Journal of
the Serbian
Chemical Society

g Dambm’v@e@ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 89 (3) 349-365 (2024) Original scientific paper
JSCS-5725 Published 31 March 2024

The cyanide, cyanate, thiocyanate ambident anions: Structure,
topological analysis of electron density and homolytic oxidative
coupling regioselectivity
ALEXEI N. PANKRATOV*

Division of Analytical Chemistry and Chemical Ecology, Institute of Chemistry, N. G.
Chernyshevskii National Research Saratov State University, 83 Astrakhanskaya Street,
Saratov 410012, Russia

(Received 25 September, revised 7 November, accepted 23 December 2023)

Abstract: At the B3LYP/6-311++G(3df,3pd) level of theory, the spatial and
electronic structure of the cyanide, cyanate and thiocyanate ambident anions
has been studied. By means of the natural bond orbital (NBO) analysis and the
R. F. W. Bader’s quantum theory “Atoms in Molecules” (QTAIM), the elec-
tron density delocalization and topological properties in the above anions have
been investigated. The distribution of electron density (NBO, QTAIM) in the
XCN- (X = 0, S) anions is reflected by the scheme [X***C==N]-. The relat-
ive contribution of the hypothetical structure X=C=N- to the resonance hybrid
X—C=N <> X=C=N" is higher in the case of X = O. The degree of the C=N or
C==N bond triple character and bond strength changes in the following series
of anions: CN™ > SCN- > OCN". The occupancy of the lone electron pair (LP)
orbital of the nitrogen atom in the above anions is close to 2, and the LP orbital
is sp-hybridized. Condensed K. Fukui functions for the electrophilic attack
have been evaluated. Local hardness of the donor reaction centres: N > C (CN"),
O > N (OCN"), N > S (SCN"). The regioselectivity of the homolytic oxidative
coupling reactions of CN-, OCN-, SCN- has been substantiated.

Keywords: density functional theory (DFT); B3LYP; natural bond orbital (NBO)
analysis; R.F.W. Bader’s quantum theory “Atoms in Molecules” (QTAIM); elec-
tron density delocalization; hybridization; K. Fukui functions; radical dimerization.

INTRODUCTION

The dual reactivity of the ambident anions, such as cyanide CN—, cyanate
OCN-, thiocyanate (rhodanide) SCN=,1-8 etc., as ligands in coordination com-
pounds!=58 and nucleophiles, mainly in organic chemistry,®-8 is an important
theoretical problem.
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3 50 PANKRATOV

The ambident reactivity is often treated by means of the Hard and Soft Acids
and Bases (HSAB) principle.!-8 However, the HSAB theory displayed itself as
not always appropriate.

Free cyanide, CN—, e.g., is generally alkylated at carbon. N-attack is only
observable in diffusion-controlled reactions with carbenium cations. Since
isonitrile RN*=C~ <> RN=C formation in reactions with [Ag(CN),]~ is due to
the change of the nucleophile, the explanation of these regioselectivities by the
HSAB principle has to be abandoned.?

It has been shown that the cyanate anion, OCN~, being an ambident nucleo-
phile, may react with electrophiles either at the oxygen terminus, to yield alkyl
cyanates ROC=N, or at the nitrogen centre, to yield alkyl isocyanates RN=C=0.
Equal amounts of alkyl cyanates and alkyl isocyanates were obtained, when sec-
ondary iodoalkanes were treated with silver(I) cyanate. The formation of tert-
-butyl isocyanate (CH3);CN=C=0, along with 2-methylpropene (CH3),C=CH,»
and cyanic acid, was also considered as an indication for concomitant O- and N-
attack. The study also investigated the possibility of Syl reactions of cyanates
proceeding with charge control to give alkyl cyanates.10

A kinetic study of SCN~ reaction with carbenium cations using laser flash
photolysis and stopped-flow methods lead to the conclusion that the selectivities
of the above reactions cannot be explained by the HSAB theory.!!

For CN—, both C- and N-coordination, and for OCN~, both N- and O-bond-
ing with metal cations is known.12-15

In accordance with the HSAB theory,!=8 in the ambident SCN-, donor
sulphur atom is the reaction centre of a soft base, and the nitrogen atom is the
centre of a hard/soft boundary base. Cations of ammonium (azanium), NH4",
alkaline (except in any case caesium) and alkaline earth metals, magnesium, alu-
minium are hard acids (Cs™ is a soft acid), so they “gravitate” to the nitrogen
atom of the thiocyanate. At the same time, thiocyanates of at least alkaline and
alkaline earth elements have ionic crystal structures, and the ionic bond is non-
-directional, and therefore we can talk not about coordination in the literal sense,
but about the mutual spatial orientation of metal or NH4* and SCN~, favourable
potential or actual association of the metal or ammonium cation with the nitrogen
atom of the thiocyanate anion.

