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Professor Mircea V. Diudea is
born in 1950, November, 11, in Silivas, a
village of Transylvania, Romania, in a
family of primary school teachers. He
followed the high school “Nicolae
Balcesc”, Cluj and next the Faculty of
Chemistry, University of Cluj (1969-1974).
The PhD thesis, entitlted “Phenothiazines
and related structures” (performed in
organic synthesis, under the guiding of two
bright Chemists, Professors Valer
Farcasan and Cornel Bodea) was
defended in 1979, at Institute of Chemistry,
Cluj. He worked six years (1974-1980) as a
Chemist at “Terapia” Drug Factory, Cluj
and the next seven years (1980-1987) as % '
Researcher, at Chemical-Pharmaceutical Research Instltute Clu;j. From 1987
was admitted at the Faculty of Chemistry and Chemical Engineering, of
“Babes-Bolyai” University, Cluj, as Assistant Professor (1987-1990), next
as Associate Professor, (1990-1996) and from 1996 as full Professor, at the
Department of Organic Chemistry. His main courses in Chemistry: Organic
Chemistry and Biologically Active Compounds.

In 1986 he established the TOPO GROUP CLUJ, and in 2007
founded the European Society of Mathematical Chemistry ESMC, of which first
president is. These data include a period of 21 years when a new
interdisciplinary science called Molecular Topology has been developed under
his guidance and resulted in publication of more than 250 scientific articles
(Hirsch index 22 (ISI) or 26 (Scopus), with more than 1200 citations in ISI
journals) and 14 authored or edited books, in three directions:

1. Molecular Topology (basic theory, with the main results including
matrices: Cluj, Schell, Combinatorial, matriceal operators; topological indices:
Cluj, Cluj-llmenau,Cluj-Tehran, super-index Cluj-Ni§, centrality, centric connectivity,
etc.; algorithms: for inter and intra-molecular ordering, topological symmetry
(equivalence classes of subgraphs), for enumerating the Kekulé valence
structures).

2. QSAR/QSPR (correlating studies, with contributions in: data reduction
procedures, clustering procedures based on similarity 2D and 3D, optimal
regression procedures, modeling various phyisico-chemical properties and
biological activities, algorithms for similarity 2D and 3D and Drug Design).

3. Nanoscience (basic theory, with contributions in: Design of
nanostructures by operations on maps and nets, the Romanian “Capra” being
the first pro-chiral basic operation, rules of stability of fullerenes, a modified Euler
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theorem in multi-shell nanostructures, original counting polynomials: Omega,
Pi, Theta, Cluj, the new diamond Ds (hoped to be produced in the NanoLab of
Carbon Allotropes, organized under his guidance), a Gallery of molecular
art, etc.).

The scientific activity in his group is supported by 10 original software
programs. As didactical activity, Mircea Diudea delivered courses of Molecular
Topology, QSAR/QSPR and Fullerenes and Nanostructures, basically at
Master and PhD levels (with 12 PhD theses defended so far).

Professor Mircea Diudea is member of International Academy of
Mathematical Chemistry (2005) and member of Editorial Board of: Croatica
Chemica Acta, MATCH, Commun. Math. Comput. Chem., Internet El. J. Molec.
Design, Carpath. J. Math., Iran. J. Math. Chem., Acta Univ. Cibin. and Senior
Editor, Int. J. Chem. Model., NOVA Publishers, New York, USA. Also he is a
referee at the following Scientific Journals:

(1) Rev. Roum. Chim., (2) Studia Univ. Babes-Bolyai, (3) Croat. Chem.
Acta, (4) J. Chem. Inf. Comput. Sci., (5) Chem. Phys. Lett., (6) Int. Elect. J. Mol.
Design, (7) New J. Chem., (8) SAR/QSAR Env. Res., (9) Bioorg. Med. Chem.
Lett., (10) MATCH Commun. Math. Comput. Chem. (11) Fullerenes, Nanotubes
Carbon Nanostruct., (12) Molecules, (13) J. Am. Chem. Soc. (14) Romanian
Chemical Quarterly Reviews, (15) Ars Combinatorica, (16) Arkivoc, (17) Ulilitas
Math, (18) Eur. J. Operational Res., (19) Math. Comput. Model., (20) J. Math. Chem.

