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ABSTRACT: Donor-stabilized divalent N(I) systems have
recently gained attention in the field of organic chemistry.
Existence of low-valent nitrogen(I) species with moderate
nucleophilicities in several pharmacophoric functionalities is
prompting extensive exploration in this field. Quantum chemical
analysis on the imidazole, oxazole, and thiazole derivatives of
thiazole-2-amine indicated that these species preferably exist in
the iminic state. Electronic structure analysis of these systems
suggested the existence of hidden divalent N(I) character in a
neutral state (L — N—R) and the explicit divalent N(I) character
(L - N « L)" in the protonated state. The strength of L > N
interaction in these systems was analyzed, and the variations in
the nucleophilicity trend at the coordinating nitrogen center were
rationalized by estimating the electronic (TEP (Tolman
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electronic parameter) and MESP minimum (V,,;,)) as well as steric parameters (r-repulsiveness and AH elimination of CO
group, in L — Ni(CO);) of the coordinating ligands L. The importance of energetically preferred ionic and tautomeric
representations of thiazol-2-amine derivatives in iminic and aminic forms was also demonstrated by carrying out comparative

docking analysis with the enzyme lymphocyte-specific kinase (Lck).

1. INTRODUCTION

Recent reports on the existence of an atypical bonding situation
in the (L > C « L) systems (called carbones) with carbon in
the C(0) state' "> are challenging the traditional notions
regarding the bonding states of carbon, which is well-known to
exist in C(IV) and C(II) states. Such C(0) compounds have
gone through intense experimental and theoretical investiga-
tions due to their strong electron-rich character.'™"*> The
pioneering work in this field therefore resulted in the
establishment of unusual bonds like (I — E) in many

. . 1-15,

compounds with main group element E (where E = C,' "5
. 14-18 15,17,19 S,17 15 g 2021 22-29,35 1 30,31

Si, Ge,">171 g 1917 pp 1S N 202 N R2T2935 p 30

p*3%33 B,34_36 As,>7%8 etc.) and L (electron-donating groups:

PR;,***! diamino carbene,?’ N-heterocyclic carbenes
(NHC),****>*72% and cyclopropenium carbene,*** etc.).
Electronic structure studies were carried out, various com-
pounds were designed, a few compounds were newly
synthesized, and a number of already existing compounds
were analyzed with reference to this new perspective.' >
Similarly, there are several studies reporting novel bonding.
Among these, the compounds with divalent N(I) character (I-
IV, Scheme 1) are of special interest because many medicinally
important species carry the newly identified electronic
interaction (L — N).**7*® In our previous studies, we have
already discussed the existence of this unusual bondin§
environment in drugs like metformin (antidiabetic),”
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famotidine (antiulcerative),”” ebrotidine (antiulcerative),*”
and cycloguanil (antimalarial).*® There was a suggestion in
the literature to restrain from using such L — E coordination
bond descriptions,® and there is a also suggestion to increase
exploration of systems with such L — E coordination bonding
situations.*® In addition, there is an ongoing intense scientific
exploration on the novel chemical bonding descriptions
because most of the current bond definitions are based on
diatomic models.*' The current paper contributes to the
ongoing discussion on the chemical bonding.42_46

Frenking and co-workers® have reported the electronic
properties of cationic nitrogen complexes (L - N « L)* and
therefore established them as isoelectronic homologues of (L
— C « L) systems. Alcarazo and co-workers synthesized
divalent N(I) based ligands and studied their coordination
behavior with transition metals.?’ Continuing the work, this
group synthesized and characterized several carbene-stabilized
N-centered cations (including (L - N « L)* species) with
cyclopropenium ligands.”* The donor—acceptor bonding in
these complexes is quite intriguing; these results prompted us
to launch an extensive search for systems with L — N bonds
among the medicinally important chemical species. The
electronic structure of the compounds containing (thiazol-2-
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Scheme 1. General Structures of a Few (L - N—R) and (L - N « L)* Systems

NR = hRz
Vi RN
N N N RN Y

2

HZN)'\N/'

®
NH, |

L

NH,

NH;

¢

ylidene) — N interaction (IV) were reported in the previous
work on thiazolylguanidine class of compounds, in which the
thiazol-2-ylidene group has been shown to carry electron-
donating capacity.”” This can be justified because the thiazol-2-
ylidene ring has carbene-like character (NHC) and thus shows
strong nucleophilicity.”” To further explore the nature of
(thiazol-2-ylidene) — N interaction and to compare the
electron donating capacity of thiazole vs imidazole vs oxazole
rings and to estimate an electron localization at the
coordinating nitrogen during the L — N interactions, quantum
chemical calculations were performed on thiazole, imidazole,
and oxazole substituted bis(azole)amines (TT, TI and TO,
Figure 1).
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Figure 1. Thiazol-2-amine-derived analogues.

Derivatives of TT, TI, and TO have been known in
medicinal chemistry for many years and carry a special class of
pharmacophoric functionality, which is responsible for
important therageutic activities such as anticancer,” !
antiinflammatory,”>>* and antimicrobial®*** and also demon-
strates gastro protective action®® (2D structures of medicinally
relevant bis(azole)amine derivatives are provided in Figure S1,
Supporting Information). The X-ray crystal structures of TT,
TI, and TO analogues indicated that these systems should be
considered as derivatives of thiazol-2-imine rather than thiazol-
2-amine.””*® However, in the organic and medicinal chemistry
literature the analogues of TT, TI, and TO classes of
compounds are generally considered as thiazol-2-amine
derivatives,****35°%% which is a misleading perception.
Therefore, establishing the electronic structure and identifying
predominant state for these intriguing compounds is a subject
of thorough theoretical studies. In the parent species 2-
aminothiazole, amino—imino tautomerism is reported, and the
amino form predominates in gas as well as solution phase by
~8 kcal/mol.%° This value is rather small; upon substitution at
the nitrogen center, iminic tautomers becomes almost
isoenergetic to that of aminic tautomers and studies on N-
(pyridine-2-yl)thiazol-2-amine have supported this argument.*®
This prompted us to take up thorough conformational analysis
of the title compounds.