The preferential orientation of the thiocyanate nitrogen atom in the direction
of the lithium cation in solution finds a quantum chemical confirmation. The
impact of the association of lithium cation with SCN™ n acetonitrile CH3C=N on
the vibrational spectrum has been studied in the B3LYP/6-31+G(d,p) approxim-
ation. The best agreement between experimental and calculated ionic association
data was achieved taking into account the nonspecific solvation, oversolvation
and solvability of ionic complexes within the framework of the polarizable
continuum model (PCM) in a variant (IEF-PCM) based on the integral equation
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CYANIDE, CYANATE, THIOCYANATE ANIONS STRUCTURE 35 1

formalism (IEF). The microstructures of the thiocyanate in a contact ion pair with
lithium cation and ion-pair dimer and trimer in acetonitrile were established.10

The main continuum models of solvent accounting in quantum chemical
computations are listed in the work.17

The formulae of the above mentioned thiocyanates are preferably written as
NH4NCS, LiNCS, NaNCS, KNCS, RbNCS, CsNCS, Mg(NCS),, Ca(NCS),,
Sr(NCS);, Ba(NCS),, AI(NCS)3.12.15

On the contrary, thiocyanates of copper(l), silver(I), mercury(Il), lead(Il) are
characterized by the coordination of the metal ion to the sulphur atom: CuSCN,
AgSCN, Hg(SCN),, Pb(SCN), (Cut, Ag", Hg?* — soft acids, Pb2" — boundary
acid).12.15

Soft acid Cd2* behaves ambiguously. There is a Cd(SCN), compound. How-
ever, in an aqueous solution of sodium tetrathiocyanocadmate, SCN~ is coordin-
ated via sulphur (Nap[Cd(SCN)4]), and in methanol through nitrogen
(Nap[Cd(NCS)4]). Coordination via nitrogen in the case of cadmium thiocyanates
is also observed in the melt of KNCS.12.15

The lead(Il) ion, which is borderline in hardness/softness, is coordinated by
the sulphur atom: Pb(SCN),.12.15 However, for the boundary acids, mangan-
ese(Il), iron(II), cobalt(Il), nickel(Il), copper(Il) and zinc ions, there is coordin-
ation at the nitrogen atom: Mn(NCS),, Fe(NCS),, [Fe(NCS)4]%~, Co(NCS),,
[Co(NCS)4]?~, Ni(NCS),, [Ni(NCS)4]?~, Cu(NCS);, [Cu(NCS)4]*~ and
Zn(NCS),.12.15

The soft acid Cs', like other alkali metal cations (hard acids), orients
towards SCN~ with a preference for the nitrogen atom.12.15

Thus, the structure of metal thiocyanates cannot always be substantiated
from the standpoint of a qualitative version of the HSAB concept. This is largely
due to the boundary nature of the donor nitrogen atom as the reaction centre.

Iron(III), cobalt(IlT) and nickel(Ill) ions are hard acids and add SCN~ with
the participation of its nitrogen atom, for example Fe(NCS)3, [Fe(NCS)¢]3~.12:15

Such a nature of the binding of SCN~ with highly charged cations such as
AI3*, Fe3* and in general with metal ions — hard acids, can be due to a higher
negative charge on the nitrogen atom of the thiocyanate anion, since the hard—
—hard (and hard-boundary to a large extent) interaction in the framework of a
simple version of the perturbation theory!8 is treated as charge-controlled.®

The HSAB principle is usually expressed via the charge, electronegativity,
size, polarizability, oxidation ability, energies of the frontier orbitals of an atom,
ion, closed or open electronic shell molecule.!-8 All the above characteristics
directly or indirectly depend upon the electron density distribution in molecule,
including the electronic delocalization and topological properties. The electronic
distribution is significant regardless of whether it is considered within the frame-
work of the HSAB theory or beyond.
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3 52 PANKRATOV

CN—, OCN~ and SCN~ are capable of undergoing chemical and electrochem-
ical homolytic oxidative coupling (dimerization) with the intermediate appear-
ance of the ®*CN, OCN*® and *SCN.

In particular, CN~ dimerizes upon interaction with acidified S,Og?~, with
copper(Il) and gold(III).

