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A complete NCI perspective: from new bonds to
reactivity

Christophe Narth, Zeina Maroun, Roberto A. Boto, Robin Ghat) Marie-Laure
Bonnet, Jean-Philip Piqguemal and Julia Contreras-@arc

Abstract The Non-Covalent Interaction (NCI) index is a new topoladjimol that
has recently been added to the theoretical chemist’s dr&¢@hfills a gap that ex-
isted within topological methods for the visualization @fhacovalent interactions.
Based on the electron density and its derivatives, it is tbleveal both attractive
and repulsive interactions in the shape of isosurfacesse/bolor code reveals the
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nature of the interaction. It is interesting to note that N@h even be calculated at
the promolecular level, making it a suitable tool for bigteyss, such as proteins or
DNA. Within this chapter we will review the main charactéids of NCI, its sim-
ilarities with and differences from previous approachgsectal attention will be
paid to the visualization of new interaction types. Beingdzhon the electron den-
sity, NCl is not only very stable with respect to the calciglatmethod, but it is also
a suitable tool for detecting new bonding mechanisms, saficeuch mechanisms
should have a detectable effect on the electron densitg. tfpe of approach over-
comes the limitations of bond definition, revealing all naigtion types, irrespective
of whether they have a name or have previously been identifiga@lly, we will
show how this tool can be used to understand chemical chdogg a chemical
reaction. We will show several examplestofquosel ectivity and put forward an ex-
planation of selectivity based on secondary interactionigfivis complementary to
the historical orbital approach.
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1 Introduction

As defined by Linus Pauling, “Chemistry is the science of safses: their struc-

ture, their properties, and the reactions that change themother substances”. [1]
The first aspects, structure and properties, are clearbcedsd with the arrange-
ment of atoms in a molecule, i.e. the chemical bond. Thesdsdatermine Paul-
ing’s third aspect, chemical reactivity. In other wordseitical bonds are the undis-
puted foundation of chemistry and their visualization dti@llow chemists to un-

derstand how molecules behave at the most fundamental level

Achievement of a mechanistic understanding of chemicallaakbgical func-
tions as well as the structure of solid materials dependsnowing the geometric
structure and the nature of bonds. But, despite the "chérh@rad being a funda-
mental concept in chemistrjwvhat is a chemical bond?” still remains a critical
questionfor the chemical community because of the lack of a uniquenitiefin as
well as an unclear understanding of its physical nature.

Successful numerical solution of the Satinger equation has yielded energies
and properties of atoms and molecules, but not yet a cleasiqgddyexplanation of
chemical bonding. There is even a controversy on the mestiamirigin of the
most “simple” chemical bond, covalent bonding, as it wasased by Burdett in
his classical book. [2]

As recently as in 2007, a special issue was devoted to the é8@sYof Chemical
Bonding”. [3] In this issue, the chemical bond was compaceal tinicorn, “a myth-
ical but useful creature, which brings law and order][in an otherwise chaotic and
disordered world”. [4] Everyone knows how it looks despithady ever having
seen one. [4-6] This line of reasoning is similar to Couls@omment: “Some-
times it seems to me that a bond between two atoms has becawe s tangible,
so friendly, that | can almost see it. Then | awake with adlitthock, for a chemical
bond is not a real thing. It does not exist. No one has ever seenNo one ever
can. It is a figment of our own imagination.” [7] Even chemibaihds have been
described as “noumena” rather than “phenomena”. [8-10]

Chemical bonds together with other concepts such as atorbitals, electron
shells, lone pairs, aromaticity, atomic charges, (hypasrjugation, strain, etc. do
not correspond to physical observables. Such conceptsftiiercannot be unam-
biguously defined in pure quantum theory, but constitutela set of “fuzzy”, yet
invaluably useful concepts. [11-14] They lead to consivaddeas and develop-
ments when appropriately used and defined.

In chemistry as well as in physics, advanced theories aceldyetwo milestones:
i) a mathematical structure/formalism disclosing the basitities of the theory and
their mathematical relationships, and ii) an “interprig&trecipe of basic entities
of the theory. The latter discloses the qualitative meauwitpe basic entities and
their relation to other known entities within and beyondtieory. It is important to
highlight that the connection between the mathematicahédbism and its interpre-
tation is always subtle. This problem can be traced backedatk of a clear and
unambiguous definition of a bond in quantum mechanics angl#tbora of inter-
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pretations that have been introduced with various “measiinfithe “mathematical
symbols/entities” of the theory. [15]

In front of this quandary, two opposite attitudes can be sayed. On the one
hand, the old and negative statement of the French matheaattiR. Thom: “II
me faut cependant avouer que la chimie proprement dite ngamiais beaucoup
intéresge. Pourquoi? Peudtre parce que des notions telles que celles de valence, de
liaison chimique etc., m’ont toujours serglpeu claires du point de vue conceptuel.”
(I should admit that chemistry never really interested meyWhRerhaps because
notions such as those of valence, chemical bond, etc., alapyeared unclear to
me from the conceptual point of view). On the other hand, tloeenactual and
pragmatic comment of Alvarez et al.: “Chemistry has doneertban well in a
universe of structure and function on the molecular levéhyist this imperfectly
defined concept of a chemical bond. Or maybe it has done s@vegiisely because
the concept is flexible and fuzzy”. [16]

However, it is important to note that scientific argumenghates, and controver-
sies are at the heart of chemistry. This situation has besarlglstated in the very
recent paper entitled “The Nature of the Fourth Bond in theu&d State of & The
Quadruple Bond Conundrum” by Danovich et al., [17] in whiblege authors re-
congnize that they are in front of a “Rashomon effect”, inetithe bonding picture
is becoming too fuzzy to be constructive anymore.

In trying to overcome this dichotomy, topological analysis become one of the
most useful tools to characterize interactions. Visuéilimeof bonding interactions
between atoms and molecules is a long-standing quest inetieed and computa-
tional chemistry. The main interest lies in creating a tdalttenables not only to
see the interaction, but also to interpret its charactempaaoperties. Different types
of bonding can be revealed by various topological methaatsh ased on different
scalar fields. [18] This chapter deals with a new interpiegabol, NCI (standing
for Non-Covalent Interactions), for revealing non-covelmteractions, which tries
to brind some intuitive order into this fuzzy set of ideas.

1.1 Historical framework

Over the years, different approaches have been developeddal chemical bonds.
Covalent bonds are intuitively represented using congeatiLewis structures. [19]
Molecular Orbital (MO) theory has been very useful and sssfd for the theo-
retical analysis of chemical reactions and chemical rei&gtiThe frontier orbital
theory [20] and the orbital symmetry rules of Woodward andfidan [21] are
paradigmatic examples of the possibilities of quantum deEynwithin the MO
theory.