Thiazolamine derivatives (TT, TI, and TO) are highly basic
as they readily form salts of acetate, trifluoroacetate, 1,1,1-
trifluoromethanesulfonate, perchlorate, picrate, and hydro-
chloride.’" In principle, protonation can occur either at the
ring nitrogen or central nitrogen; hence, it is important to
establish the preferred protonation center and to explore the
electronic character of the resultant species. Quantum chemical
calculations using DFT (density functional theory) method
have been performed to explore the same. Further, the effect of
N-, S-, and O-based heteroazol-2-ylidenes on the donor—
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acceptor strength (L — N) in the divalent N(I) system was also
quantified as these trends are not rationalized earlier. These
topics are addressed in this paper in four different sections: (i)
Establishing Preferred Tautomeric State (Imine vs Amine), (ii)
Protonation Studies, (iii) Evaluation of Divalent N(I)
Character in the Protonated State, and (iv) Molecular Docking
Analysis.

2. COMPUTATIONAL DETAILS

Geometry optimizations on all possible isomers of TT, TL and TO
were performed using density functional (DFT)** (B3LYP**** and
@B97X-D%) calculations with the 6-311+G(d,p) split-valence triple-¢
basis set as implemented in the GAUSSIAN 09 package.®® Frequencies
were also computed analytically at the same basis set for all optimized
species to characterize each stationary point as a minimum or a
transition state and to estimate the zero-point vibrational energies
(ZPE). The scaled ZPE (at 298.15 K) values were used for the
calculations.”” For considering the effect of dispersion on the relative
stabilities of various isomers of TT, TI, and TO systems, optimization
along with the frequency calculations was carried out for each isomer
at @B97X-D/6-311+G(d,p) level of approximation. Calculations were
repeated at the B3LYP/6-311+G(d,p) level of theory using the CPCM
(continuum polarizable conductor model)®® solvent analysis method
in the aqueous medium (implicit) for studying the effect of solvent on
the relative energy trends of isomers under investigation. In addition to
this, the trends in relative energy for different isomers were also
calculated in the presence of an explicit water molecule under the gas
phase and implicit solvation model (CPCM). The geometry
optimization for all the protonated isomers of TT1, TI1, and TO1
was carried at the B3LYP/6-311+G(d,p) level in order to find the
global mimimum forms of protonated species. The partial atomic
charges were estimated by the natural bond orbital (NBO)® method
using the internal module of Gaussian 09 at the MP2(full)/6-
311+G(d,p) level of theory. Intramolecular H-bonding and electro-
static interactions were computed by performing AIM (Atoms In
Molecules) calculations using the AIM2000 software package.70 ELF
(Electron Localization Function)”' calculations were done on some
important species to estimate the extent of electron density
localization. The delocalization was measured by estimating the Bird
index (BI) using Multiwfn version 3.2.”> Absolute proton affinity
values (APA)”*”* for (L — N—R) (neutral) and (L - N « L)*
(protonated) divalent N(I) systems were estimated at B3LYP level
with the 6-311+G(d,p) basis set. To study the effect of N-, S-, and O-
based heteroazol-2-ylidenes on the coordinating behavior of (L - N
« L)* divalent N(I) systems, complex dissociation energies (D,) of
TTP1, TIP1, and TOP1 systems with various Lewis acids (BH;, AICL,,
and AuCl) were also estimated, the complexes of AuCl were optimized
with mixed basis set 6-311+G(d,p) plus def2-TZVPP’® where Au is
treated with the def2-TZVPP basis set with the associated effective
core potential (ECP), while the rest of the molecule is optimized using
the 6-311+G(d,p) basis set. Further, to analyze the effect of dielectric
constant of solvents on the coordinating strength of divalent N(I)
systems, the calculations were carried out in four different solvents viz.
dichloromethane, tetrahyrofuran, ethanol, and water with default
dielectric constant values as defined in Gaussian 09. The ligand-
donating capacity of N-, S-, and O-based heteroazol-2-ylidenes were
estimated using TEP (Tolman electronic parameter), which is
calculated by performing complexation studies of ligand with
Ni(CO),”® The mixed basis set approach as stated for AuCl
complexes was also used here. All optimized geometries were verified
to have all real harmonic frequencies by frequency calculations, which

dx.doi.org/10.1021/jo402862r | J. Org. Chem. 2014, 79, 48524862



The Journal of Organic Chemistry

TT1

Figure 2. 3D-optimized geometries of stable isomers of TT, TI, and TO species. Bond lengths and intramolecular hydrogen bond distances are given
in angstroms, and angles are given in degrees.

Table 1. Relative Gibbs Free Energies (kcal/mol) of All Possible Isomers of TT, TI, and TO Systems Calculated Using Different
Quantum Chemical Methods in the Gas and Implicit Solvent Phase at the 6-311+G(d,p) Basis Set