CN- reduces Cu2* to Cu', oxidizing to cyanogen N=C—C=N, and binds
copper(I) into complex anions, tricyanocuprate(I) [Cu(CN)3]2~ and tetracyano-
cuprate(I) [Cu(CN)4]3-, for example:

2Cu2* + 4CN~ — 2CuCN{ + N=C-C=N,
CuCN{ + 2CN- 2 [Cu(CN)3]%-,

or in total:
2CuZ* + 8CN~ — 2[Cu(CN)3]2~ + N=C-C=N

The above chemical reactions are used to mask the copper(Il) ion in the ana-
lytical determination of other ions, to change the redox potential of the Cu(II)/Cul
conjugate redox pair in the separate electrolytic and polarographic determination
of copper and other metals, etc.

Similarly, the interaction of gold(IIl) with CN~ includes the preliminary red-
uction of Au(Ill) to Au(l) followed by the formation of the dicyanoaurate(l)
anion [Au(CN),]™:

Au3* + 3CN~ — AuCN{ + N=C-C=N,
AuCN{ + CN~- 2 [Au(CN),],

or in total:
Au3t +4CN~ — [Au(CN),]~ + N=C-C=N

Hydrocyanic acid or gaseous hydrogen cyanide HC=N is oxidized to cyano-
gen N=C—C=N under the action of O3 or air in the presence of a silver catalyst,
NOj3 in the presence of calcium glasses, Cl, on activated carbon or quartz, when
passing dry hydrogen cyanide over MnO; heated to 250 °C, as well as when
interacting with H»O; in the presence of copper(Ill) and iron(Ill) salts, with
NayS,0g, MnO,, PbO5 in the 0.05 M H,SO4 medium, ezc.!-2:12,19

The fact of the existence of oxocyanogen (OCN), remains controversial. The
formation of a colorless compound (OCN);, which is stable only at low tempera-
ture (down to —12 °C), has been reported by the exchange reaction of silver(l)
cyanate with I5.12 There is an assumption that oxocyanogen can be obtained by
the reaction of silver(I) cyanate with Br,, but no conclusive evidence is provided.
It has been shown that O=C=N-N=C=0 is obtained in this and other similar
reactions.12:19 However, data on the anodic oxidation of cyanates in CH3C=N
cast doubt on the existence of (OCN),.!2
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Thiocyanogen N=C—S—S—C=N is obtained by mild oxidation of metal thio-
cyanates with an aqueous solution of Cly, with Brp, I, MnO», copper(Il) salts at
a temperature of about 0 °C, Pb(CH3COO)4, as well as by electrochemical oxid-
ation of SCN—.1.2,12

Previously,20-22 it has been shown that the regioselectivity of reactions of
homolytic (radical) oxidative and reductive coupling (dimerization) of organic
compounds of various classes is controlled by the spin density on atoms in the
reaction intermediates (electroneutral radicals, radical cations, radical anions),
calculated by ab initio, DFT, HMDFT and semi-empirical methods of quantum
chemistry. In this case, such intermediates are *CN, OCN® and *SCN.

The aim of the present work consists in quantum chemical investigation of
spatial, electronic structure of the cyanide, cyanate, thiocyanate ambident anions,
including study of the electron density delocalization and topological properties,
comparative local hardness of the donor reaction centres, as well as substan-
tiation of regioselectivity of the homolytic oxidative coupling reactions of CN-,
OCN~ and SCN~.

METHODOLOGY OF THEORETICAL RESEARCH

Quantum chemical computations (within the restricted (RHF) D. R. Hartree — V. A. Fock
(HF) approach?? for the closed-shell anions CN-, OCN-, SCN- and unrestricted (UHF) D. R.
Hartree — V. A. Fock (HF) approach?? for *CN, *OCN, *SCN derived from the above anions
by homolytic oxidative coupling) were carried out by means of the hybrid density functional
theory (DFT) method?3-26 using the Gaussian 09W package?’ without any geometrical res-
trictions. Within the SCF, the hybrid B3LYP functional, which combines the three-parameter
exchange functional by A. D. Becke?8-2? with the Chengteh Lee — Weitao Yang — R. G. Parr
(LYP) correlation functional,3? was applied. The computations were performed using “tight”
convergence criteria. 3931 The rather wide 6-311++G(3df,3pd)32-33 basis set was used. Diffuse
functions were included in order to treat the nonbonding (unshared, lone) electron pairs (LP)
and blurred character of electron cloud in the anions properly. Harmonic vibrational fre-
quencies were computed. All equilibrium structures without the imaginary frequencies corres-
pond to the minima points on the potential energy surfaces. Requested convergence on RMS
density matrix amounted 1x10-8 within 200 cycles, on MAX density matrix — 1x10°, and on
energy — 1x10¢ Hartree (a.u). The initial geometries were generated by means of HyperChem
Professional 8.0.10 software3* and optimized by the PM3 method.35-3¢

The natural bond orbital (NBO) analysis?’40 was performed by the NBO Version 3.1
program.*!