To reduce the dimensionality of the problem, three-dinmmaiinterpretative ap-
proaches have been introduced. The conceptual densitiidnattheory pioneered
by Parr et al. [22] has been at the origin of very useful rgdgtdescriptors. An-
other low dimensional approach has originally been deesldpy Bader: [23—25]
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the topological approach. Within these approaches, 3Desggadivided following
the gradient of a scalar function into mutually disjointegions. Bader's QTAIM
(Quantum Theory of Atoms In Molecules) theory is based ortdpelogical analy-
sis of the density and provides an atomic picture of the gystehemical bonds
and the underlying molecular graph may be traced by the sisabf its bond
critical points (BCPs, first order saddle points). Follogviithe same philosophy,
ELF [26,27] (Electron Localization Function) topologieadalysis divides the space
into chemically intuitive regions associated with elentqmairs so that electronic
shells, bonds, and lone pairs are revealed. Also, puretyrekatic interactions can
be analyzed using electrostatic potential maps. [28]

1.2 Weak interactions

Chemical interactions between a protein and a drug, or dysa&nd its substrate,
self-assembly of nanomaterials, [29, 30], and even sommiclaé reactions, [31,
32] are dominated by non-covalent interactions. This ctdsateractions spans a
wide range of binding energies, and encompasses hydrogetingp dipole-dipole
interactions and London dispersion [33] as well as more ugdie interactions
such as halogen bonds, CHrandr- - - minteractions. Repulsive interactions, also
known as steric clashes, should not be disregarded either.

More specifically, non-covalent interactions are of parantomportance in
chemistry and especially in bio-disciplines, [34, 35] sittleey set up the force field
scenario through which chemical species interact with edlclr without a signifi-
cant electron sharing between them. They represent, intfecmachinery through
which molecules recognize themselves and establish howaulals will approach
and eventually pack together.

During the last decade, non-covalent interactions hawe ralised a great deal
of interest in the context of self-assembly [36] and cry&tation, [37] whose un-
derlying general rules are at the moment too faraway to Heg fationalized and
understood. [38] Knowledge of such rules would in princigllew to build from
scratch (even complex) materials exhibiting the desirep@rties. [29, 39, 40] Al-
though it can not be ignored that a given observed strucsugenerally the outcome
of a “drawing” among a plethora of energetically similart btructurally dissimilar
options, [41] understanding intermolecular non-covaletdractions and their mu-
tual interplay in the supramolecular assemblies is notetha fundamental step in
making progress in structural prediction and evolution.

1.2.1 Weak interactions: the need for a new approach
Non-covalent interactions are frequently visualized gsiistance-dependent con-

tacts, generally without consideration of hydrogen atda-44] Hydrogen-bonds
can be identified from the molecular geometry [45] and fronf-HK6] while grid-
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based calculations from classical force fields are used tehather van der Waals
interactions. [47] The crucial role of weak interactions ae#so be analyzed in an in-
direct manner through property computations (from pojpaieatio electrostatic mo-
ments). [48] However, these fluctuations are not easilyalised. In other words, a
visual quantum chemical approach was conspicuously ng$sithis scenario.

Let’s look at an example to clearly pinpoint the state of thietopological ap-
proaches to weak interactions. The image provided by QTAiMBLF of benzene
dimer is provided in Table 1. Let’s first focus on a given berenolecule: The
electron density shows maxima (cusps) for the C and H atornsremas C-H and
C-C bonds are represented by BCPs (in red). ELF, insteadide®a picture based
on electron localization, so that isosurfaces appear a@ratoms and C-H bonds. In
both cases the chemical structure is revealed as expectedctiemical intuition.
However, the ELF picture is obviously more intuitive thamshe isosurfaces.

Now, if we take a look at the complete system, the stackingedinve can see
that intermolecular BCPs appear along with a ring criticahp(second order sad-
dle point, in yellow). The fact that interactions are rethte saddle points, locates
them on the interatomic surfaces, so that they highligletratbomic contact, but they
do not have an associated region within this approach. Merethe critical points
unite pairs of C atoms, which is not the chemical picture weehaf a stacking
interaction: it should appear as a benzene to benzenedtimraThe VSEPR re-
gions of benzene dimer are clearly identified by ELF, but imgths seen for the
inter-benzene stacking interaction.

In other words, both approaches fail to correctly providectupe of delocalized
interactions. Thus, it is the aim of this chapter to intraglstich a tool, show its
advantages over previous theories and its ability to pe@domplete and holis-
tic vision of non-covalent interactions and their changediy from the electron
density.
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Table 1 Comparison between QTAIM and ELF topologies in benzene dimer

Method | QTAIM ELF
Function Electron density Pauli kinetic energy density
Partition Atoms Lewis’ pairs
-0,
P .
Example C

ELF=0.9
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2 NCI: Non-Covalent Interaction index

The electron density has a fundamental advantage over M@dbdescriptors be-
cause it is an experimentally accessible scalar field asditdcal function defined
within the exact many-body theory, also supported by thedarbkrg-Kohn theo-
rem. [49] The relationship between electron density togpknd physical/chemical
properties can be understood from the Hohenberg-Kohnéheorhich asserts that
a system’s ground-state properties are a consequenceatefdtson density. Further-
more since chemical reactions proceegbly) redistributions, methods that analyze
p(r) distributions should help to understand the electron siremf molecules and
thus chemical reactivity (see Section 8).

Our approach, introduced in the coming sections, uses thgtgle@nd its deriva-
tives, allowing simultaneous analysis and visualizatibalbnon-covalent interac-
tion types as real-space surfaces, thus adding an impddahto the chemist’s
arsenal. [50-52]

2.1 Thereduced density gradient

The reduced density gradiestor RDG, is a fundamental dimensionless quantity
in DFT used to describe the deviation from a homogeneousrefedistribution.
[49,53,54] Properties of the reduced gradient have beeasiigated in depth in the
process of developing increasingly accurate functiofiaf.

The origin of the reduced density gradient can be tracede@émeralized gra-
dient contribution to the GGA exchange energ§®”, from density-functional the-
ory:

EFA B =~ 3 [ F(g)p¥ (e, &)
whereF (s) is a function ofs for a given spin with

1 [Op|
- EFW7 (2)
cr being the Fermi constanty = 2(377%)%/2 and the 43 exponent of the density
ensuring thasis a dimensionless quantity.

s accounts for local density inhomogeneities due to its diffiéial behavior de-
pending on the chemical region of the molecule. The reduesdity gradient as-
sumes large values in the exponentially-decaying denaily far from the nuclei,
where the density denominator approaches zero more rapiaifythe gradient nu-
merator. Small values afoccur close to the nuclei, due to the combination of large
densities and small density gradients. The lower bound emetiuced density gra-
dient is zero, as occurs throughout a homogeneous elecioargl at bond critical
points.
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The effect of bonding on the reduced density gradient is@alhe easy to visu-
alize whensis plotted as a function of the density. Graphs@) assume the form
f(x) = ax /3, wherea is a constant (see Appendix I). This can easily be proven
from a STO model density. For a single atomic orbijal= e %", the density is
p = e 2%" and the gradient iSlp = —2ap, such that

12ap 2a _q,3
S(P)—C*FW—aP 3. 3)
When there is overlap between atomic orbitals, a spike isthediagram appears
(Figure 1). The points forming this spike can identify theenaction when they are
mapped back to real space. This procedure is able to reveatowvalent interac-
tions.

To explore the features associated with small reducedemtgliwe first examine
plots ofsversusp (Figure 1). These plots were generated by evaluating the/B3L
[56, 57] density and reduced gradients on cuboid grids, withl au step size, for
each molecule or dimer. To provide even more sampling of thalldow-density,
low-gradient regions in hydrogen-bonded complexes, @it calculations were
performed for water and formic acid dimers with a much de@s@25 au grid.