In the list of his stages of international collaboration, invited lectures,
conferences, the following are included: Zelinsky Institute of Organic Chemistry,
Russian Academy, Moscow, Russia, Rudger Boskovi¢ Institute, Zagreb,
Croatia, Central Chemical Research Institute of Hungarian Academy, Budapest,
Hungary, University of Bayreuth, Germany (as a DAAD fellowship), Technical
University of limenau, Germany, University of Bielefeld, Germany (as a
second DAAD fellowship), University of Kiel, Germany, Forschungszentrum
Karlsruhe, Institut fur Nanotechnology, Germany, University of Karlsruhe,
Germany, University of Erlangen, Germany, University of Exeter, UK,
University of Hiroshima, Japan, University of Sendai, Japan, University of
Tsukuba, Japan (five months), Catholic University Leuven, Belgium,
University of Gent, Belgium, University of Sheffield, U.K., University of
Miskolc, Hungary, National Institute of Chemistry, Ljubljana, Slovenia,
University of Valencia, Spain, University of Milano-Biccoca, Italy, University
of Tehran, Iran, Technical University, Isfahan, Iran, University of Warsaw,
Poland, Collegium Budapest, Hungary, University of Kashan, Iran, University of
Shiraz, Iran, Tarbiat Modares University, Tehran, Iran, State University, St.
Petersburg, Russia, University of Ljubljana, Slovenia).
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DIAMOND Ds, A NOVEL ALLOTROPE OF CARBON

MIRCEA V. DIUDEA™

ABSTRACT. Design of a hypothetical crystal network, consisting mostly of
pentagon rings and called diamond Ds, is presented. It is shown that the seed
and repeat-units, as hydrogenated species, show good stability, compared
with that of Cg fullerene, as calculated at three levels of theory (PM3,
HF/6-31G(d,p), B3LYP/6-31G). The topology of the network is described in
terms of the net parameter.

Keywords: diamond Ds, nano-dendrimer; multi-tori; crystal-like network.

INTRODUCTION

The nano-era, a period starting, since 1985 with the discovery of Cgy, is
dominated by the carbon allotropes, studied for applications in nano-technology.
Among the carbon structures, fullerenes (zero-dimensional), nanotubes (one
dimensional), graphene (two dimensional), diamond and spongy nanostructures
(three dimensional) were the most studied [1,2]. Inorganic compounds also
attracted the attention of scientists. Recent articles in crystallography promoted
the idea of topological description and classification of crystal structures [3-7].

Diamond Dg, the classical, beautiful and useful diamond has kept its
leading interest among the carbon allotropes, even as the newer “nano”
varieties [8-10]. Along with electronic properties, the mechanical characteristics
appear of great importance, as the composites can overpass the resistance
of steel or other metal alloys. A lot of efforts were done in the production
and purification of “synthetic” diamonds, from detonation products [11-14].

Dendrimers are hyper-branched nano-structures, made by a large
number of (one or more types) substructures called monomers, synthetically
joined within a rigorously tailored architecture [15-17]. They can be functionalized
at terminal branches, thus finding a broad pallet of applications in chemistry,
medicine, etc [18,19].

Multi-tori MT are structures of high genera [1,2,20], consisting of more
than one tubular ring. They are supposed to result by self-assembly of some
repeat units (i.e., monomers) which can be designed by opening of cages/
fullerenes or by appropriate map/net operations. Such structures can appear in
spongy carbons or in zeolites [20]. Spongy carbons have been recently
synthesized [21,22].

* Faculty of Chemistry and Chemical Engineering, “Babes-Bolyai” University, 400028 Cluj-
Napoca, Romania, mpop@chem.ubbcluj.ro; diudea@gmail.com
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There are rigid monomers that can assembly in dendrimers, but the
growing process stops rather at the first generation. At a second generation, yet
the endings of repeat units are not free any more, they fit to each other,
thus forming either an infinite lattice, if the unit symmetry is octahedral or a
spherical multi-torus, if the unit symmetry is tetrahedral. The last one is the
case of structures previously discussed in refs [23,24].

RESULTS AND DISCUSSION ULTI-TORUS DESIGN AND STABILITY

A tetrapodal monomer M(Figure 1, left), designed by Trs(P4(T))
sequence of map operations [25-28] and consisting of all pentagonal faces,
can self-arrange to form a dendrimer Ms, at the first generation stage
(Figure 1, right).

M;
Figure 1. Tetrapodal unit designed by Trs(P4(T)) and the corresponding
dendrimer, at 1% generation stage

The “growing process” is designed occurring by identifying the trigonal
faces of two opposite M, units; at the second generation, six pentagonal
hyper-cycles are closed, as in molecule M7, Figure 1.

M17 M

57
Figure 2. Dendrimer at 2" (left) and 5™ (right) generation stage;
Ms;=4S_MT; v=972; e=1770; s=684; g=58 (infinite structure); adding f;=40,
then g=38 (finite structure)

The process is imagined as a “dendrimer growing”, and it is limited
here at the fifth generation (Figure 2), when a tetrahedral array results:
4S_MT= Ms;.

12
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Multi-tori herein considered can be viewed either as infinite (i.e.,
open) structures or as closed cages; then, it is not trivial to count the number
of simple tori (i.e., the genus g) in such complex structures.