gas phase solvent phase explicit (gas) explicit + implicit (CPCM)
isomers® description wrt global minimum B3LYP wB97X-D B3LYP? B3LYP® B3LYP? tautomer
bis(thiazol-2-yl)amine
TT1 global minimum 0.0 0.0 0.0 0.0 0.0 imine
TT2 1,3-H shift followed by N1—-C2 rotation 1.9 1.4 1.3 -1.0 1.9 amine
TT3 N1-C2 rotation 2.5 3.0 0.5 -0.7 13 imine
TT4 1,3-H shift followed by N1—-C2 and N1—-C?7 rotation 3.0 2.7 32 1.8 4.3 amine
TTS N1-C2 and N1-C7 rotation 7.7 8.7 34 imine
TT6 1,3-H shift 7.8 7.4 4.9 amine
TT7 N1-C7 rotation 10.1 e 6.0 imine
N-(imidazol-2-yl)thiazol-2-amine
TI1 global minimum 0.0 0.0 0.0 0.0 0.0 imine
TI2 1,5-H shift 0.3 0.3 14 1.9 1.7 imine
TI3 1,3-H shift 0.7 -0.1 1.5 0.5 12 amine
T4 1,5-H shift followed N1—C2 rotation 39 4.6 24 6.5 3.1 imine
TIS 1,3-H shift followed by N1—C2 rotation 52 4.6 32 amine
TI6 1,3-H shift followed by N1—-C2 and N1—C7 rotation 5.8 S5 5.7 amine
TI17 N1-C2 rotation 9.6 10.5 S.S imine
TI8 1,5-H shift followed by N1—-C2 and N1—C7 rotation 11.5 f 6.7 imine
TI9 1,3-H shift followed by N1—C7 rotation 13.3 12.9 8.1 amine
N-(oxazol-2-yl)thiazol-2-amine
TO1 global minimum 0.0 0.0 0.0 0.0 0.0 imine
TO2 1,3-H shift followed by N1—C2 rotation 1.6 1.1 2.3 -0.1 29 amine
TO3 N1-C2 rotation 2.5 32 0.6 —04 LS imine
TO4 1,3-H shift followed by N1—C2 and N1-C?7 rotation 2.7 2.3 34 1.7 4.3 amine
TOS N1-C7 rotation 6.4 7.4 32 amine
TO6 1,3-H shift 6.7 8.2 5.9 amine
TO7 1,5-H shift followed by N1—-C2 and N1—-C7 rotation 8.8 10.2 4.3 imine

“3D-optimized geometries for the rest of the isomers are provided in Figure S2 (a—c) of the Supporting Information. “Implicit solvent analysis
carried out using the CPCM solvent model with water as a solvent. “Explicit solvent analysis was carried out using one explicit water molecule under
consideration. “Combined explicit and implicit solvent analysis was carried out using one explicit water molecule under consideration. “During
complete optimization, the structure is converted to TT1. fDuring complete optimization, the structure is converted to TI4.

also provided the vy frequencies. The MESP minimum (V)" were taken into consideration in this study. The ligands were
values for different NHCs were also calculated by using wave functions optimized using OPLS 2005 force fields of LigPrep module.®® To
generated using the same method which is used to optimize standardize the protocol, the preliminary docking study was carried
geometries. out with the highly potent Lck inhibitor BMS-358233, which

The nucleophilicity index (N), for neutral system was estimated by reproduced the experimentally reported binding interactions. This
using the formula reported recently by Domingo et al,”® N = protocol was subsequently used for performing multiple ligand
Epomone) — Enomo(rce)y where tetracyanoethylene (TCE) is chosen docking analysis.

as the reference. For the protonated species, the nucleophilicity index
(N) is calculated using the inverse of electrodonating power (w”), 3. RESULTS AND DISCUSSION
where w™ = (/2(I — A)); I is energy of HOMO and A is energy of
LUMO.”™*

To demonstrate the importance of correct tautomeric representa-

3.1. Establishing Preferred Tautomeric State (Imine vs
Amine). Quantum chemical studies performed on 2-(thiazol-2-

tion of TZA (thiazol-2-amine) derivatives during molecular docking yl)guanidine indicated that an amine tautomeric forfl’ is'm.OI"e
analysis, docking studies were performed with the Lck kinase (PDB stable by only ~0.44 kcal/mol than gle _Co'rrespondlr}g Iminic
ID: 1QPC) reported by Zhu et al.** The protein preparation wizard of tautomer at B3LYP/6-31+G(d) level.” Similarly, studies on N-

Schrodinger package maestro version 9.3.5 was used to prepare the (pyridine-Z-yl)thiazol-Z-amine indicated that the amine tau-
structure of Lck.#*®* Structural derivatives of TT and TI which were tomer is more stable by ~2.3 kcal/mol at the B3LYP level of
tested against the Lck inhibition by the research group of Das et al.> quantum chemical analysis.”® In both cases, thiazolamine =
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thiazolimine tautomerism is possible.””** Considering that the

crystal structure data on TT, TI, TO prefer the thiazol-2-iminic
state for these systems,””*® tautomeric equilibrium is expected
in the bis(azole)amine class of compounds also. The quantum
chemical analysis addressing this issue is presented in this
section.

The 3D structures for the most stable isomers of TT, TI, and
TO are given in Figure 2, and the relative energies of all
possible isomers are illustrated in Table 1. These lowest energy
forms are stabilized due to the presence of strong intra-
molecular hydrogen bonds. Molecular graphs generated
through AIM analysis showed the bond critical points along
the path of intramolecular hydrogen bonds and the ring critical
points due to the hydrogen bond assisted ring formation
(Figure S3, Supporting Information). In TT, the thiazolimine
= thiazolamine tautomeric energy difference is (~2.0 kcal/
mol) in favor of iminic tautomer. In the case of TL, two possible
iminic isomers are possible, imidazolimine (TI1) and
thiazolimine (TI2); both are almost isoenergetic on the
potential energy surface, with TIl being marginally more
preferable, while in the case of TO the preference for
thiazolimine tautomer is again noticeable. The relative energy
profiles for all of the possible isomers were also reviewed under
an implicit solvation model which suggested the predominance
of iminic tautomers by 1.3, 1.5, and 2.3 kcal/mol over the
corresponding low energy aminic tautomers in the systems
under investigation.