20

branched octane =
bicyclo[2,2,2]loctene

¢ [V plp™ (au)
& IV plp®? (au.)

s =
s=

000 005 010 015 020 025 030 ‘000 005 010 015 020 025 030

p (@.u) p (a.u)
c d
L | benzene dimer  » 20 formic acid dimer

methane dimer water dimer

15

1.0

¢ [V plp™ (au)
IV plip*? (au)

0.5

S
S

0.0 - 0 L% . .
0.00 0.05 010 015 0.20 0.25 0.30 0.00 0.05 010 015 0.20 0.25 0.30

p (a.u) p (a.u)

Fig. 1 Plots of the electron density and its reduced gradient for amethwater, branched octane,
bicyclo [2,2,2]octene, and the homomolecular dimers of metHaerezene, water, and formic acid.
The data was obtained by evaluating B3LYP/6-31G* densitygradient values on cuboid grids.
Reprinted with permission from Ref. [50]. Copyright 2010 AmaricChemical Society.
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Plotting s versusp, as in Figure 1, reveals the basic pattern of intramolecular
interactions. Methane (Figure 1a) illustrates the typtmalalent bond pattern. The
top left-side points (small density and large reduced gmtlicorrespond to the
exponentially-decaying tail regions of the density, famfrthe nuclei. The points
on the bottom right side (density values of ca. 0.25 au andrémhuced gradient)
correspond to the C-H covalent bonds. Covalent bonds hawectiaracteristic BCP
in the electron density, correspondingste- 0. Regions near the nuclei have larger
density values and appear beyond the right edge of the gletplot has an overall
shape of the formap /3 because atomic and molecular densities are piecewise
exponential. The results for water are very similar, theyatifference being that
the covalent bonds lie at higher density values, past the etithe plot. In Figure
1b-d, we consider six examples of chemical systems dismjayarious types of
non-covalent interactions. Plots sfversusp for these systems all exhibit a new
feature: one or more spikes in the low-density, low-gradiegion, a signature of
non-covalent interactions. This is the basis of NCI.

2.2 The density second eigenvalue

According to the divergence theorem, [58] the sign of thelaeipn of the den-
sity, 0%p, indicates whether the net gradient flux is enterifigp < 0, or leaving,
0%p > 0, an infinitesimal volume around a reference point. Hertchighlights
whether the density is concentrated or depleted at that,pa@lative to the sur-
rounding environment. To differentiate between diffettypes of weak interactions
one cannot resort to the sign of the Laplacian itself (asiismon within AIM the-
ory) since it is dominated by the principle axis of variatiand is positive for all
closed-shell interactions. [59]

To understand bonding in more detail, it is often useful toaepose the Lapla-
cian into the contributions along the three particular axkesaximal variation.
These components are the three eigenvalyes the electron-density Hessian ma-
trix, such that,J%p = A1 + A2+ Az, (A1 < A2 < A3). At points with zero gradient,
analysis of the Hessian eigenvalues is analogous to detiegrthe signature of the
critical point. Thus, at nuclei (cusps/maximaga all the eigenvalues are negative,
while at the center of cages or holes (minimapdfall the eigenvalues are posi-
tive. In the remaining points of spadeg > 0, A1 < 0, andA, can be either positive
or negative. Within the NCI framework, the signAf (i.e. the perpendicular plane)
enables identification of the interaction type. Attraciivieractions appear ap < 0
whereas in the cases wheXgis positive (as in rings or cages), usually several atoms
interact but are not bonded, which corresponds to sterigdirg according to clas-
sical chemistry.

Both van der Waals interactions and hydrogen bonds showtivegavalue of
A2 at the critical point (withA, ~ O for van der Waals interactions). This can be at-
tributed to the homomorphic virial path associated withidbeding direction, which
defines a line along which the potential-energy density isimally negative. Con-
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versely, non-bonding interactions, such as steric crogydiesult in density deple-
tion, such that\, > 0. Analogously, the homeomophism ensures that theseatritic
points (both ring and cages points) identify lines of minlijraegative potential-
energy density.

3 Interpreting NCI

3.1 The 2D plot

Once the second eigenvalue has been introduced to septrat¢ivae from repul-
sive interactions, it is necessary to categorize the intenas by their strength. This
can be done thanks to the properties of the corresponditicatipoints. Character-
istic densities of van der Waals interactions are much en#illn densities at which
hydrogen bonds appear. However, steric clashes and hydimgels span similar
density ranges and overlap in plotssgp). This is illustrated for the phenol dimer
in Figures 2a-h. This is a hydrogen-bonded complex thatb#shnon-bonding in-
teractions within each benzene ring and a stacking interabetween the benzene
rings. We thus have the three main types of interactions: déanWaals, HB and
steric clashes. Whereas van der Waals is well differencibéeduse it appears at
smaller densities, the steric clash and the hydrogen boikdsspverlap in Figure
2a.

The interaction type can be distinguished if 8{p) diagrams are modified by
plotting sign@2)p as the ordinate. Analysis of the sign &f thus helps to discern
between the different types of weak interactions, whereaslénsity itself provides
information about their strength; both are combined in e of signf,)p. When
the Hessian eigenvalues are considered, the differentenafuhese interactions is
made clear: the benzene-ring interactions remain at pesialues, whereas the
hydrogen bond now lies at negative values, within the aftracegime. The NCI
spikes nearest zero density correspond to weakly-atteadispersion interactions
between the phenyl rings.

3.2 3D plot

3.2.1 3D visualization

The 3D spatial visualisation of the non-covalent intexatdi as defined above is
done using the data from the 2D plots as input to construct 8B gomposed of
reduced density gradient isosurfaces.

In a nutshell, a cut-off value dof close to zero, typically < 0.5, is chosen in
order to recover all the non-covalent interactions in theteay, i.e. all the spikes
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Fig. 2 Plots of (a)s(p), (b) NCl isosurface, for the phenol dimer. The- 0.6 isosurface is colored
over the range -0.08 sign(Az)p < +0.03 au.
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of the 2D plots. The corresponding reduced density gradsasurfaces give rise
to closed domains in the molecular space which highlightstbettial localization

of the interactions within the system (see Figure 2c). SBigd@sosurfaces are, by
definition, regions of low reduced gradient, the density éary constant within

these.

At this stage, however, the types of interaction correspantb the several iso-
surfaces are not apparent. In order to discriminate betvlesmn, the density ori-
ented by the sign of; is further used (as in the 2D plot). A RGB (red-green-blue)
coloring scheme is chosen to rank interactions, where reded for destabilizing
interactions, blue for stabilizing interactions and gréandelocalized weak inter-
actions. The intensity of these colors (i.e. the deepnesiseotolor) is associated
with a higher local density and therefore to a stronger atton.

The isovalue (or cut-off) of g() chosen for plotting the 3D isosurface determines
which features will appear in the NCI plot as well as theirtgpaxtension. On the
one hand, all NCI spikes do not strictly achies#, so that too low a value might
miss some of the interactions of interest. [60] On the otleerdh too high a value
would disclose atomic tails of the density. [61] The cutisftherefore chosen from
the 2D plot so that all spikes, but only spikes, are capture@nder a meaningful
picture which recovers both attractive and repulsive atgons.