The Euler's formula [29]: v—e+ f =2(1—g), where v, e and f are the

number of vertices/atoms, edges/bonds, and faces, respectively, is applicable
only in case of single shell structures. In multi shell structures, we modified [30]

the Euler formula as: v—e+r—p(s—1)=2(1—g), where r stands for the

number of hard rings (i.e., those rings which are nor the sum of some smaller
rings), p is the number of smallest polyhedra filling the space of the considered
structure while s is the number of shells. In case of an infinite structure, the
external trigonal faces are not added to the total count of faces/rings. The
calculated g-values are given in figures.

The number of tetrapodal monomers, added at each generation, up
to the 5" one, realized as Msy, is: 1; 4; 12, 24, 12, 4. The connections in Ms;
are complex and to elucidate the large structures up to the fifth generation,
the reduced graph drawing (Figure 3) was needed [24].

Cs;
Figure 3. Reduced graphs at 2" (left) and 5" (ribght) ggeneration stage;
Cs7: V=57; =94; rs=42; g=0.5; R(x)=42x"+82x"+144x"°

The structure C47 (Figure 3, left) we call the “seed” of all the hereafter
structures. The structure Cs; (Figure 3, right) corresponds to 4S_MT, and is
equivalent to 4 “condensed” dodecahedra, sharing a common point. By
considering this common point as an internal shell s, the modified [30] Euler
formula will give (for v=57; e=94; r=42; p=4 and s=2) a (non-integer) genus
g=0.5. The ring polynomial R(x) is also given, at the bottom of Figure 3.

Energetic data, calculated at three levels of theory (Table 1) show a
good stability of the structures shown in Figure 3 (as hydrogenated species), in
comparing to Cgo, the reference structure in Nano-science. Differences in
HOMO-LUMO gap (in eV) in favor of the new (all sp* carbon atoms) structures,
are just expected for hydrogenated (stable) species while the total energies
are close comparable. The corresponding fullerene-like (containing both sp®
and sp? carbon atoms) Cs is close to Cg as total energy while the gap
vary, function of the considered approach: in PM3 and B3LYP the gap is
lower for Cs7 than for Cgo while in Hartree-Fock HF this parameter is in favor

13
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of Cs7. The above structures represent energetic minima, as shown by the
simulated IR vibrations. All-together, these data reveal the proposed structures
as pertinent candidates to the status of real molecules.

Table 1. Data on the structures in Figure 3 (HOMO-LUMO gap in eV, heat of
formation Hf in kcal mol™", and total energy Ey in a.u.) for the intermediate
structures in building the Cs; multi-cage, calculated at the PM3, HF/6-31G(d,p),
B3LYP/6-31G(d,p) levels of theory; Cg is taken as reference structure.

PM3 HF B3LYP
Gap Hf Gap Eot Gap Eot
Ci7H12 T4 10.53 131.66 12.99 -650.66 6.04 -654.92
Cs7Hao T4 13.438 -49.11 14.270 -2181.99 7.365 -2170.67
Cs7 Daq 6.432 1497.92 7.574 -2156.98 1.888 -2196.27
Ceo In 6.596 810.82 7.420 -2271.83 2.761 -2286.17

Struct Sym

DIAMOND Ds; NETWORK

A monomer Cg4, derived from Cs; and consisting of four closed Cy
units and four open units, and its mirror image (Figure 4) is used to build the
alternant network of the spongy diamond SDs (Figure 5).

Figure 4. Monomer Cg, unit (left-up), and its mirror image-pair (right-up);
the repeating units of the spongy diamond SDs network.

The PM3 optimized structure SDs(2,2,2)=CeooH160 Shows: heat of
formation HF=4492.414 kcal/mol; heat of formation per heavy atoms
HF/HA=7.487; Homo-Lumo-Gap=8.457 eV. In comparison, HF/HA (Cg0)=13.514
kcal/mol, thus justifying future studies (see also Table 1).

Figure 5. Spongy diamond SDs (3,3,3) network: top (left) and comer (right) views.
14
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Formulas enabling the calculation of net parameter (vertices v, edges e,
and the number of monomers m in a cubic domain), the ring polynomial
R(x), number of carbon atoms C(sp?) and C(sp®) and their ratios together
with the limits of these quantities (when k trends to infinity) are presented in
Table 2, function of k — the number of monomers along the edge of cubic
domain. The network in Figure 5 is related to the P-type crystal proposed by
Mackay for the Schwarzites [31].