The calculated geometric parameters of TT1 and TOl1
isomers are comparable with the crystal structure reported for
similar derivatives confirming the stability of iminic forms.>”®
The energy difference between TT1 and TT2 is very small; i.e.,
imine = amine tautomer differences are less in bis(thiazol-2-
yl)amines. It is not possible to declare the preferred structures
because the imine = amine interconversion may take place
rapidly at room temperature. However, based on the energy
values, iminic structure may be considered to be marginally
more preferred, and a similar observation is noticeable in the
isomers of TI and TO species.

To further analyze the stability of TT1, TI1, and TO1 iminic
isomers over aminic isomers on the potential energy surface,
the barrier for 1,3-H shift, which proceeds via a four-membered
transition state (TS1, TS2, TS4, Figure S4, Supporting
Information), was calculated and found to be in the range of
~45—54 kcal/mol. Thus, 1,3-H shift is an energy-demanding
shift and is not expected to take place as a unimolecular process
at normal reaction conditions. On the other hand, the 1,5-H
shift is found to be a highly facile shift in these species. This can
be based on low energy barriers (4.7 and S.5 kcal/mol)
obtained for six-membered transition state (TS3, TSS, Figure
S4, Supporting Information), which resulted in the formation of
TI2 and TO7 isomeric species, which are also iminic in nature.
Thus, from the above studies, it can be concluded that 1,5-H
shift is thermally allowed, whereas 1,3-H shift is thermally
forbidden on the reaction path indicating the stability of iminic
isomers.

Inclusion of dispersion effects (wB97X-D) in the definition
of quantum chemical method did not disturb the stability of
global minimum isomers of TT1 and TO1 on their
corresponding potential energy surfaces. However, in the TI
system the marginal reshuffling in the order of stability between
TI1 and TI3 is observed, making the latter to be more stable by
0.1 kcal/mol. As this value is exceptionally small, we ignored
this insignificant change by examining the stability of TIl in
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other models under consideration. The effect of microsolvation
(both in explicit as well as combine explicit and implicit
solvation model) on the relative stabilities of iminic vs aminic
forms were also analyzed by keeping the explicit water molecule
bound to the center nitrogen atom, and the results showed that
the presence of explicit water in the presence of combine
explicit and implicit solvation model enhances the thermody-
namic stability of iminic—H,O clusters over the corresponding
aminic—H,O clusters (Table 1 and Figure SS(a—c), Supporting
Information), again supporting the predominance of iminic
forms.

We also analyzed the stability of lower energy aminic
structures TT2, TI3, and TO2, which are found to be planar as
evident from their 3D structures (Figure S2(a—c), Supporting
Information). The coplanarity between the two rings in these
forms (TT2 and TO2) can be attributed to the aromatic
stabilization which is associated with the delocalization of
electrons, along with the existence of through space S---N
interaction, which can be perceived from the molecular graphs
generated by AIM analysis and show the presence of BCP along
the path connecting S---N as evident from Figure S3
(Supporting Information). A similar observation for intra-
molecular O--P interaction is reported in o°-phosphole
systems.86

Representing the structures of bis(thiazol-2-yl)amine (TT),
N-(imidazol-2-yl)thiazol-2-amine (TI), and N-(oxazol-2-yl)-
thiazol-2-amine (TO) as given in Figure 1 is convenient but
not appropriate, as these structures suffer from the lone pair
(N) and lone pair (N) repulsions; the corresponding 3D
structures TT6, TI9 and TOG6 are high energy isomers (Table
1). The heterocyclic rings in TT1, TI1, TI2, and TO1 may be
treated as N-heterocylic carbenes (heteroazol-2-ylidenes), and
they can be represented as in TTy, TIy, and TOy as shown in
Scheme 2 because the heteroazol-2-ylidene groups are electron-
donating moieties. Thus, TT1, TI1, TI2, and TO1 are
compounds with hidden divalent N(I) character as in .

3.2. Protonation Studies. Compounds belonging to the
bis(azole)amine class are known to form salts of multiple
varieties, including dibasic salts.”’ The partial atomic charges
obtained from natural bond orbital analysis (NBO) indicated
two possible sites for protonation in TT, TI, and TO systems.
Figure 3 depicts the 3D structure of the most stable isomer of

Scheme 2. N-Substituted Thiazol-2-imines (TT1, TI2, and
TO1), Their Structures in (L - N—R) Representation, and
Their Aminic Tautomers

amine imine
H, H
G oy ot 0
N*H*} — LD — O
™2 ™ Ty
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TTP1

TIP1

TOP1

Figure 3. 3D-optimized geometries of protonated N-substituted thaizolimines. Important bond lengths are given in angstroms and angles in degrees.

protonated TT, TI, and TO systems. The proton affinity values
ranging from ~230 to 232 kcal/mol for these systems are listed
in Table 2, clearly indicating the highly basic nature of this class

Table 2. Relative Gibbs Free Energy and Proton Affinity
(PA) of Various Isomers (kcal/mol)

site of description wrt global
conformer protonation minimum PA tautomer
TTP1 N8 global minimum 0.0 2303 imine
TTP3 N1 1,3-H shift followed 6.2 224.1 amine
by N1-C2 and
N1-C7 rotation
TIP1 N3 global minimum 0.0 2326 imine
TIP2 N1 1,3-H shift followed 54 2272 amine
by N1-C2 rotation
TOP1 N8 global minimum 0.0 2302 imine
TOP4 N1 1,3-H shift followed 8.1 222.1 amine

by N1-C2 and

N1-C7 rotation
The relative energy values and 3D-optimized geometries for all the
protonated isomers considered in this study are given in Table S1 and
Figures S6—S8 of the Supporting Information.

of compounds. The potential energy surface of TTP, TIP, and
TOP has been explored, and from this analysis, it is clearly
evident that the structures with proton on the ring nitrogens
(i, structure without proton on the central nitrogen) are
more preferred.