3.2.2 2D and 3D shapes

Topological features of the electron density are very stalith respect to the calcu-
lation method. The main effect of different methods onghe. p diagram is a shift
of spikes. The only rule of thumb seems that the sawedue should be used when
comparing to each other the various NCI, both in the same diff@rent systems,
provided a single method was employed to obtain the variteren densities.
This not being the case, differestvalues are seemingly required to compare on
similar grounds thes-based results for differently computed electron densty.(
from wavefunction, multipolar). In other words, a shift afteffs is needed to ob-
tain comparable images This can be related to the factstraighly behaves like
p~1/3 (see Eq. 3), so that the effect of the method on the densiiyestty followed
by the s-value. This information is crucial when moving towards deg systems
(see Section 6).

It emerges that a one-to-one inverse correlation seemsisb axong the di-
rectionality (and the strength) of specific non-covaleriactions and the sur-
face/volume ratio of the correspondisgsosurface. In particular, the stronger the
interaction, the smaller and more disc-shapeddiserface appears in real space
(and the more negative thmsign(A2) values are).

In some cases, noticeably in ring closings, bicolored idasas appear (see Fig-
ure 3). They result from stabilizing features (revealed li®y blue color), counter-
balanced by destabilising interactions due to steric ciogv@revealed by the red
color), such as ring closure. [62]
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Fig. 3 Scheme of a mixed color isosurface in a C5 ring formed in the groetwd®n a carbonyl
and a NH group within a peptide residue. Within this isosurféoe curvature varies sign, leading
to two well differenciated parts. A blue external part whidlnstrates the directional NH-O
interaction and a red part which is indicative of the straithia 5-membered ring resulting from a
multicentric density in the inner region close to the backbéméhe top panel the variation of the
density and the sign of; is depicted. Reproduced from Ref. [62] with permission fromRIECP
Owner Societies.

o

4 Small molecules

To explore the features associated with small reduced gmégiwe first examine
3D NCI plots in representative small molecules.

Figure 4 displays NCI isosurfaces for branched octanechif®,2,2]octene, and
the homomolecular dimers of methane, benzene, water, amicfacid. These iso-
surfaces provide a rich visualization of non-covalentriatéions as broad areas of
real space, rather than simple pair-wise contacts betweensa\We first consider
the sterically-crowded molecules bicyclo[2,2,2]octeRig(re 4a) and the branched
octane isomer (Figure 4b). In the first case, the low-defisity-gradient region cor-
responds to the center of the cage, where steric repulsitweba the bridgehead
carbons is expected. For the branched octane isomer, thefaoe lies between the
closely-interacting methyl groups on opposite sides ofddetral C-C bond. The
interactions are repulsive nearer the C-C bond and wealdgctive between the
hydrogen atoms. Dispersion and hydrogen bonding can alstebdy detected. In
the dispersion-bound methane dimer (Figure 4d), the i$aseiforms a disc be-
tween the individual monomers. For the water dimer (Figwk the isosurface lies
between a hydrogen donor and oxygen acceptor, charatefistydrogen bonds.
The formic acid dimer (Figure 4f) reveals stronger HBs tharthie water dimer,
and also weak van der Waals interactions between the twelglo®teracting acidic
hydrogens.
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Fig. 4 NCI isosurfacesg= 0.5) for a) branched octane, b) bicyclo[2,2,2]octene, andchtrao-
molecular dimers of c) benzene, d) methane, e) water, and f) éaxoid. Gradient isosurfaces are
also shown for cuboid sections of g) diamond and h) graphite.rGading in the range -0.04
< sign@z)p < +0.02 au. Reprinted with permission from Ref. [50]. CopyrigBl@ American
Chemical Society.

Finally, in the benzene dimer (Figure 4c), there is an are@oafbonded over-
lap located at the center of each benzene ring, resemblengdsurface for bicy-
clo[2,2,2]octene. There is another lower-density surfaesveen the overlapping
portions of the benzenes, whemestacking is expected. It is important to compare
this image to the ones displayed in Table 1. The intermo#dnteraction in ben-
zene dimer appears very clearly with NCI as a surface thditligigts the benzene
to benzene stacking interaction, well beyond the pair atons found with AIM.
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5 Solids

As we saw in the Introduction, non-covalent interactionsafid state have raised a
great deal of interest lately, due to their relevance foi-agetembly [36] and crys-
tallization [37] processes.

Indeed, crystalline solids exhibit rich and challengingtiog patterns. We con-
sider the prototypical examples of carbon in the diamondufé 4g) and graphite
(Figure 4h) phases at their equilibrium geometries. In diad) the carbon atoms
aresp® hybridized and are connected by strong covalent bondsdhatd tridimen-
sional, tetrahedral network. Figure 4g shows a NCI isoserfar a cuboid section
of the diamond crystal. The non-covalent surface extendsitfh the voids of the
structure, creating a network similar to that of the covalemds.

Graphite in itsa form (Figure 4h) has a bidimensional, hexagonal latticeh wi
the carbon atomsp? hybridized and covalently bonded to their three nearegtmei
bors. The NCI isosurface shows areas of nonbonded overlt#eatenter of the
hexagonal rings, as seen previously in benzener stacking interactions between
the graphene sheets are clearly manifested by the isosarféling the interlayer
spaces.

6 Biological Systems

Understanding of non-covalent interactions is crucialtf@ comprehension of the
3D structure and, thus, of the activity of biosystems. [@&} lowever, the calcula-
tion of the electron density in these systems is totally andiele. Approximations
need thus to be sought.

6.1 Promolecular densities

Densities are stable (see Section 3.2.2) to such an ext@nNtbl characteristics
are already contained in the sum of atomic densii, [63, 64] The resulting
molecular density, also known as promolecular dengit{, is then given by:

P =3 o @

A promolecular density obtained from simple exponentiah@t pieces is able to
predict low-density, low-reduced-gradient regions samtb density-functional re-
sults. The free atomic densities used in these calculationsist of one Slater-
type function for each electron shell, fit to closely reproelspherically-averaged,
density-functional atomic densities (see Appendix ).
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Approximate promolecular densities were constructed byrsing exponen-
tial atomic densities for bicyclo[2,2,2]octene, and thanlemolecular dimers of
methane and water.

Resultant plots 0§ versuspP™® for these species show the same 2D features
seen in Figure 1. Also, 3D isosurfaces generated from then@lecular density
(Figure 5) are very similar to those obtained previoushhwstlf-consistent DFT and
even MP2 densities (Figure 4). For all cases consideredlised the self-consistent
and promolecular level are qualitatively equivalent. Osiight quantitative differ-
ences are introduced by density relaxation that, as exgeskift thes versusp
spikes to more bonding regimes. Specifically, a large sbifatd smaller density
values is observed in the spikes corresponding to non-libaderlap, introducing
less repulsion and greater stability. Taking this shifoiatcount in the choice of
isosurfaces, results at the self-consistent and promialetavel are qualitatively
equivalent for all cases considered (see Figure 5 bottoar)ekample, lower cut-
offs on the gradient (0.25-0.35) and higher cut-offs on thasity (0.08-0.09 au)
were required in order to generate the isosurface for o§2@,2]octene.

SCF PROMOLECULAR
20 [ |

water dimer * water dimer *

20

bicyclo[2,2,2]octene + bicyclo[2,2,2]octene +
t methane dimer

methane dimer

RDG
B

05 0.5 (s

0.