Table 2. Topology of spongy diamond SDs (Cg;) network

Formulas

T W(SDy)=3k[27 +23(k —1)]= 69k° +12/k7;
e(SD,)=130k"; m(SD;) =k’
R(x)=ax’ +bx’ + cx"
a=6k’[9+11(k—1)]; b=6k"[18+26(k—1)]; c = 6k*[27 +44(k —1)]
C(sp’) =53k —12k*
4 C(sp*%) = (53k> —12k%) / (69K +12k%)

/{iglo(C(sﬁ%)) =53/69;0.768116

Notice that there exist other diamond structures, either as real (Lonsdaleite,
a rare stone of pure carbon discovered at Meteor Crater, Arizona, in 1967) or
hypothetical [2,33] ones.

The structure C47, has the skeleton of centrohexaquinane, and was
synthesized (so far) as centrohexaindane [34], or C-trioxa-s-hexaquinane [35]

CONCLUSIONS

A new, yet hypothetically, carbon allotrope, called diamond Ds, was
designed by using the structure Cg; as the repeating unit (for the spongy
form SDs). Diamond Ds was theorized here for the first time in literature (even
the origins of this completely new idea were presented in two previous articles
[23,24]). The geometric and energetic arguments/proofs, summarily presented
here, as well as the dense Ds diamond network will be completed in further
papers [36,37].

We expect the same mechanical, thermal, electrical, lubricating, catalyst
support, biological, etc. properties as those found for the nano-diamond Ds.
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CORRELATING STUDY OF NEW MOLECULAR
GRAPH DESCRIPTORS

MONICA L. POP?, MIRCEA V. QIUDEAa*
AND ALEKSANDAR ILIC®

ABSTRACT. A correlating study, using as independent variables the topological
indices newly developed within the design of the super-index Cluj-Ni§ CJN,
is performed on the set of octane isomers. Among the modeled properties,
the boiling point BP, entropy S and total surface area TSA, gave best scores, in
mono- to three-variable regressions, with respect to our novel descriptors.
The most important result was the monovariate description of octane boiling
points, which is the best result so far published in literature.

Keywords: Octanes, topological indices, QSPR.

INTRODUCTION

Alkanes represent an interesting class of compounds as a starting
point for the application of molecular modeling procedures. Many properties
of alkanes vary function of molecular mass or branching, and alkanes can
be described by using a single type of (carbon) atom. There are properties
well accounted by a single molecular descriptor, e.g., octane number MON,
entropy S, molar volume MV, molar refraction MR, etc. Other properties,
such as boiling point BP, heat of vaporization HV, total surface area TSA,
partition coefficient LogP, density DENS, critical temperature CT, critical
pressure CP, and heat of formation DHF, are notable exceptions, being not
well modeled by a single parameter [1,2].

The purpose of the present report is to evaluate the relative
performances of new topological indices developed within the design of
super-index Cluj-Ni§ CJN [3] in relating the hydrocarbon molecular structures to
a set of physical properties.

LAYER MATRICES

Layer matrices have been proposed in connection with sequences of
metrics: DDS (Distance Degree Sequence), PDS (Path Degree Sequence),
and WS (Walk Sequence) [4-8]. They are built up on layer partitions in a graph.
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Romania, mpop@chem.ubbcluj.ro; diudea@gmail.com

b Faculty of Sciences and Mathematics, University of Nis, ViSegradska 33, 18000 Nis, Serbia,
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Let G(v)« be the k " layer of vertices v lying at distance k, in the partition

G(i):
Gv), ={vld,, =k} (1)
G(i) z{ G(v), s ke [O,l,..,ecc,.]} (2)

with ecc; being the eccentricity of i. The entries in the layer matrix (of a vertex
property) LM, are defined as

[LM],,= Y »p, (3)

vid, =k
The layer matrix is a collection of the above defined entries:
LM(G) ={[LM],; i€ V(G); k€ [0,1,..d(G)] } ~ (4)
with d(G) standing for the diameter of the graph (i.e., the largest distance in G

SHELL MATRICES

The entries in the shell matrix ShM (of a vertex pair property) are
defined as follows [8]:

[ShM ], = > [M];, (5)
v[d; =k

The shell matrix is a collection of the above defined entries:
ShM(G) ={ [ShM]; ;;ic V(G); ke [0.1,..d(G)] }  (6)

A shell matrix ShM(G) will partition the entries of a square matrix
according to the vertex (distance) partitions in the graph. It represents a
true decomposition of the property collected by the info square matrix according
to the contributions brought by vertex pairs pertaining to shells located at
distance k around each vertex.

The shell matrices were recently used as the basis in the calculation
of super-index super index Cluj-Nig* CJN [3].

SHELL-DEGREE-DISTANCE POLYNOMIALS

The Cramer product of the diagonal matrix of vertex degrees D with the
distance DI matrix provides the matrix of degree distances [9] denoted DDI.