Our previous studies on thiazolylguanidines,”” biguanides,*
guanylthioureas,” and pyridylthiazolamines®® class of com-
pounds indicated the presence of divalent N(I) character on
central nitrogen in these functionalities. The electronic
structures of TT1, TI1, and TO1 undergo significant change
upon protonation. Similarly, TTP1, TIP1, and TOP1 can be
considered to carry divalent N(I) character at the central
nitrogen. The rings in TTP1, TIP1, and TOP1 should be
treated as thiazol-2-ylidene, imidazol-2-ylidene, and oxazol-2-
ylidene, which carry carbene-like character, donating electron
density to the central nitrogen through coordinate bond. This
unusual bonding character (L - N « L)* is explored in detail
in these cationic nitrogen species, for which results are
presented in the next section.

3.3. Evaluation of Divalent N(I) Character in the
Protonated State. Patel et al.>* reported the divalent N(I)
character of the NHC coordinated nitrogen species (I). The
central nitrogen in I (R=H) (L > N « L)") carries an excess
partial negative charge, and it increases with an increase in the
electron-donating capacity of L.**** This excess electronic
charge is manifested in the form of two lone pairs, which can be
realized from the molecular orbital analysis. Excess electron
density on N1 is also confirmed from ELF analysis. Further, the
proton affinity (PA) and complex dissociation energy with
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various Lewis acids (D, (LA)), along with nucleophilicity
indices (IV), can be used to quantify the characteristics of these
divalent N(I) systems.”*~>®

3.3.1. Molecuar Orbital and ELF Analyses. Molecular
orbital (MO) analysis (Figure 4) of TTP1, TIP1, and TOP1

HOMO

TIP1
HOMO

TOP1

HOMO

HOMO-3

Figure 4. MO contour plots.

shows the two highest occupied MO orbitals correspond to 7-
type HOMO and o-type (HOMO-2/HOMO-3) lone-pair
orbitals with a maximum coefficient of electron density at the
central nitrogen atom. The orbital occupancies at N1 are listed
in Table 3. NBO analysis of these systems shows two lone pairs
of electrons on the central nitrogen occupying ¢ and 7 orbital
(Table 3). These are considerably larger than the electron
occupancies in the ¢ and 7 lone pairs in carbones (1.51 and
1.11, res})ectively)10 but similar to the reported divalent N(I)
systems,”>*® indicating that the lone pairs are strongly localized
on the central nitrogen in these systems. Further, ELF analysis
also indicates the greater localization of electron density at N1
in TIP1, TTP1, and TOP1 systems with V(N1) > 3.00 e, much
larger than 2.00 e, which is expected for simple imine (Table 3).
Contour plots (Figure S9, Supporting Information) generated
through ELF analysis clearly show a bean-shaped isosurface at
N1 displaying an excess electron localization in TTP1, TIP1,
and TOPI.

dx.doi.org/10.1021/jo402862r | J. Org. Chem. 2014, 79, 48524862
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Table 3. Comparison of NBO Charges, Nucleophilicity Parameters, and ELF Values of TTP1, TIP1, and TOP1 Complexes with

Established (L - N « L)* System (I)

N N* N°
I —0.745 1.43 0.512
TTP1 —0.721 1.35 0.429
TIP1 —-0.724 1.45 0.474
TOP1 —0.726 1.37 0.434

fi ELF* LP1)o LP(npy,
0.358 3.32 1.78 1.56
0.317 3.13 1.84 1.47
0.327 3.20 1.82 1.50
0.317 3.17 1.82 1.49

“Values are given in electrons. bGlobal nucleophilicity index is given in eV. Enforced NBO used for locating two lone pairs. “Local nucleophilicity
values for N1 center (the N;~ values for other nitrogen centers are provided in Table S2, Supporting Information). Enforced NBO used for locating

two lone pairs.

The estimated nucleophilicity indices (global (N) and local
(N, at N1)) of these systems at the B3LYP/6-311+G(d,p)
level are found to be in the range (N = 1.35-145, N~
0.429—0.474) (Table 3) reported for divalent N(I) sys-
tems.””*® The estimated lower values of global nucleophilicity
(N) and comparatively higher values of local nucleophilicity
indices (N,”) at the N1 atomic center in comparison to N3,
N8, and N11 (only in case of TIP1) centers (Table S2,
Supporting Information) in these compounds are in accordance
with the cationic nature of divalent N(I) systems.

3.3.2. Study of Proton Affinity and Lewis Base Character.
The compounds with divalent N(I) nitrogen are known to
show mild nucleophilicities; this was attributed to the overall
positive charge on these systems which resist proton attack to
some extent. However, these species may help in proton
exchanges in body fluid while remaining mildly active.”**>*”
The relative strength of nucleophilicity in these systems can be
estimated in terms of proton affinity and complex dissociation
energies with various Lewis acids. Table 4 lists the gas- and
solvent-phase PAs for the three systems TTP1, TIP1, and
TOP1, and the corresponding 3D optimized geometries are
provided in Figures S10—S12 of the Supporting Information.
The gas-phase PA value for TTP1 is 118.6 kcal/mol, for TIP1
it is slightly larger (124.3 kcal/mol), and for TOP1 it is slightly
smaller (115.2 kcal/mol) (Table 4). These values are within the
range of PA reported (~108—128 kcal/mol) for divalent N(I)
species.”> *® Thus, with an increase in the dielectric constant of
the medium the PA values are observed to increase (up to 2S
kcal/mol) for divalent N(I) systems. The system TIP1 shows
maximum PA of 149.6 kcal/mol in aqueous media. This study
indicates that divalent N(I) compounds TTP1, TIP1 and
TOP1 are rather safe for biological applications due to their
mild basicity and under physiological conditions, they show a
sufficient increase in the basicity which facilitates proton
exchange in body fluids while remaining mildly active.