0 . . . h
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
sign(iy)p (a.u.) sign(h)p (a.u.)

b i

Fig. 5 Comparison between SCF and promolecular NCI results. The sgmédeatures are ob-
tained using self-consistent (left) and promolecular (righigudations, with a shift toward negative
(stabilizing) regimes. Bottom: Taking the shift in spikes into@att (i.e., changing the cut-off), the
isosurface shapes remain qualitatively unaltered for selectelll sl@cules. Figures are shown
for both SCF (left) and promolecular densities (right). NClfaces correspond t8= 0.6 and a
color scale of -0.03< p sign(\2) < +0.03 au for SCF densities. For promolecular densiges,
0.5 (water and methane dimers)or 0.35 (bicyclo[2,2,2]octene), and the color scale is -0<04
p sign@d2) < +0.04 au. Reprinted with permission from Ref. Ref. [51]. Coglyti2011 American
Chemical Society.
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6.2 Examples

Promolecular densities obviously lack relaxation; howgtree promolecular densi-
ties are extremely useful in biomolecular systems, suchaieips or DNA. Because
the calculation of the electron density in these systemerbes extremely compu-
tationally expensive, the promolecular density becomeataactive option: non-
covalent interactions can be analyzed with only the molecgometry required as
input.

We first consider two model polypeptides: arhelix consisting of 15 alanine
residues and an anti-parall@isheet consisting of 17 glycine residues. Geometries
of the polypeptides were obtained with the MMFF force fielthgghe spartan pro-
gram. [67] Both were capped with COGHnd NHCH groups. Figure 6 displays
low-gradient isosurfaces for cuboid regions at the certdrese polypeptides, col-
ored according to the corresponding density values. Foi3tisbeet, the lowest-
density portions of the gradient isosurface arise from bgtobic, dispersion-
dominated interactions, primarily involving the Glgroups of the glycines. The
higher-density regions correspond to inter-residue hyelnebonds and repulsive
interactions between the adjacent C=0 and N-H groups. oathelix, the iso-
surface has a large, low-density region within the helix bativeen the side-chain
methyl groups. The higher-density portions of the isos@feorrespond to inter-
residue hydrogen-bonds along the helix and repulsiveantems between adjacent
N-H groups.

We also considered the non-covalent interactions betweeleobases in the B-
form of double-strand, six-base-pair (TGTGTG) DNA. Thausture was obtained
using the X3DNA program [68] with ideal geometry parametfg98] Figure 6c dis-
plays the low-gradient isosurface for a cuboid section exdénter of the DNA he-
lix, colored according to the sighf)p values. The calculated isosurface resembles
that of graphite, with broad, low-density regions indigatof r-stacking between
base-steps. The interactions between individual deoxyesiee-deoxythymidine
and deoxycytidine-deoxyguanosine pairs are shown in Eigdre. The isosurfaces
show non-bonded overlap within the nucleobase rings, asmizdne and graphite,
and hydrogen-bonding motifs similar to the formic acid dinTéne strong N-H--O
and N-H --N hydrogen bonds can be clearly distinguished from the weakigac-
tive C-H-: - -O interaction by the density values, as shown in differefdrso

The hydrogen-bonding surfaces in the DNA model have densilyes of ca.
0.065 au, compared to density values of ca. 0.035 au for tlyp@otide hydrogen
bonds. This is evident from the degree of blue shading fohgirogen bonds in
Figure 6. Since density values at hydrogen-bond criticahtsacorrelate with the
interaction strength, [25, 70] our results indicate that lydrogen bonds between
nucleobase pairs are substantially stronger than betwagmacids, in agreement
with literature data. [71-73]

Let us now consider the interaction between a ligand and tipractive site.
The low-gradient isosurface for a tetracycline inhibitouhd to the tetR protein in
Figure 7 shows a complex web of non-covalent interactiomsésen the ligand and
active site. When analyzing non-covalent interactions otgin-ligand complexes,
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Fig. 6 Gradient isosurfaces{® = 0.35) for cuboid sections of the (#-sheet and (bp-helix
polypeptides. Gradient isosurface8f = 0.25) are also shown for the (c) B-form of DNA, and the
(d) A-T and (e) C-G base pairs. The surfaces are colored acgpalivalues of sigi(2)p, ranging
from -0.06 to +0.05 au. Reprinted with permission from Ref. [3Dppyright 2010 American
Chemical Society.

itis usually assumed that these interactions are due tocHfispntact between two
atoms. [44] However, itis clearly seen in Figure 7 that tisistamption is only partly
correct. Hydrogen bonds, such as those between the tdirecgmine groups and
two water molecules (shown in orange), are directional gretific. Conversely,
van der Waals, dipole-dipole, and hydrophobic interagtj@uich as those between
the tetracycline and the Leu61, Val9l, lle136, and Vall&hdiges (shown in yel-
low), are not atom-specific and occupy broader regions inespehe figure reveals
some steric clashes (orange and red regions of the isoshttza must be offset
by stronger, attractive interactions to give binding irstbiystal structure. A ligand
“fits” the geometry of the active site, and the interactiorrgy between the ligand
and protein is comprised of many small contributions. Whegimdyto design a new
ligand to fit a specific active site, one should consider athsateractions.
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Fig. 7 Gradient isosurfaces, = 0.35) for interaction between the tetR protein and tetrtioy
inhibitor. Surfaces colored in the sigi{p range from -0.06 to +0.05 au. Reprinted with permis-
sion from Ref. [50]. Copyright 2010 American Chemical Society.
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7 New bonds: do we really need to name them all?

Hydrogen bonding was postulated in the early"2@ntury based on the stunning
macroscopic differences between the first and second rowideg] i.e. water is a
high boiling liquid without, which there would be no life ahgdrogen sulphide is
a stinking gas, under ambient conditions. [1]

With the advent of molecular beam and cryogenic experinhemeéghods as well
as the ever advancing theoretical methods, HBs have beeadto exist in HS as
well. [74] But things go even further. About a century latdremists have identified
awealth of new bonding types along the periodic table. Hatdgpnds (XBs) (group
17) are frequently exploited for crystal engineering. [Rgcently, similar bond-
ing mechanisms have been proposed for adjacent main-gteogests, and non-
covalent “chalcogen bonds” (group 16) [76] and “pnictogendis” (group 15) [77]
have also been identified in crystal structures. Recentiyn earbon bonding (group
14) [78] has been proposed as a stabilizing interaction.

One of the most interesting features of NCI is that it is basedhe density.
Thus, it is expected to be able to reveal any type of bondirgo® and beyond
its corresponding identification and characterizatioe, glgnature on the electron
density will be present. In the coming sections we brieflwshome representatives
of the new bonds series, highlighting the possibility toe@\vinteractions all along
the periodic table from just the fast analysis of NCI.

7.1 Halogen bonding

Halogen bonds (XBs) occur between a halogen atom, playasgpie of Lewis acid,
and a Lewis base. This non-covalent interaction is analdg/tivogen bonding in
the sense that in both cases, an atom or group of atoms witheffiégtron density
donates charge to an acceptor which is electron poor. SitildBs, XBs are also
anisotropic and involved in various fields, such as supraoar chemistry or even
materials chemistry. Moreover, halogenated coumpourel®féen encountered in
medicinal chemistry [79] and drug discovery. [80] Quantuhrefistry approaches
have revealed a sigma-hole along the axis defined by the éral@igm and the ac-
ceptor. This can be studied thanks to the Molecular ElettticPotentials, showing
the charge distribution as well as the nature of the interacs electrostatics and
charge transfer driven.