D(G)x DI(G) = DDI(G) (7)

The above Cramer product is equivalent (gives the same half sum

of entries) with the pair-wise (Hadamard) product of the vectors “row sum”
RS in the Adjacency A and Distance DI matrices, respectively.
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RS(A)e RS(DI)= RS(DDI) (8)

Next, by applying the Shell operator, we obtain the matrix ShDDI, of
which column half sums are just the coefficients of the corresponding Shell-
polynomial.

P(ShDDL x)=>" p(G,k)- x* (9)
An index, called Cluj-Tehran CT(ShM,G), with specified M, is defined as
CT(ShM, G) = P (ShM, 1)+ (1/2)P"(ShM, 1) (10)

where P’ and P’ refers to the polynomial firs and second derivative, respectively
(here calculate dat x=1) [9].

ECCENTRIC CONNECTIVITY INDEX

Sharma et al. [10] introduced a distance-based molecular structure
descriptor, the eccentric connectivity index, which is defined as:

E(G) = deg(v)- ecc(v) (11)

The eccentric connectivity index was successfully used for mathematical
models of biological activities of diverse nature. The index &“has been shown

to give a high degree of predictability of pharmaceutical properties, and
provide leads for the development of safe and potent anti-HIV compounds.
The investigation of its mathematical properties started only recently, and
has so far resulted in determining the extremal values and the extremal
graphs, and also in a number of explicit formulas for the eccentric connectivity
index of various products of graphs, several families of benzenoid graphs,
zigzag and armchair hexagonal belts, nanotubes and nanotori [11].

MODELING OCTANE PROPERTIES

To test the correlating ability of the descriptors derived from the degree-
distance matrices (ShDDI,) and Shell-polynomials, we focused attention to the
set of octanes, as one of the benchmark-sets [12,13] in correlating studies by
using topological indices. Among several properties tested, three ones (listed
in Table 1) provided best scores: boiling point BP, entropy S and total surface
area TSA, in mono- to three- variable regressions, by our novel descriptors.

The octane topological descriptors are given in Table 2. They include
the numbers derived from the ShM, (the basic degree-distance matrix, in
the Shell-matrix format), the first and second derivatives, D, and DDy, of the
corresponding Shell-polynomial, al level k=1 (equivalent to A;) and the same
descriptors at k=2 (equivalent to A, — the exponent referring to the remote
adjacency rank) and also Cluj-Tehran CT, index and the eccentric connectivity
index, denoted ECC in Table 2. Statistics are presented in Table 3.
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Figure 1. The plot of BP vs ShM, index

The best monovariate model of BP (by the index ShMy) is plotted in
Figure 1. Compare our results with the best results reported so far in literature
(Table 3, entry 7) and remark the best result (R>= 0.913) for the monovariate
model of the octane boiling points. The other results in Table 3 (mono- or
tri- variable models) can be considered as good (or acceptable) results.

Table 1. Octanes boiling point BP, entropy S and total surface area TSA values

Molecule BP S TSA

1 VAVAVAVA

9.153 111.67 415.3

9.120 109.84 407.85

9.115 111.26 397.34

9.114 109.32 396.04

9.065 103.42 405.11

9.079 108.02 384.93

9.082 106.98 388.11

)\/\/\
W
- /\)\A
/\i\/ 9.108 109.43 379.04
T
)ﬁ/\/
T
)\/Y

9.088 105.72 395.08
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Molecule BP S TSA
10 w
9.056 104.74 389.79
11
/W 9.074 106.59 376.91
9.073 106.06 368.1
13 /QC\
9.049 101.48 366.99
14 M
9.023 101.31 371.75
b M
9.031 104.09 392.19
16 )ﬁ/\
9.020 102.06 377.4
v
9.044 102.39 368.93
18 N
8.971 93.06 390.47
Table 2. Topological Indices of Octanes
Molecule ShM, D, DD, CT,; ShM, D, DD, ECC
1 140 532 1876 1470 258 972 3402 74
2 130 452 1406 1155 263 921 2900 65
3 124 404 1148 978 248 804 2270 63
4 122 388 1066 921 243 765 2070 61
5 116 340 808 744 230 668 1572 54
6 114 340 854 767 269 815 2088 56
7 112 320 746 693 244 704 1658 54
8 114 332 790 727 250 740 1796 54
9 120 376 998 875 266 856 2356 56
10 106 284 602 585 247 663 1390 52
11 108 292 620 602 234 636 1350 52
12 106 276 538 545 230 606 1202 43
13 100 244 432 460 232 568 996 41
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Molecule ShM; D, DD, CT; ShM, D, DD, ECC
14 98 236 414 443 250 624 1138 43
15 104 272 546 545 268 732 1552 45
16 96 224 370 409 244 588 1000 41
17 102 256 476 494 243 633 1236 43
18 88 184 246 307 262 592 876 34