The mild nucleophilicity indices of divalent N(I) systems
(TTP1, TIP1, and TOP1) are also reflected in their binding
potential with various Lewis acids. The values for D, (BH;) are
13.6, 14.1, and 13.8 kcal/mol, respectively (Table 4), for TTP1,
TIP1, and TOP1 systems, which are in accordance with the
reported values.”>*” In terms of energy values, the polar solvent
conditions slightly improve the strength of dissociation by 2—4
kcal/mol. The proton affinity values and complex dissociation
energy (D, (BH;), D, (AICL), D, (AuCl), and D, (AuCl),)
values indicate that TTP1, TIP1, and TOP1 indeed possess (L
— N « L)* character, and this character is more pronounced
in the polar solvents. Thus, under physiological conditions, the
distinctive expression of this hitherto novel bonding character
in the protonated state of TT, TI, and TO systems is expected.

3.3.3. Rationalizing the Nucleophilicity Trend. The proton
affinity of these three (L — N <« L)* systems follow the order
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Table 4. Comparison of Proton Affinity (PA)®? Values, and
Complex Dissociation Energy D" (with BH;, AIC,, and
AuCI°) of TTP1, TIP1, and TOP1 Systems in Gas- and
Different Solvent-Phase Conditions

TTP1 TIP1 TOP1
PA (H)
gas 118.6 124.3 115.2
THF 140.8 146.4 139.1
DCM 141.4 147.0 139.7
ethanol 143.3 148.6 141.8
water 144.1 149.6 142.6
D, (BH,)
gas 13.6 14.1 13.8
THF 15.8 17.5 16.5
DCM 15.8 17.6 16.5
ethanol 16.1 17.9 16.8
water 15.8 18.2 17.0
D, (AlC)
gas 13.5 15.7 14.5
THF 13.0 23.8 18.1
DCM 13.1 24.1 18.2
ethanol 13.5 24.5 18.7
water 13.6 25.2 189
D, (AuCl)
gas 223 23.1 22.4
THF 23.5 25.5 24.0
DCM 23.5 25.6 24.1
ethanol 23.6 259 242
water 23.7 26.0 24.3
D, (AuCl),
gas d 314 27.1
THF 29.6 36.7 30.4
DCM 29.7 36.8 30.5
ethanol 30.1 37.6 31.1
water 30.3 379 313

“Values given in kcal/mol. “PAs and complex dissociation energies
(D.) of compounds were calculated at B3LYP/6-311+G(d,p) level.
“Calculations were carried out using mixed basis set approach (6-
311+G(d,p) plus def2-TZVPP). dGeometry optimization of complex
with two AuCl ligands did not lead to energy minima.

TIP1 > TTP1 > TOP1. However, the nucleophilicity trend is
in the order TIP1 > TOP1 >TTP1. This change in the trend
can be explained on the basis of suggestion given by Gusev,
according to which the ¢ donating capacity of ligand L depends
on electronic as well as steric farameters; this is clearly evident
even in small NHC ligands.”® The electronic as well as steric
parameters of three ligands were analyzed on the NHC —
Ni(CO); complexes (Table S, Figure S15; Supporting
Information). It is revealed from the data that nucleophilicity
values of TTP1, TIP1, and TOP1 (Table 4) follow the trends
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Table 5. Comparison of Electronic and Steric Descriptors of
N-, S-, and O-Based Heteroazol-2-ylidenes

L, L, L,
S NH (o]
/. I\ Y
! D L)
H H H
Nature of NHCs Push-Push Push-Push Push-Push
veo(A1)-Ni(CO),* 2123 2119 2127
TEP 2110 2107 2113
r-repulsiveness 0.53 0.00 0.21
AH elimination® 18.9 20.3 19.4
Vin” -69.02 -78.72 -69.84
D, (BH3)-(L)’ 45.2 49.0 45.7

“A,-symmetrical CO stretching frequency with values in cm™. *In
keal/mol. “Electronic energies were taken into consideration. TEP
reported in cm™'. NOTE: TEP calculations were carried out using the
equation given in Figure S17, and the MESP isosurface is represented
in Figure S16 (Supporting Information).

emerging from the steric descriptor (r) but not limited to the
electronic descriptor (TEP). The reaction enthalpy (AH) for
CO elimination from NHC — Ni(CO), complex, V,;, and D,
(BH;)—(L) values also correlate well with the steric descriptor.
This comparative study establishes the hypothesis that the
nucleophilicity of divalent N(I) compounds also need to be
analyzed in terms of electronic as well as a steric descriptor of
coordinating ligand (L). Our results are also supported by the
recent study reported by Kelemen et al. on the investigation of
the effect of heteroatoms (N, O, S, Se) on the stability of
NHCs.*

3.3.4. L - N Bond Strength analysis. As per the discussions
in the previous section, the L — N bonds in TTP1, TIP1, and
TOP1 can be treated as coordinate bonds. However, valancies
at C and N centers will be satisfied when the bonds are
considered as 7 bonds also. Hence, it is important to establish
the C — N character unambiguously. If there is strong 7
character across C—N bonds in these three systems, they
should have linear structures (R,C=N=CR,)" as in allenes,
with orthogonal 7 bonds,*® but the bent shape of these three
systems clearly rules out this possibility. If there is any classical
7 character across the C—N bonds, the rotational barriers
across the C—N bonds should be >30 kcal/mol.*” The C—N
bond rotational barrier in I is 2.8 kcal/mol,*> which increased
marginally to 3.6 kcal/mol in TIP1, which pointed out the fact
that these bonds are not regular 7 bonds. In the case of (oxazol-
2-ylidene) — N and (thiazol-2-ylidene) — N interactions in
TOP1 and TTP], rotational barriers are again found to be low
(7.2 and 9.5 kcal/mol) (Table 6), which directly indicate the
uncertainty of 7 bonds in these systems. The work of Nyulaszi
and co-workers®*”! reported the low rotational barriers for, the
C—P bond rotation in imidazolium phosphonide” zwitterions
(V, Figure S18, Supporting Information) and established the
inversely polarized ylidic character in them. Considering this
argument, the C—N bonds in TTP1, TIP1, and TOP1 may be
considered to carry zwitterionic (charge-separated) character as
represented by resonance form III (L*~N"—L") in Scheme 3.
The result from the Nyulaszi and co-workers”" state that the
extent of delocalization within the imidazolium ring in ylidic
compounds is found to be reduced in comparison to
corresponding systems with imidazol-2-ylidene unit. As a
result, we calculated the Bird index (BI), along with global
nucleophilicity (N), electrodonating power (@~), and ELF
values for compound V at MP2(full)/6-311+G(d,p) level. The
results are presented in Table S5 of Supporting Information. It
is clearly evident from the analysis that the BI for the
imidazolium ring of compound V is found to be 57 which is
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Table 6. Bond Dissociation Energies D, (kcal/mol) and
Energies with Inclusion of Thermal and Vibration
Corrections D,**® (kcal/mol) Calculated at the MP2(full)/6-
311+G(d,p) Level