To describe the electronic structure of molecules, the topological analysis of electron
density by means of R. F. W. Bader’s quantum theory “Atoms in Molecules” (QTAIM)*2-54 at
the B3LYP/6-311++G(3df,3pd) level of theory was performed by the AIMAIl Version
19.10.12 software>> to calculate the charge density (p,), Laplacian of the charge density
(v?py), local electronic energy (/) in the saddle (which are indicators of binding) bond crit-
ical points (3, —1) and ellipticity (&).
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3 54 PANKRATOV

RESULTS AND DISCUSSION

By means of the DFT method at the B3LYP/6-311++G(3df,3pd) level of
theory with the use of the NBO and QTAIM analysis, we have computed the
spatial and electronic structure of the ambident CN—, OCN~ and SCN~.

In CN—, the C=N bond length is 1.171 A. The calculation is in agreement
with the experiment: a neutron diffraction study of KCN at room temperature
gives a length of 1.16 A for the C=N bond.!5 The natural (one of the most object-
ive, most consistent with chemical intuition) charge on carbon and nitrogen
atoms is —0.236 and —0.764, respectively. The natural order (natural K. B. Wib-
erg index) of the C=N bond is 2.854.

The values of the second-order perturbation energy E(2), obtained as a result
of the NBO analysis for CN—, indicate that the main directions of electron density
transfer are from the LP orbital of the nitrogen atom to the antibonding (loosen-
ing) J. R. Rydberg orbital of the carbon atom (E(2) = 75.7 kJ mol~!), from the
core level of the nitrogen atom to the same J. R. Rydberg orbital (£(2) = 26.1 kJ
mol~!) and from the LP orbital of the carbon atom to the antibonding J. R. Ryd-
berg orbital of the nitrogen atom (£(2) = 20.6 kJ mol~!).

OCN~ and SCN~ have a linear structure.

In OCN-, bonds have the following lengths: 1.224 (C***0) and 1.187 A
(C==N); the bond angle OCN is 180.000°. X-ray diffraction analysis of NaNCO
gives a length of 1.21 A for the C***0 bond and 1.13 A for the C==N bond. In
this case, the linear structure of the anion is confirmed, but the low accuracy of
the values of the bond lengths,!5 which nonetheless agree with our computation,
is stipulated.

The natural charge on atoms in OCN~ is: —0.776 (O), 0.600 (C), —0.823 (N).
The negative charge on the O- and N-atoms is almost the same, slightly higher on
the nitrogen atom. The natural orders of bonds in OCN~ are: 1.493 (C*=--0) and
2.444 (C==N).

According to the results of our quantum chemical computation, the bond
lengths in SCN~ are: 1.661 (C===S) and 1.172 A (C=2N), the SCN bond angle is
180.000°. In accordance with the data of X-ray diffraction analysis of NaNCS,
KNCS,15 the corresponding values are 1.65, 1.17 A and 180°. The calculation
agrees well with experiment.

The natural charge on the atoms is: —0.463 (S), 0.055 (C), —0.592 (N). The
nitrogen atom is somewhat more negatively charged compared to the sulphur
atom, which is consistent with the regioselectivity of the interaction of metal ions
— hard G. N. Lewis acids with SCN~. The natural orders of bonds in SCN~ are:
1.403 (C===S) and 2.608 (C==N).

Based on the charge distribution in the ambident CN~ and XCN~ (X = O, S),
the negative charge of which is delocalized between the X and N atoms, it is exp-
edient to write the minus sign at the nitrogen atom when depicting these anions.
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For the entire set of C=N, C==N, C**0 and C*==S bonds in CN—, OCN~
and SCN-, the following trend is observed: the longer the bond, the smaller its
natural order.