Table 3. Statistics (R?) of QSPR Study on Octanes

Descriptors BP S TSA
1 ShM; 0.913 0.771 0.520
2 D 0.863
3 CT, 0.818 0.646 0.613
4 ECC 0.854 0.747 0.583
5  ShM2&ECC 0.938 0.873 0.902
6  ShM,&D;&DD; 0.987 0.933 0.914
7  ShM,&D,&DD; 0.991 0.924 0.870
8 Best in Octanes (0.78)" (0.92)" (0.72)"
(monovariable) (0.77)" (0.93)" (0.92)"
(0.950)"

CONCLUSIONS

A correlating study, using as independent variables the topological
indices newly developed within the design of the super-index Cluj-Ni§ CJN,
was performed on the set of octane isomers. The modeled properties were:
boiling point BP, entropy S and total surface area TSA, which gave best
scores, among several properties, in mono- to three-variable regressions,
with respect to our novel descriptors. The most important result was the
monovariate description of octane boiling points, which is the best result so
far published in literature.

ACKNOWLEDGMENTS

Monica L. Pop thanks for the financial support provided from programs co-
financed by The SECTORAL OPERATIONAL PROGRAMME HUMAN RESOURCES
DEVELOPMENT, Contract POSDRU 6/1.5/S/3 — ,Doctoral studies: through science
towards society". Aleksandar lli¢ is grateful for the ESMC support in attending the
ICAM-ESMC Conference in Cluj, 2010.

24



10.

11.

12.

13.

14.

CORRELATING STUDY OF NEW MOLECULAR GRAPH DESCRIPTORS

REFERENCES

D. Stevanovic¢, A. lli¢, C. Onisor, and M.V. Diudea, Acta Chim, Slov., 2009,
56, 410.

M.V. Diudea (Ed.), QSPR/QSAR Studies by Molecular Descriptors, NOVA,
New York, 2001.

M.V. Diudea, A. lli¢, K. Varmuza, M. Dehmer, Complexity, 2010 (in press).

M.V. Diudea, I. Gutman; L. Jantschi, Molecular Topology, NOVA, New York,
2002.

M.V. Diudea, M.S. Florescu, and P.V. Khadikar, Molecular Topology and Its
Applications, EFICON, Bucharest, 2006.

M.V. Diudea, J. Chem. Inf. Comput. Sci., 1994, 34, 1064.

M.V. Diudea, M.l. Topan, and A. Graovac, J. Chem. Inf. Comput. Sci., 1994, 34,
1072.

M.V. Diudea and O. Ursu, Indian J. Chem., 2003, 42A, 1283.

M.V. Diudea, Nanomolecules and Nanostructures - Polynomials and Indices,
MCM, No. 10, Univ. Kragujevac, Serbia, 2010.

V. Sharma, R. Goswami, and A.K. Madan, J. Chem. Inf. Comput. Sci., 1997,
37, 273.

A. lli¢, in: 1. Gutman, B. Furtula, Novel Molecular Structure Descriptors — Theory
and Applications Il, MCM Vol. 9, University of Kragujevac, 2010.

Milano Chemometrics & QSAR Research Group, Molecular Descriptors Dataset
(available at http://www.moleculardescriptors.eu/dataset/dataset.htm)

http://www.moleculardescriptors.eu/dataset/dataset.htm; http://www.iamc-
online.org/.
D. Vukicevi¢, Bond Additive Modeling. Adriatic Indices — Overview of the Results,

in I. Gutman and B. Furtula (Eds.), Novel Molecular Structure Descriptors -
Theory and Applications I, MCM, Kragujevac, 2010, p. 269.

25






STUDIA UBB. CHEMIA, LV, 4, 2010

EVALUATION OF THE ANTIOXIDANT CAPACITY OF A SERIES
OF ACYL-HYDRAZONES BEARING 2-ARYL-THIAZOLE

CRISTINA MARIANA MOLDOVAN?, ALINA PARVU®,
BRINDUSA TIPERCIUC?, OVIDIU ONIGA?®

ABSTRACT. The antioxidant properties of a series of acyl-hydrazones bearing
2-aryl-thiazole are explored. Some specific parameters were measured: total
oxidant status (TOS), total antioxidant response (TAR) and oxidative stress
index (OSI). The study indicates antioxidant properties for compounds 4-6,
10, 12, while acyl-hydrazones 1 and 2 developed a prooxidant effect.

Keywords: acyl-hydrazone, 2-aryl-thiazole, antioxidant activity

INTRODUCTION

Reactive oxygen species (ROS) are produced in metabolic and
physiological processes, and harmful oxidative reactions may occur in
organisms, which are removed via enzymatic and non-enzymatic antioxidative
mechanisms. Under some conditions, the increase in oxidants and decrease
in antioxidants cannot be prevented, and the oxidative/ antioxidative balance
shifts toward the oxidative status. Consequently, oxidative stress, involved
in over 100 disorders, occurs [1-3].