We have analyzed NCI in a series of trifluoromethyl halidesg>G where X =
Cl,Br,I with dimethyl ether (DME), dimethyl sulfide (DMS)inethyl phosphine
(TMP) and imidazolin-2-ylidene (NHC). All systems were iopized using second-
order Mgller-Plesset perturbation theory with the auge®Z(-PP) basis set. [81]
The wavefunctions were obtained at DFT level using the B3fifRRtional and the
6-31++G** basis set except for iodine, where the pseudoyiatieL ANL2DZ was
used.
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In the first four cases, the 2D plots (Figure 8) clearly showiiesat vert low
density, corresponding to a typical van der Waals intevactn Figure 8b, a second
spike arises, exhibiting non bonding interactions betwésenchlorine atom and
DMS hydrogens. They are closer to the halogen than the swfma and benefit
from the high electron density at the halogen.

In agreement with previous studies, the prominent spikbiftesl to larger elec-
tron densities (left) for iodine, reflecting a stronger nanding interaction (see
Figures 8e-f) as X molecular weight increases.
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Fig. 8 2D plots for halogen bonded complexes: a)3CFDME b) CFCI-DMS c) CRBr-DME
d) CRBr-TMP e) CRsI-NHC f) CF3l-TMA. See Section 7.5.2 for an interpretation of iodine com-
pounds extra peaks.
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a) R:CI-DME b) CFsCI-DMS
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¢) CFsBr-DME d) CFsBr-TMP

e) CRI-NHC f) CFal-TMA

Fig. 9 3D plots for halogen bonded complexes: asCFDME b) CF;CI-DMS c¢) CRBr-DME d)
CR3Br-TMP e) CRI-NHC f) CF3l-TMA. NCl isosurfaces correspond 830.5 au and a colorscale
of -0.04 < sign(A2)p < +0.04 au.

7.2 Pnictogen bonding

Pnictogen bonding is a weak non-covalent bonding invohgngup 15 elements
as electron density acceptors. Similiar to halogens, thetqgen atoms possess a
sigma-hole: a region of positive electrostatic potentiathie direction of the bond,
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PHs-PHs

Fig. 10 Pnictogen bond examples: a-b) §HRHz, c-d) PH-PH;. 3D isosurface was produced
using the cut-off values af= 0.5 andp < 0.05.

which is attracted to a lone pair on a nucleophile with an iouggative electrostatic
potential. [82, 83]

Pnictogen bonding is present in the complex betweens l[dhd PH (Figure
10a) [77] where the N atom is the donor of electron densitg Jilgma-hole gives
rise to the equilibrium geometries: the two molecules afented such that the P
and N atoms face one another directly, without the interamdof a H atom. This
attraction is due in part to the transfer of electron derfsdyn the lone pair of the
N atom to theo* antibond of a P-H covalent bond. Unlike in hydrogen bonts, t
pertinent hydrogen is oriented about 1&vay from the N (instead of toward), and
the N lone pair overlaps with the lobe of the PeH orbital that is closest to the
P. The calculated binding energy of this pnictogen-bondedptex is more stable
than the hydrogen-bonded complex that is formed betweeseaime two molecules
where the N atom is the proton acceptor (Figure 10b).

We have optimized the N¢gHPH; and PH-PH;s pairs at thewB97X-D/6-31+G*
level of theory. The NCI analysis of the NHPH; complexes shows the presence of
non-covalent bonding and this is illustrated by the 3D isfasies of both complexes
(Figure 10a-b). The green color of both interactions inisdhat the two types of
bonding have similar bonding strengths correspondingdabdhvan der Waals in-
teractions. Whereas in the H-mediated complex, a typicalipgof HB is obtained
(Figure 10b), a thick surface is obtained in the case of th&q@yen bonding (Figure
10a), which is extended like in the case of van der Waals Hicik tike HB ones.

It is interesting to note that in contrast to halogen borfus:e is no requirement
of a sigma-hole of positive electrostatic potential on thetdm, nor is it necessary
for the two interacting atoms to be of differing potential.fact, the two atoms can
be identical, as the global minimum of the PhRbmodimer has the same structure,
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characterized by a-P-P attraction. Indeed, for the complex betweergRiHd PH,
the P atoms possess a partial positive charge and none aicdiedl minima found
on the potential energy surface correspond to a hydrogadédzbcomplex. [77] The
two minima that were located correspond to complexes winer® tatoms approach
one another (Figure 10c-d). The complex with the symmewangetry (Figure 10c)
was found to be dominated by electrostatic interactionsesponding to pnictogen
bonding, whereas the second structure (Figure 10d) waslftmbe dominated by
dispersion. This shows in the NCl isosurfaces where thedot®n region in Figure
10d occupies a larger volume than that of Figure 10c. This &reement with the
more diffuse character of the dispersion interaction caregbéo the pnictogen bond
which is more concentrated along the bonding direction.

7.3 Carbon bonding

Recently, inspired by the identification of halogen, chgloand pnictogen bond-
ing, Mani et al. [78] investigated whether carbon, being sitpe centre, can accept
electron density. Indeed, both experimental and the@lesitidies agree that the
tetrahedral face of methane can act as a hydrogen bond acd@ptational spec-
tra of complexes like Clt- - -HF, CH; - - -HCI, CHy---HCN and CH - - -HO further
confirm this fact. [84] While the tetrahedral face of methaas bn electron rich
centre and can act as a hydrogen bond acceptor, substitftiome of its hydro-
gens with some electron withdrawing group (such as -F/OH)weake the opposite
face electron deficient. The complex betweernzEldnd HO has a potential energy
minimum with water oxygen pointing towards the tetrahedfiak of CH. Similar
interactions are also found for several methanol complé@xeghich the electron
deficient atom (oxygen) interacts with one of the water'slpair.

Four examples of complexes, which represent minima on thengal energy
surface, are shown in Figures 11a-d. All molecules and l@mdéar complexes were
optimized at thevB97X-D/6-31+G* level of theory. In these complexes, thecele
tron density donors (O, P, S and F atoms) are oriented towhed€H; face of
methanol. Through NCI analysis, the presence of internugednteraction is ev-
ident in all the complexes. The weak nature of this type ddriattion is indicated
by the green color of the NCl-isosurfaces that correspoadsmn der Waals inter-
actions.

It should be noted that, in spite of the weakness of thesed¥jeractions, they
are extremely relevant, since these and similar intenastamuld give an enthalpic
contribution to the so called “hydrophobic interactiong'8]
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h‘»lo**nh

a) MeOH-H0 b) MeOH-PH

c) MeOH-SH d) MeOH-FH

Fig. 11 Carbon bond examples for several electron donors (O, P, S are) K)eOH-HO b)
MeOH-PH; ¢) MeOH-SH d) MeOH-FH. 3D isosurface was produced using the cut-off vaddies
s=0.5andp < 0.05.