OCN~ and SCN~ have a number of energetically significant donor—acceptor
interactions. However, the dominant contributions are:

— in OCN™: electron transfer from two different LP orbitals of the oxygen
atom to the antibonding m-orbital of the C==N bond (each such transition has an
energy effect £(2) = 341.8 k] mol~!), from the LP orbital of the nitrogen atom to
the antibonding J. R. Rydberg orbital of the carbon atom (£(2) = 75.3 kJ mol-1),
from the LP orbital of the nitrogen atom to the antibonding G-orbital of the
C=0 bond (E(2) = 71.5 kJ mol~!), from the orbital of the third LP of the oxy-
gen atom to the antibonding o-orbital of the C=:N bond (E£(2) = 69.0 kJ mol~1)
and from the orbital of the same (third) LP orbital of the oxygen atom to the same
J. R. Rydberg orbital (E(2) = 63.2 k] mol™!);

— in SCN~: transfer of electron density from two LP orbitals of the sulphur
atom to the antibonding m-orbital of the C==N bond with the same second-order
perturbation energy contribution £(2) = 169.5 kJ mol~!, from the LP orbital of
the nitrogen atom to the antibonding J. R. Rydberg orbital of the carbon atom
(E(2) = 84.1 kJ mol~!), from the orbital of the third LP of the sulphur atom to the
antibonding c-orbital of the C=:N bond (E(2) = 81.6 k] mol~!) and from the LP
orbital of the nitrogen atom to the loosening G-orbital of the C**S bond (E(2) =
=59.4 kJ mol™1).

It can be seen that in the donor—acceptor redistribution of the electron den-
sity in OCN~ and SCN-, the orbitals of nonbonding electron pairs of the oxygen
and sulphur atoms take an active part as donors, i.e., the possibilities absent in
CN-, are realized.

To describe the electronic structure of the anions in more detail, we have
carried out a topological analysis of the electron density using the QTAIM42-54
at the B3LYP/6-311++G(3df,3pd) level of theory.

The electron density (pp) in the bond critical points (BCP), the Laplacian of
the electron density (V2py) in the BCP, the local electronic energy (k,), which is
estimated as the density (taken with the opposite sign) of the local kinetic energy
in the form of Hamiltonian (Hamiltonian form of kinetic energy density) in the
critical points (3, —1) and the ellipticity (€) have been computed (Table I).

Comment. py, — the value of the electron density in the bond critical point (3,
—1); V2py, — second derivative of electron density (density Laplacian); 4. — local
electronic energy in the bond critical point (3, —1). Units: e — atomic unit of
charge (elementary charge) e = 1.60219x10-19 C); Bohr — atomic unit of length
(the radius of the first Bohr orbit): 1 Bohr = 0.529177 A = 5.29177x10~!! m);
Hartree — atomic unit of energy: 1 Hartree = €2 Bohr~! = 627.5095 kcal mol~! =
=2.6255x103 k] mol~1 =27.212 eV = 2.1947x105 cm™1.
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TABLE I. Some properties of the bond critical points (3, —1)
0.4883
@————@
BCP1
. 0.4(580 0 0.4‘067 .
BCP1 BCP2
. 0.{760 6 0.2‘1\35 &
BCP2 BCP1 &

Bond P,/ e Bohr V2p, /e Bohr h./ Hartree Bohr
CN-

C=N 0.488 —0.849 -0.951
OCN-

C===0 0.407 —0.510 -0.715

C==N 0.458 —0.896 —0.827
SCN-

Cc===s 0.213 -0.132 —0.243

C==N 0.476 —0.680 —0.905

According to the general pattern, the positive value of the electron density
(pp) in the bond critical point (BCP) and the negative value of the Laplacian of
the electron density (V2py,) in the BCP indicate the concentration of the electron
charge in the internuclear region and its exhaustion in the direction of the nuclei,
i.e., the presence of strong covalent bond (shared interaction, in which the com-
pression of the electron density along the bond line, directed to the critical point
(3, —1), dominates).#2-5% A negative value of the local electronic energy (/4e) is a
necessary criterion for a covalent bond (shared interaction).43-54

Fulfillment of the conditions py, > 0, V2py, < 0, he < 0 and sufficiently large
absolute pp, V2py, he values in the saddle (which are indicators of binding)
critical points (3, —1) (Table I) show a high strength of all covalent bonds in CN—,
OCN~ and SCN-, in accordance with the bonds lengths and natural orders (see
above).

The position of BCP of an A—B bond shifts towards A and thus leaves more
electron density for B if B is more electronegative than A.#2-54 As it can be seen
from Table I, the aforesaid is confirmed for CN—, OCN~ and SCN~.

The ellipticity of all bonds in all three anions is essentially zero (according to
our calculations, it is 10-15-10~14), which allows us to state the presence of a
cylindrical symmetry of the electronic distribution in bonds.

According to our NBO and QTAIM analysis, in accordance with the criteria
of natural charge on atoms, natural order and electron density (py) in the bond
critical point (3, —1) it has been shown that in XCN~ (X = O, S) the C==*X bond
is “one and a half”, the C==N bond carries a significant proportion of triple
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bonding. The distribution of electron density (NBO, QTAIM) in XCN~ is ref-
lected by the scheme [X**=C==N]".