ROS are implicated in the pathophysiology of ageing and oxidative
stress associated pathologies such as diabetes, neurodegenerative diseases,
atherosclerosis and cardiovascular complications [4-5].

ROS are normally produced throughout oxygen metabolism and
play a major role in physiological and pathological cell redox signalling.
Oxidative stress appears in the context of non-equilibrium of overproduction
of ROS of various cellular sources (the mitochondrial respiratory chain,
nicotinamide adenine dinucleotide phosphate hydride oxidases (NADPHOXs or
NOXs), xanthine oxidase, lipoxygenases, cytochromes P450, and other
oxidases) and decreased cellular and plasma antioxidant defenses [6].

Hydroxyl group (OH) and its subsequent radicals are the most harmful
ROS and they are mainly responsible for the oxidative injury of biomolecules.
Alone hydrogen peroxide and superoxide molecules cannot directly oxidize
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lipids, nucleic acids and sugars. These species can lead to oxidative injury
in biomolecules indirectly by producing -OH via Fenton reaction and/or iron-
catalyzed Haber—Weiss reaction [7]. Oxidized molecules generally form new
radicals leading to radical chain reactions or they are neutralized by antioxidants.

Antioxidant molecules prevent and/or inhibit these harmful reactions
remaining very efficient in preventing the early atherosclerotic lesions and
inflammatory events implicated in the evolution of the lesions toward [8].

Hydrazones display diverse biological and pharmaceutical activities,
such as antimicrobial, antitumoral, antiinflammatory, antioxidant properties
[9, 10]. The antioxidant activity may be due to their capacity of metal chelating.
Under certain abnormal conditions, activated oxygen species release iron
from the transport and storage proteins, and the resulting “free” iron (Fe?*)
promotes the formation of the devastatingly reactive toxic -OH. Thus, chelating
the iron, hydrazones may inhibit free-radical formation and the consequent
free radical tissue damage [11].

Chromone derivatives possess a wide spectrum of biological activities,
such as anti-inflammatory, antifungal, antimicrobial, antiviral, antitumour, mainly
due to their well-recognised antioxidant properties, which stem from their ability
to neutralise active forms of oxygen and to cut off free radical processes.
This potential health benefit is ruled by strict structure-activity/ structure-property
relationships, which, apart from determining their biological action, modulate
their systemic distribution and bioavailability in sites of oxidation within the
cell [12, 13].

Prompted by these reports, we tested the antioxidant capacity of 14
acyl-hydrazones bearing 2-aryl-thiazole scaffold. Some of these hydrazones
have a chromone moiety in their structures, too.

RESULTS AND DISCUSSION

Our study investigated the effects of the acyl-hydrazones (Scheme 1) in
an acute experimental inflammation, because of the close relationship between
this process and ROS as endogenous mediators. The inflammation was
induced by the i.m. injection of turpentine oil [14, 15]. The antioxidant effect of
the tested compounds was assessed by evaluating some specific parameters:
total antioxidant response (TAR), total oxidant status (TOS), and the index
of oxidative stress (OSI) [OSI=(TOS/TAR)x100].

Determination of TAR in animal serum is done by a method that allows
the simultaneous measurement of more molecules with an antioxidant potential,
against the oxidants from serum. The method is based on the suppression of
the obtention of dianisidil radicals from the oxidative process of orto-dianisidine,
radicals colored in brown-yellow, by the antioxidant substances present in
serum [16]. Therefore, a standardized solution of Fe*?-o-dianisidine complex
suffers a Fenton reaction with a standardized solution of H,O,, forming -OH
radicals. These radicals, in the presence of an acid, oxidize o-dianisidine to
dianisidil radicals, which determine further oxidation reactions. The antioxidant
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agents from the sample inhibit the oxidation reactions and determines the
apparition of color. The method for evaluating the total antioxidant response
is a colorimetric technique. The intensity of the color at the end of reactions
is spectrophotometrically determined.

The method used to determine the total oxidant status is based on
the oxidation of Fe*?-o-dianisidine complex to Fe**, which forms a colored
complex with xilenol-orange [17]. The intensity of this complex is colorimetrically
determined and is in a direct relationship with the total quantity of oxidant
molecules present in the sample.

The calculation of the index of oxidative stress is very useful for
investigating and comparing the oxidant-antioxidant status of the tested
compounds. Big values of OSI indicate oxidant properties, while small values
suggest good antioxidant capacity.