7.4 The di-hydrogen bond

Very recently the new term di-hydrogen bond was coined tariles an interaction
of the type D-H--H-E, where D is a typical hydrogen donor such as N or O. The
interesting thing about this type of bond, is that the acmegitom is also a hydrogen.

a) Gaseous phase b) Crystal structure

Fig. 12 Dihydrogen interactions in a Bff\H3 tetramer in a) the fully optimized gas-phase geome-
try and b) the solid-state geometry. NCI surfaces corresposd t4 au and a color scale of -0.03
< sign@l2)p < +0.03 au. Reprinted with permission from Ref. [51]. CopyrigBL2 American
Chemical Society.
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Thus, the accepting hydrogen atom must be negatively ctiamgE has to be an
atom capable of accommodating a hydridic hydrogen. Tramsihetals and boron
are some known examples of atoms occurring at position Ehikvidi-hydrogen
bonded complexes, BfH3 is perhaps the most widely studied. [86—88] We have
analyzed the tetramer (BiNHz)4, whose geometry has been derived from the solid
state. Figure 12 shows the NCI results for @HH3)4. It can be seen that each
BH3NH3 molecule interacts with the surrounding ones establisbimgdi-hydrogen
bond with each, and numerous van der Waals contacts. Trecesrbbtained are, in
all cases, completely analogous to those obtained in preégamples for hydrogen
bonds.

We have also studied a series of nine complexes presentingddogen bonds
(LiIH-HCCH, LiH-HCN, LiH-HCF3, NaH-HCCH, NaH-HCN, NaH-HC#; HBeH-
HCCH, HBeH-HCN, HBeH-HCE) to check the ability of NCI to detect new types
of bonds even at the promolecular level. After using the MAR&form [89] to
set up the initial systems, the complexes were optimizedeaMP2/aug-cc-pVDZ
level with NWChem. [90] The optimized coordinates were usegdrform NCI
promolecular analysis. The results are displayed in FigGre
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Fig. 13 NCI surfaces for several di-hydrogen complexes: a) HBeH-HBFHBeH-HCCH c)
HBeH-HCN d) LiH-HCF; e) LiH-HCCH f) LiH-HCN g) NaH-HCR h) NaH-HCCH i) NaH-

HCN. The NCI isosurfaces were plotted fer= 0.3 and a color scale of -0.03 sign(A2)p <
+0.03.
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Even at this rough level, NCI allows to follow the evolutiohtbe interaction
strength for the different systems. The interaction baajmgear similar to those
from strong hydrogen bonds. They also seem to be strongertiteadi-hydrogen
bond in the BHNH3 complex. It should be noted that this agrees with the fadt tha
di-hydrogen bonds have been attributed very variable gthsn Crabtreet al. [91]
have placed the NH-HB contact at the upper end of the energy range quoted for
hydrogen bonds. Popelier instead, has found it to be in thgeraf normal HB
strengths [86] and Morrison and Siddick [87] assigned it the lower end of
the hydrogen bond strength spectrum. Our results showtikatainge of energies
covered go (at least) from the strong to the medium HB-typ&reingth.

7.5 Metal driven interactions
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a)[Hg(H0)s]** b)[Ho(F)s] ™
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©)[Hg(Chs]~ d)[Hg(Bn)s] -

Fig. 14 Complexation of Hg. a)[Hg(k0)s]?" b)[Hg(F)s]~ c)[Hg(Cls]~ d)[Hg(Br)s] .
Reprinted with permission from Ref. [51]. Copyright 2011 AmaricChemical Society.

Although NCI is usually used for weak interactions, its bBakbes not limit the
tool to only weak interactions. Indeed, it can be used foat@aw and ionic interac-
tions, as well (see S.I. in Ref. [50] and Ref. [61]). Most coamty, it is also used
within metallorganic frameworks to detect interactionthwietals. We will analyze
several model examples relelvant to solvation and proteircture.
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7.5.1 Hgt complexation

Understanding the complexation of ions and their preféaehigands is of prime
relevance when studying their bioactivity. As an exampheirt absorbance and
transport through the body is extremely dependent on tloeptexation. It would
then be extremely interesting to be able to identify the ns&ines as well as the
potential substitution sites. In addition Mercury(ll) isheavy metal cation which
is specially challenging for quantum mechanical treatnasniboth correlation and
relativistic effects play a crucial role in modeling its cplexes.

Figures 14a-d illustrate the ability of NCI to visualize ifest and efficient man-
ner the complexation sites of Hg and to discriminate thengtte of the binding
energies between the cation and its ligands. Figure 14asstwv[Hg(HO0)s]%t
complex and suggests that the three waters bound to Hg aegudalent, one of
the water molecules being more weakly bonded than the otlmeosder to corrob-
orate this observation, it is possible to perform a decoiitiposof the interaction
energy of such a complex using the RVS [85] (Reduced Vanati®pace) proce-
dure. Both polarization and charge transfer are signifigaméaker for one water
molecule: whereas two of the water molecules show a polaiz&nergy of ca.
-15 kcal/mol, and a charge transfer energy of -10 kcal/nhel third water shows a
stabilization due to polarization and charge transfer Hy et?.7 kcal/mol and -6.2
kcal/mol, respectively.

The ability of NCI to recover the ordering of ligands is alggphlcable when
different ligand series are analyzed. Figure 14b-d show(Cfjg complexes (X
standing for F, Cl and Br). It is clearly seen that F is morersgty bonded than ClI
and Br. This result is in agreement with their binding enesgiwhich are -632.8,
-571.0 and -562.6 kcal/mol, respectively.

7.5.2 Zr?* fingers

Metals play a decisive role in many protein active sites daators. The zinc finger
is a small protein structural motif that can be found in mamjdgical systems. It
is characterised by the fact than one or more zinc ions cdnilistathe fold of a
protein. One or two Zn(ll) cations [100] are often tetralaigrcoordinated to four
or six amino acids such as cysteine (Cys) or histidine (Hgsning four major
cores: ZnCys, ZnCysHis, ZnCysHis, and ZnCys. [101]

Starting from the ZnCyscore, its modeling can be carried out by substitution
of Cys by methyl thiolate, Ck5~. [101] In order to analyse the effect of the envi-
ronement within the HSAB theory, we have analyzed the SM@'S[SCHQ,]?(, with
M=Mg,Zn,Pd (from hard to soft Lewis acids). All complexesre®ptimized at the
wB3LYP/6-31++G** |evel of theory except for Pd, which was mpized with the
pseudopotential LANL2DZ.

In all cases, the tetracoordination of the metal to the XIgands clearly stands
out as a strong interaction (deep blue in Figure 15). It isrggting to note that the
interaction spike shifts from ca. sighii)p=-0.03 au. to sign)p=-0.06 au. when
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a) [Mg(SMe)y]%~ b) [Zn(SMe)]?~ c) [Pd(SMe)]%~

Fig. 15 NCI plots for Zn finger model: a) [Mg(SMg)?~ , b) [Zn(SMe)]? , c) [Pd(SMe)]?".
Top: 3D NCI plot. Bottom: 2D NCI plot.

passing from Mg(ll), which is a hard cation, to Zn(ll) and Pd(which are inter-
mediate and soft cations. This is in agreement to what is@ggddrom the nature
of the S bridge (soft) to the ligands within the HSAB theory.