There is an electronic delocalization due to which there is a certain align-
ment of the negative charge on the X- and N-atoms, and not its significant pre-
dominance on the oxygen atom in the case of X = O and unconditional domin-
ance on the nitrogen atom at X = S.

Herewith in OCN~, the electronic distribution is more even compared to
SCN~: the C=+=0 bond is more “one and a half” than C***S and the C==N bond
is more close to triple in the sulphur-containing anion.

One of the factors of more effective delocalization of electron density in
OCN~ as compared to SCN™ is, apparently, the fact that the key donor—acceptor
interaction for delocalization, namely the electron transfer from the LP orbital of
the heteroatom X to the antibonding mt-orbital of the C==N bond, is energetically
much more favorable for X = O compared to X = S. The remaining second-order
perturbation energy E(2) contributions noted above are basically comparable in
magnitude and are less significant for the delocalization of the wt-electron density.

If, on the basis of our quantum chemical computations by the molecular orb-
ital method, we pass to a visual qualitative interpretation using the method of val-
ence bonds, then OCN~ and SCN~ can be represented as resonance hybrids of
two imaginary limiting canonical structures (X = O, S):

~X—C=N > X=C=N~—

Wherein the relative contribution of the hypothetical structure X=C=N~ to
the hybrid is higher in the case of X = O.

The degree of the C=N or C==N bond triple character and bond strength
changes in the following series: CN~ > SCN~ > OCN~. The weakest C==N bond
(in OCN") is the longest.

As the results of the NBO analysis show (Table II), the occupancy of the LP
orbital of the nitrogen atom in CN—, OCN~ and SCN~ is close to 2, that is, the
named orbital is practically not involved in the electron density delocalization.

TABLE II. Occupancy and hybrid state of the LP orbital of the nitrogen atom according to the
NBO analysis

Hybridization character, %

Anion Occupancy S o d F

CN- 1.978 49.04 50.75 0.21 0.00
OCN- 1.962 57.92 41.94 0.14 0.00
SCN- 1.958 51.38 48.44 0.17 0.01

This orbital is sp-hybridized. The complementary (symbiotic) hard—hard int-
eraction is largely electrostatic in nature, while the soft—soft interaction includes
a significant covalent component.8 The highest negative charge on the nitrogen
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3 5 8 PANKRATOV

atom compared to other atoms of all the studied anions, on the one hand, and the
wide possibility of nonbonding electrons showing donor properties, on the other
hand, along with the parity contribution of 2s- and 2p-atomic orbitals to the LP
orbital, providing favourable steric conditions of reactions with various (from the
HSAB theory viewpoint) G. N. Lewis acids, in many respects predetermine the
nitrogen atom character as an electron-donating centre, which is borderline in
hardness/softness.

The interrelated concepts of hardness (softness) and electronegativity are
becoming increasingly important in chemistry to implement a unified approach to
two most important chemical problems — the construction of reaction barriers and
molecular design, to explain regioselectivity and ambivalence (nucleophilic—elec-
trophilic dichotomy),56-58 to describe and model chemical bond, properties of
molecules and crystals, intermolecular interactions,>® solvation, extraction.60-6!

The concept of electronegativity (including in connection with the HSAB),
especially in the version of variable orbital electronegativity, turns out to be
essentially the language of chemistry, thanks to which it is easily integrated into
the general theory of systems. Indeed, the distinct periodicity of electronegativity
and the contrast of properties emphasized by it (electropositive and electronegat-
ive elements, hard and soft acids and bases) underlie the nature of the chemical
interaction and the emergence of new qualities as a result of the alignment of
electronegativity (or electronic chemical potential), the repayment of opposites in
the course of acid—base reactions, etc.5°

Without focusing on theoretical premises, we note that global (absolute)
hardness (77) is interpreted as the energy gap between the boundary molecular

orbitals — the highest occupied (HOMO) and the lowest unoccupied (LUMO)
ones:8,62,63

n=0.5(E(LUMO) — E(HOMO)) €))
where E(HOMO) and E(LUMO) are the energy values of HOMO and LUMO,
respectively.

We have shown that in CN—, the HOMO is a G-orbital; in OCN~ and SCN-,
the HOMO level corresponds to two degenerate m-orbitals. In all three anions, the
LUMO is a o-type orbital.