Entry | L, D, D(,m Rotational barrier
N1-C2  N1-C7
I NH NH 3717  366.3 2.8° 2.8°
oYy
N N
H H
I-Me Me Me 379.6" -
o <]
Me Me
TTPI1 S S 3747 3702 72 7.2
(3 L
N N
H H
TIP1 S NH  373.8 368.5 8.5 3.6
L3 L
N N
H H
TOP1 S o} 375.1 37000 7.8 9.5
L3 L
N N
H H
(N—C(NH))," (NH),C:  (NH,),C: 386.7  380.0 3.8° 3.8¢
(N—N,)," N, N, 962"  94.1°

“Values are taken from ref 25. ®Values are taken from ref 3S.
“Calculation of rotational barriers did not lead to energy minima.

Scheme 3. Schematic Representation of the Resonance
Forms of TTP1, TIP1, and TOP1 Isomers

TTP1

@
N

/=S S\H/S SN L, /a8 SN\ ww 73S ST
o TP

7S HNN o, /S HNTI__»/S HN-\ /=S HNT
@ TOP1

/S O@\H/S O_\|H/S 0\9/3 O\

lower in comparison to basic imidazol-2-ylidene moeity (BI =
62), while in TIP1, this value is found to be exactly similar for
imidazolium unit, which suggests that this unit is indeed
imidazol-2-ylidene in TIP1. Similarly, the values of BI for
oxazolium ring in TOP1 is found to be almost comparable to
that of their corresponding carbene counterpart. However, the
BI values for thiazolium rings in TTP1 and TOPI1 systems
show an increase delocalization (BI = 59 and 60) in comparison
to free thiazol-2-ylidene (BI = 55) species. Similar, observation
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is also noticed experimentally by Arduengo et al”* for
bis(carbene)-M complexes where M Cu, Ag. Further,
Frenking et al.”® also report the related studies where they
made computational estimation of this perception. Hence, the
related literature on this conception also supports our
proposition. Furthermore, the ELF values also show consid-
erable differences in the population of electrons at N1 (V (N1)
= 3.13-3.20 e in TTP1, TIP1, and TOP1) and at P (V(P) =
1.81 e in V) center. The above results confirm the excess
electron localization at central nitrogen in these compounds,
which is also observed qualitatively in plots of electron density
difference provided in Figure S$23, of Supporting Information.
These results suggest that the notation with arrows (L - N «
L)* as represented in resonance form II (Scheme 3) can be
strongly supported among the possible resonance representa-
tions.

Further, the analysis of donor—acceptor bond strength in
these systems is also an important aspect of the discussion.
Frenking et al.*® suggested a method for estimating the bond
dissociation energies (BDEs) of nitrogen-based cationic
complexes with various ligands. They carried out the
comparative analysis to study the dissociation energies of (L
— N « L)* complexes with various ligands, which revealed
that BDE is larger for (NHC — N « NHC)* (I-Me) (D, =
379.6 kcal/mol) complex.35 Along the similar lines, we have
carried out BDEs analysis by using the equation (L; - N «
L,)* = N*(X°P) + L, + L,. Table 6 shows the data for BDEs
which are estimated at MP2(full)/6-311+G(d,p) level of
approximation. The results revealed that bond dissociation
energies of TTP1, TIP1, and TOP1 complexes lie in the range
of 373—375 kcal/mol (Table 6), which is comparable to that of
BDEs reported by Frenking et al. for (NHC — N « NHC)*
complex. Further, these values are also in comparison to that of
BDEs of I (D, = 371.7 kecal/mol) indicating the existence of
coordination bonds (L — N) in TTP1, TIP1, and TOP1
systems. The higher values of BDEs for divalent N(I)
complexes also suggest that L — N interaction is stronger in
these systems due to cationic nature of acceptor moeity.
Among TTP1, TIP1, and TOP1 systems, the highest value for
BDE is observed in TOPI1. In a compound TOPI, ligands
bound more strongly with nitrogen cation in comparison to
TTP1 and TIP1. It can be the effect of oxazol-2-ylidene which
forms a strong bond with central nitrogen owing to its higher 7
backdonation (L « N) capability as compared to thiazol-2-
ylidene and imidazol-2-ylidene ligands, this is also supported by
the value of C—N rotational barriers which is highest for
oxazol-2-ylidene — N bond in TOP1.

Taken together, the results reported in this section on TTP1,
TIP1, and TOP1 systems indicate that these species have an
excessive partial negative charge, higher N~ values, localized
population basin, and two lone pairs of 7 and ¢ symmetry, at
N1 along with low L — N rotational barriers. Taking these
factors into account, these species can be considered to carry
divalent N (I) character with (L - N « L)* electronic
structure,”*~** which may exist as a hybrid of resonating
structures shown in Scheme 3.

