformations as the nearly-touching contour can already be found at the 0.001 a. u. iso-density
surface (Figure 7b). Instead, in these conformations a substantially smaller S-S bond length is
present, giving rise to high conformational energies.

a I . 1
DEDS-TS1

PDB-TS3

Figure 7: Representative examples (cfr. Table 5) of a diethyl disulfides with conformations in
which y2 (or %2’) adopts a value of ~120° or -120° and of b diethyl disulfides with
conformations in which %3 adopts a value outside the favourable 70° < 3 < 120° region.
Electrostatic potential plotted on the 0.001 a. u. (I), the 0.002 (II) a. u. and the 0.003 (III) a. u.
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contour. The color ranges, in kcal/mol, are: red, greater 10; yellow, from 10 to 0; green, from
0 to -10; blue, more negative than -10.

Table 5: 1. Examples of diethyl disulfides with conformations in which 2 (or ¢2’) adopts a
value of ~120° or -120° II. Examples of diethyl disulfides with conformations in which 3
adopts a value outside the favourable 70° <3 < 120° region.

a The DEDS series and b the PDB series.

All relative energies (kcal/mol) are calculated (MP2/6-311++G(d,p)) with respect to reference
structure DEDS2, ¢fi. Table 1.

The intramolecular interaction distances d are given in Angstroms.

a
Name Dihedral E, d(Si-S;) | d(Caj;-Caz) | d(Si-Ca) | Contour
angles after d (S;-Caj) | a.u.
. kcal/mol
optimization A
X2 X3 Xy A A
I
DEDS- | 67,86,-125 2.27 2.058 4.90 3.48 0.001
TS1® 4.48
DEDS- | -67,-86,125 2.27 2.058 4.90 3.48 0.001
TS2® 4.18
I
DEDS- | 60,-140,60 5.40 2.090 4.31 3.38 0.001
cl’

*Optimized to a TS at the MP2/6-311++G(d,p) level, with relaxed dihedral angles.

b
Name Protein PDB Eml* Dihedral d(Si- S2) |d(Cai-Caz)| d(Si-Caz) | Contour
angles after d(S:-Cai) | a. u.
keal/mol optimization A A A
X2 X3> Ao
I
PDB- Human 1de4 (C-chain) | 3.8 70,92,-127 2.049 542 3.77 0.001
TS3 Hemochroma | Cys556-Cys558 4.02
tosis protein
PDB- N. 3hz8 4.8 77,75,-134 2.091 5.16 3.67 0.001
TS4 meningitides | Cys57-Cys60 4.32
DsbAl —
T176V
mutant
II
PDB-C2 | Human lewr 20.1 43,-142,78 1.957 5.09 3.57 0.001
Cdc25B Cys426-Cys473 4.80

* Calculated after placing and optimization of the H-atoms at the MP2/6-311++G(d,p) level.
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Conclusion

For the disulfide systems under study, we have shown that searching for the nearly-touching
contour of the electronic density as the contour upon which to plot the electrostatic potential
provides a useful tool for assessing intramolecular repulsion. The electrostatic potentials of the
neighboring groups at these contours show clearly that the interactions are repulsive in nature.
For the diethyl disulfides, quantitative estimates of conformational energy can be made using
linear relations with both the contour values and the volumes of the envelope.

The present work extends what was found before for attractive intermolecular interactions to
intramolecular repulsion. It shows here that the approach of searching for the non-overlapping
electrostatic potentials on varying iso-electron density envelopes has the potential to be
generally used to assess both attractive and repulsive inter- and intramolecular interactions.

Table of Contents Image

0.001 a. u. Nearly-touching
contour: 0.0093 a. u.
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