To evaluate the local hardness of the electrophilic attack (%) of individual

reaction centres of a molecular system, including N electrons, the condensed K.
Fukui function ( f ) is used:8.62-64

— N N-1
Jk =ax — 4k (2)
where q{(V and qu(v 1 is the charge on the atoms (natural one in our work) of the
initial systems (in our case, CN-, OCN~ and SCN™) and radicals (*CN, OCN*
and *SCN) having the same arrangement of nuclei (i.e., geometry), but a different
number of electrons (N for anions and N-1 for radicals).
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Local hardness (%) is calculated by the formula:862.63,65
h=fcn 3)

For anions, the B3LYP method unsatisfactorily conveys all parameters, the
evaluation of which uses the HOMO and LUMO energy values, and the smaller
the molecular system, the more pronounced the errors.%¢ To ensure the correct-
ness of the calculations, it is necessary either to take into account countercations
(contradicting the purpose of this study, which requires consideration of isolated
anions), or go% to the second-order Ch. Meller — M.S. Plesset perturbation
theory (MP2)07-70 level with a basis set of at least 6-311++G(d,p).32-33

However, K. Fukui’s local indices (and, consequently, the charge character-
istics of atoms) are calculated correctly.60

Thus, using the B3LYP method, we cannot reliably estimate the global (abs-
olute) hardness (77) of the anions under study, but we are able to determine the
relationship between the values of the local hardness of individual donor reaction
centres.

Below are the f, (Table III) values computed by us at the B3LYP/6-
-311++G(3df,3pd) and UB3LYP/6-311++G(3df,3pd) level of theory.

TABLE III. Condensed electrophilic K. Fukui functions ( fi )

Condensed electrophilic K. Fukui function

Anion
C N (¢ S
Geometry of radicals is fixed like anions
CN- —0.655 —-0.345 - -
OCN- —-0.021 —0.557 -0.422 -
SCN- 0.077 —0.350 - —0.727
Geometry of radicals is optimized
CN- —0.657 —0.343 - -
OCN- —0.058 —0.536 —0.406 -
SCN- 0.094 —0.357 — —0.737

Values close to each other were obtained both with the spatial structure of
the radicals, the same as that of the anions, and with the optimized geometry of
the radicals.

In CN—, the local hardness of the nitrogen donor atom is higher compared to
the carbon atom. In OCN™, the oxygen atom is a slightly more hard donor centre
than the nitrogen atom. In SCN, the sulphur atom is a softer centre than the N
atom. Such results are consistent with known patterns!~8 and explain many of the
above examples of coordination in the formation of metal thiocyanates.12:15

As noted above, the homolytic oxidative coupling of CN—, OCN~ and SCN~
is accompanied by *CN, OCN* and *SCN intermediates formation.
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Table IV gives the R. S. Mulliken spin density, calculated at the UB3LYP/6-
-311++G(3df,3pd) level of theory, on atoms of *CN, OCN® and *SCN with opti-
mized geometry.

TABLE IV. R. S. Mulliken spin density on atoms in *CN, OCN* and *SCN

Spin density on atom

Radical

C N O S
*CN 0.889 0.111 - -
OCN* -0.122 0.764 0.358 -
*SCN —0.144 0.384 — 0.760

The wave function in the unrestricted D. R. Hartree — V. A. Fock approach!?
used for computing the spin density, is not the S 2 operator eigenfunction, and
contains the admixed components of higher multiplicities. For avoiding the wave
function spin contamination at the quantum chemical computations, we used the
spin annihilating procedure.!® As a result, the full spin S2 after annihilation for
*CN, OCN?®* and *SCN was 0.7501, that coincides with the value of 0.75 for the
pure doublet state, characteristic for the radical particles with one uncoupled
electron in the ground state.!®

The latter fact testifies to the correct implementation of spin density as a
reactivity index, alike the previous studies.20-22 Then again, the above index has
proved its predictive power even in the cases, in which the uncontaminated spin
state is not provided.”!-72

The significant predominance of the spin density on the carbon atom in *CN
and on the sulphur atom in *SCN naturally explains the appearance of cyanogen
N=C-C=N and thiocyanogen N=C—S—-S—C=N during the oxidation of CN~ and
SCN-, respectively: 12,19

CN- 2 *CN +¢,
2°CN &= N=C-C=N;

SCN~ &2 °*SCN +¢,
2°SCN &2 N=C-S-S-C=

For CN-, the specified process of oxidative dimerization is also promoted by
the higher stability of cyanogen N=C—C=N compared to the hypothetical pro-
ducts of C,N- and N,N-coupling, including quite labile bonds between the mono-
mer units.