Spikes appear at very low densities which correspond torgkzey interactions
in between the ligands, which stabilize the whole structAeea final note, the big
spikes appearing for Pd at ga=0.1, along with the peaks appearing for the iodine
compounds in Section 7.1, are an artifact from the pseuéagiat, and as such,
should be disregarded.
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8 Reactivity

Understanding and predicting chemical reactivity are sofrtee achievements of
quantum chemistry. In this regard, the Woodward-Hoffmanles [21] for peri-
cyclic reactions have become a classical reference. Byitlefinpericyclic reac-
tions evolve via a cyclic aromatic transition state of dalaed electrons where
bond making and bond breaking occur simultaneously in dacgctay. Using the
orbital symmetry conservation, Woodward-Hoffmann praabs list of rules of
thumb able to predict the mechanism and, hence the steeetisy of pericyclic
reactions. Examples include cycloadditions, electraggtibns, sigmatropic rear-
rangements, and chelotropic reactions. Much work has beeoted to show that
electron circulation on the pericyclic transition statesyne smartly characterized
by the topology of the electron localization function (ELE)2] Recently, it was
shown how the combined analysis of the NCI method and ELF neagrbployed
as a visual tool to understand the electron reorganizat@rgaan intrinsic reaction
path (IRC). [93] Contrary to ELF, the reduced density gratidoes no suffer from
catastrophes (sudden creation and/or destruction ofalriioints), being possible
to preclude the bonding formation from the first stages of#aetion.

One example of application of NCI to predict the outcome aiqyelic reac-
tions is provided by the thermal ring-openingaé- andtrans- 1,2,3,4-tetrafluoro-
1,4-bis(pentafluorsulfanyl)cyclobutene (see Figure 28).a thermal, 4 electron
process, the Woodward-Hoffmann rules predict that the atatwry opening is
more favorable than the disrotatory one. [21, 94] Additibpaa given terminal
substituent may either rotate “outward”, leading #®H)-1,2,3,4-tetrafluoro-1,4-
bis(pentafluorosulfanyl)butadiene or “inward” to yieklZ)-1,2,3,4-tetrafluoro-1,4-
bis(pentafluorosulfanyl)butadiene. Activation energibtined at theoB97X-D/6-
31G** level for (E,E) and ¢,Z) transition states are 41.55 kcal/mol and 21.12
kcal/mol, respectively. Because this kind of stereosliegtis related to the di-
rection of the twist, it was namedrquosel ectivity by Houk and co-workers. [95]

F F F SFn
G F F
WIS SF5 F
_—
| F ) E
F E
F SFR F 5F5
(2,2) (EE)
(in,in) (out,out)

Fig. 16 “Outward” (out) and “inward” (in) conrotatory processes fbetthermal ring opening of
trans-1,2,3,4-tetrafluoro-1,4- bis(pentafluorsulfanyl)cycltEne.
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Rondan and Houk proposed in 1984 a widely accepted orbitekirable to ex-
plain torquoselectivity. [96, 97] In a nutshell, this model states that electron dono
substituents at £and G preferentially rotate outward in order to maximize the
stabilizing interaction with the HOMO of the breaking-C4 bond and to mini-
mize the repulsive interaction with the LUMO of the same hdgléctron acceptor
substituents undergo the opposite effect, and, consdguientard rotation is pre-
ferred. Since only certain orbitals are included in the nhaae/rong selection of the
interacting orbitals leads to wrong predictions. This dismtage is common for all
theories based on a selected group of orbitals, such astttéefrorbital theory. [98]
To avoid this flaw, Ponec decided to reinvestigate the proliteerms of an electron
density based indicator, such as the molecular similagpyr@ach. [99] He showed
that the origin of theorquoselectivity comes from the low electron reorganization
required to convert reactants into products.

Fig. 17 NCI isosurfaces off,E)(left) and ¢,Z)(right) transition states.

Additionally, NCI analyses of bothZ(Z) and E,E) transition states provide us
with topological arguments to understand this differdrgidectivity. As seen in
Figure 17, out of the breaking carbon-carbon covalent aatigon (blue isosurface)
and its repuslive counterpart ring tension (red isosujfare can differentiate three
types of noncovalent interactions (green isosurfaces):

Type 1 Fluor-fluor interaction between pentafluorosulfagrglups
Type 2 Pentafluorosulfanyl-carbon interaction
Type 3  Fluor-fluor interaction between pentafluorosulfamd fluoro groups

All of them are present in theZ(Z) transition state, whereas only interactions
of type 3 are found in the§E) one (see Figure 18). Thus, dispersion interactions
between pentafluorosulfanyl groups and those with the cacole should be the
driving force of the process. Thumrquoselectivity can also be understood in terms
of secondary interactions as revealed by NCI: within thiprepch products are
driven by the accumulation of noncovalent interactiondmtransition state.
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Typel+2+3 Type 3

Fig. 18 Noncovalent interactions types i@,Z)(top and bottom left) and§E) (bottom, right)
transition states. Black, red and blue dashed lines representiytgpe 2 and type 3 interactions
respectively.
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9 Summary and conclusions

In conclusion, non-covalent interactions have a uniqueatigre and their presence
can be revealed solely from the electron density. Noncovaieractions are highly
nonlocal and manifest in real space thanks to the NCI arglysiother words, as
low-gradient isosurfaces with low densities. The sign ef skcond Hessian eigen-
value is used to identify the interaction type, and its gjtercan be derived from
the density on the non-covalent interaction surface.

NCI provides a rapid and rich representation of van der Wa&tsactions, hy-
drogen bonds, and steric clashes. If obliged by the sizeeofyistem, NCI can be
approximated from promolecular densities, so that it oatyuires the atomic coor-
dinates as input. Thus, it is applicable to large systent) as proteins or DNA.

Since it is based on the electron density, it is applicablelittypes of chemi-
cal bonds. We have reviewed here several such examples thlermeriodic table:
halogen bonds, pnicogenic bonds, di-hydrogen bonds. We é&an gone to higher
densities to show that NCI is also able to reveal and chaiaetiteractions in
organometallic systems. Finally, we have looked at the gbari chemical interac-
tions along a reaction path, reformulating orbital rulethiatorquosel ectivity.

In summary, we have shown that the electron density and iisatiges con-
tain all the information needed to characterize all chehiioads and their change,
making NCI a holistic tool in the analysis of weak (and not ssak) interactions.
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Parameters for promolecular calculations

Table 2 Parameterized exponentg;X and coefficientsq) of sphericalized atomic densities, in
atomic units.

Atom| ¢ nmn| o n2 | ¢ N3
H 0.2815 0.528 — — — —
He 2.437 0.337 - -
Li 11.84 0.19110.06332 0.9992 — —
Be 31.34 0.13900.3694 0.694p — -
B 67.82 0.10590.8527 0.5300 — —
C 120.2 0.0884 1.172 0.548 — -
N 190.9 0.076y 2.247 0.453 — —
(e} 289.5 0.0669 2.879 0.397 — -
F 406.3 0.0608 3.049 0.399 — —
Ne 561.3 0.0549 6.984 0.344 — -
Na 760.8 0.0496 22.42 0.25110.06358 1.0236
Mg 1016 0.0449 37.17 0.21500.3331 0.7753
Al 1319 0.0411 57.95 0.18740.8878 0.5962
Si 1658 0.0382 87.16 0.16540.7888 0.6995
P 2042 0.0358 115.7 0.1509¢ 1.465 0.5851
S 2501 0.0335 158.0 0.1369 2.170 0.5149
Cl 3024 0.0315 205.5 0.1259 3.369 0.4974
Ar 3625 0.0296 260.0 0.1168 5.211 0.4412
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