3.4. Molecular Docking Analysis. To demonstrate the
importance of the ionic state and correct tautomeric
representation of TZA derivatives during molecular docking
studies, the docking analysis of aminic and iminic forms of TT
and TI derivatives in their physiological states (protonated) was
performed with the enzyme Lck (a member of the Src family of
nonreceptor protein tyrosine kinases), which is expressed
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mainly in T-lymphocytes. Compounds with promising Lck
inhibitory activity found their use in T-cell-mediated dis-
orders.”* Zhu et al.** reported the crystal structure for Lck
kinase bound with non-hydrolyzable ATP mimic ANP, which
shows that the important molecular recognition interactions are
Ser323, Met319, and Glu317 key amino acid residues in the
active site. Das et al.> reported a series of novel benzothiazole-
based small molecules as potent inhibitors of Lck. Out of the
series of reported ligands, BMS-358233 (2-aminopyrimidinyl)
and BMS-350751 (2-aminopyridyl) were found to be highly
potent Lck inhibitors in in vitro studies. The proposed
molecular recognition interactions of BMS-358233 with Lck
involve hydrogen bonds with Met319, Glu320, and Tyr318.
Some of the ligands in this series are structural derivatives of
TT and TI systems (ie, 1 and 2, Figure S5), which were

fan oam
AR 2

Figure S. TT- and TI-substituted ligands used for docking analysis.

selected for carrying out molecular docking analysis (Figure
$20, Supporting Information). Docking studies were carried
out using the Glide module of Maestro 9.3.5 in the Schrodinger
package. In order to reproduce the reported binding
interaction, validation of docking protocol was performed
with BMS-358233 on the domain of Lck kinase. BMS-358233
was able to reproduce the reported H bonding interactions with
key amino acid residues (Figure 6a) with the docking score of
Gscore = —6.71. Later, compounds 1 and 2 in their protonated
aminic (1,* and 2,) and iminic (1;* and 2;*) tautomeric forms
were docked in the active site, and it was found that the iminic
(1i*) form would be capable of showing H-bonding
interactions with the key amino acid residues (Met319,
Glu320, Tyr318, Figure 6b) as shown by BMS-325833, with
a Gscore of —6.80. Similarly, the iminic (2i*) form of
compound 2 also binds in the cavity in a fashion similar to
that of 1i* and forms H-bonding with Met319, Glu320, and
Tyr318 through ring nitrogens (Gscore = —5.70). The aminic
forms 1a® and 2a* do not show the desired interactions and
exhibit low docking scores (Figure S21 and Table S9,
Supporting Information). The docking poses of these two
compounds (1 and 2) clearly show that two distict tautomeric
forms possess different pharmacophoric features and choosing a
correct tautomeric representation plays a significant role in
identifying the drug receptor interactions. The central nitrogen
atoms in 1;* and 2," are in their divalent N(I) state; this study
helps in analyzing that drug action in such class of compounds
involve divalent N(I) state, and thus, this character plays an
important role in molecular recognition of drugs carrying
bis(azole)amine group.

4. CONCLUSIONS

Quantum chemical calculations using the DFT (B3LYP,
®wB97X-D) method were carried out to solve the structural
dichotomy associated with bis(azole)amine analogues. A study
on the isomeric preferences (in the gas phase and implicit/
explicit solvation models) clarifies that the title compounds
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BMS-358233

Figure 6. Docked pose and H-bonding interactions of (a) BMS-358233 (potent inhibitor of Lck) and iminic forms (b) 1i* and (c) 2i* in the active
site of lymphocyte-specific kinase Lck (PDB-ID: 1QPC). Dashed lines show H-bonding interactions.

should be treated as the derivatives of thiazol-2-imine rather
than thiazol-2-amine. The stability of iminic forms (global
minimum tautomers) can be rationalized in terms of (i) 47-
electron conjugation, and (i) N3--+H12--N8 intramolecular
hydrogen bond.

Since the bis(azole)amines prefer to exist in an iminic state,
TT, TI, and TO can be treated as L - N—R compounds with
hidden divalent N(I) character, in which L is an electron-
donating heterazol-2-ylidene. They are highly basic (large
protonation energy), and upon protonation, these species
prefer to exist in a tautomeric state defined by (L - N « L)*
arrangement, where L is heterazol-2-ylidene (N-heterocyclic
carbene). In these divalent N(I) compounds, the central
nitrogen carries (i) a formal positive charge and (ii) two lone
pairs of electron (¢ and z-type), which is evident by the
localization of electron density, and (iii) low L — N rotational
barrier.

Cationic divalent N(I) species show low proton affinities
(~115—124 kcal/mol). However, the polarity of the solvent
medium influences the proton affinity as well as nucleophilicity
of these species. The role of differential ligating properties of
heterazol-2-ylidene in the stabilization of the central coordinat-
ing nitrogen was systematically explored. The TIP1 (thiazol-2-
ylidene — N « imidazol-2-ylidene)* system is characterized by
moderate nucleophilic character with the maximum localization
of electron density at the central nitrogen atom. The complex
dissociation energies (D,) of the (TOP1) (thiazol-2-ylidene)-
(oxazol-2-ylidene)N)* - M (M = BH,, AICl;, AuCl) system
are found to be better than that of (TTP1) ((thiazol-2-
ylidene),N)* — M, which in turn reflects the better
coordination strength of the former species. These studies
suggest that the steric factor of coordinating ligands “L”, also
plays a significant role (in addition to electronic factors) in
metal coordination of (L — N <« L)* systems. Molecular
docking studies of substituted thiazol-2-amine derivatives with
Lck kinase domain were also performed in order to
demonstrate the importance of cationic and imine tautomeric
representation for this class of compounds. This study helps in
establishing the novel electronic structure of the therapeutic
lead compounds, belonging to bis(azole)amine class and help
in understanding their drug action.
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