In OCN?®, the excess of spin density on the nitrogen atom is much higher
than on the oxygen centre. This testifies in favour of the possible emergence of
an unstable product O=C=N-N=C=0:1219
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OCN™ 2 OCN* +¢,
20CN® &2 O=C=N-N=C=O0.
CONCLUSION

The key features of the structure, some aspects of the ambident reactivity of
CN—, OCN~ and SCN~ have been substantiated, along with the above anions
homolytic oxidative coupling behaviour.

We have used the B3LYP method since it is the most widely used, tested and
well-proven DFT option. The results obtained are consistent with the known pat-
terns and experimental data:

1. The calculated lengths of the C=N, C==N, C=*=0 and C*=*S bonds cor-

respond to the experimental values. Calculations represent the linear struc-

ture of OCN~ and SCN~.

2. In the series of CN~, OCN~ and SCN-, the values changes for the lengths
and natural orders of the C=N, C==N, C*==0 and C**=S bonds are of an anti-
bate character.

3. The bond critical points (3, —1) in CN—, OCN~ and SCN~ are located
closer to less electronegative atoms.

4. Local hardness of the donor reaction centres has been reproduced: N > C
(in CN7), O >N (in OCN~), N> S (in SCN™).

5. The regioselectivities of the homolytic oxidative coupling reactions have
been explained and predicted. The oxidative dimerization of CN~ occurs as C,C-
-coupling, SCN~ undergoes S,S-coupling, and OCN~ would provide the product
of N,N-dimerization.

Probably, results similar to those obtained in this work would be also pro-
vided by other functionals, as well as by methods of the hybrid meta density
functional theory (HMDFT) and by advanced, sophisticated ab initio approaches
(MP2, MP3, MP4 (including MP4SDTQ), MP5 (for *CN, OCN® and °*SCN),
CISD, QCISD, QCISD(T), CCSD, CCSD(T), G1, G2, G2M, CASSCF, GVB-PP,
etc.).

U3BOJ

UHUJAHUIOHU, TUJAHATHH, THOUMJAHATHU AMBUIEHTHU AHJOHU: CTPYKTVYPA,
TOITOJIOIIKA AHAJIM3A EJIEKTPOHCKE I'YCTUHE U PETOCEJIEKTUBHOCT
XOMOJIMTUYKOI OKCUIATHUBHOT KYIIJIOBAKA

ALEXEI N. PANKRATOV

Division of Analytical Chemistry and Chemical Ecology, Institute of Chemistry, N. G. Chernyshevskii National
Research Saratov State University, 83 Astrakhanskaya Street, Saratov 410012, Russia

Ha B3LYP/6-311++G(3df,3pd) HuBOYy Teopuje, mpoy4yaBaHa je NPOCTOpPHA U eleK-
TPOHCKA CTPYKTypa LHjaHUAHOr, IHjaHATHOT U THOLHMjaHaTHOr joHa. [lomohy anamuse
npuponHux opdurana Be3a (NBO) u P.®.B. bejnepoBe kBaHTHe TeopHje “aToma y MoJe-
kynuma” (QTAIM), ucnutuBaHe Cy AenoKkaausalyja eleKTPOHCKe TYCTHHE U TOIOJIO-
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mKe ocodMHe ropernoMeHyTUx aHjoHa. Pacnonena enextponcke ryctuae (NBO, QTAIM)
y XCN- (X = 0, S) ogpaxaBa ce y memn [X—C==N]-. PelaTHBHH JOMPHHOC XHUIIOTE-
tuuke cTpykType X=C=N~y pe3zonaHuuonom xudpuny X—C=N < X=C=N~ je BULIH y
cnydajy kama je X = O. Yneo C=N mnu C==N kapakTepa TPOCTPYKOT Be3HBama H CTe-
NIeHa jauMHE BE3€ Yy aHjOHMMa Memwa ce Ha cinenehu HaunH: CN™ > SCN- > OCN~. Hace-
;peHocT opdurane cnodomHor enekTpoHckor nmapa (LP) Ha aTomy a3ora y ropsHUM aHjo-
HUMa je Onu3y 2, a LP opdurana je sp-xubpunusosana. [IpouemeHe cy KOHIEeH30BaHe
K. ®ykyujeBe pyHkIHje 3a enekTpo@uiHu Hanaj. JlokanHa TBpooha JOHOPCKUX peak-
uroHUuX HeHTapa je: N> C (CN7), O > N (OCN™), N > S (SCN"). [ToTkpensseHa je peruo-
CEJEKTHUBHOCT PeaKkIyja XOMOJIUTHYKOT OKCHAaTUBHOT KymnoBawa CN~, OCN~ u SCN-.

(ITpumsbeHo 25. centemdpa, peBunupaHo 7. HoBemdpa, npuxsaheHo 23. nenemdpa 2023)
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