N
7,89 © ¢ /N \(?/\;N
. ;8 [ (Sox,
7 R=H X=H (4-CH3) y
8 R=H X=F (3-CF3) (0 e- 10 XeH (dCHy
9 R=Ei X=F (3-CFa) S=F (2.CFy
O O
N=R N-N
s 07/\0 &4 o
0

Scheme 1

The study was performed on adult male Wistar-Bratislava albino rats,
divided in groups, which received food and water ad libitum. The effects of the
compounds were compared with those from the inflammation group (1), and with
those from the group treated with Meloxicam (M), as a reference NSAID with an
antioxidant activity. A negative control group (C) of healthy rats without any
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treatment was also used. All the tests were performed in triplicate and the
average was taken as final reading.

The total antioxidant response, as a measure of each organism to
protect himself against the oxidant agents, by releasing different physiological
antioxidant substances and/or using different exogenous ones, showed a
higher value than that of the total oxidant status for the control group. This
resulted in a small TOS/TAR ratio (Tabel 1). On the other hand, for the
inflammation group, OSI had a bigger value, as expected, because of the
important increase of TOS, doubled by the decrease of TAR.

Table 1. Effects of the compounds on the oxidative stress

Compound TOS TAR (TOS/'(I? :Ila)xmo
C 1.52+0.61 2.332+0.033 0.06518
| 30.25+2.2 1.0922+0.0029 2.769639
M 19.9912.5 1.1017+0.0079 1.814469
1 33.54+2.97 1.0969+0.0026 3.057708
2 31.04+3.78 1.097+0.004 * 2.829535
3 27.27+3.52 1.1018%0.0029 ** 2. 475041
4 25.92+2.64 * 1.104+0.0065 ** 2.347826
5 26.66+2.83 * 1.0989+0.0014 ** 2426062
6 22.57+3.44 ** 1.0952+0.001 * 2.060811
7 28.04£3.3 1.0983+0.0007 ** 2.553037
8 10.98+1.36 ** *** 1.0882+0.002 1.009006
9 35.77+3.3 1.0963%0.006 3.262793
10 27.62+2.03 * 1.0978+0.0022 ** 2 515941
1 40.18£1.83 1.103£0.003 3.642792
12 20.35+0.69 ** 1.0992+0.0032 1.851346
13 9.82+1.1 ** *** 1.0855+0.0047 0.904652
14 45.9+2.46 1.0979+0.0023 4.180709

* p<0.05, **p<0.001 (comparing with inflammation group)
*** p<0.001 (comparing with Meloxicam group)

The results registered for the tested acyl-hydrazones showed a significant
decrease of TOS for the compounds 4-6, 10, 12 and also an increase of TAR,
compared to the inflammation group (p<0.05) (Figures 1 and 2). These values
resulted in an important reduction of OSI compared to inflammation (Figure 3).
The results obtained for these compounds reflect their antioxidant properties.

For compounds 8 and 13, the reduction of TOS/TAR ratio was
ascribed to the more pronounced decrease of TOS. As for compound 7, the
reduction was assigned to the more pronounced increase of TAR. These
three hydrazone derivatives bearing 2-aryl-thiazole may be considered for
their antioxidant capacity, too.
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Figure 1. Influence of the compounds on the total oxidant status (TOS)
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Figure 2. Influence of the compounds on the total antioxidant response (TAR)

Compounds 8 and 13 reduced TOS more powerful (p<<0.001) than
meloxicam, the reference drug. This reduction of TOS determined the
reduction of OSI, too. Values for TAR were superior to those from the group
inflammation, for all the tested derivatives, excepting compounds 8 and 13.
For other compounds (1, 2, 9, 11, 14), both TOS and TAR increased, but in
the case of TOS, the raise was more significant. This led to values of OSI
bigger than for inflammation. Therefore, we could suspect a prooxidant
effect of these compounds.

31



CRISTINA MARIANA MOLDOVAN, ALINA PARVU, BRINDUSA TIPERCIUC, OVIDIU ONIGA

25 17
2 {

osl

1.5
14—
0.5

0 A

c 1 Mm12 3 4567 8 910111213 14

Figure 3. Variation of the index of oxidative stress (OSI) for the tested compounds

Analyzing the structural profile of the tested acyl-hydrazones, it could be
observed that N’-(4-(2-(2-phenyl-4-methyl-thiazole-5-yl)-2-oxoethoxi)-benzyliden-
aryl-hydrazides 1 and 2 presented a prooxidant activity. The substitution in para
of the benzylidene fragment from position 2 of thiazole with brome resulted
in the reduction of the antioxidant potential of the N’-(2), (3), 4-((2-phenyl-thiazole-
4-yl)-methoxi)-benzyliden-hidrazides 3-14, compared with the unsubstituted
compounds. Two compounds of this series, 8 and 13, demonstrated a more
potent antioxidant capacity than meloxicam, the reference drug. For these two
derivatives, a significant decrease of OSI was registered.

CONCLUSIONS

The study on the effect of acyl-hydrazones on the oxidative stress
indicated antioxidant properties for compounds 4-6, 10, 12. These derivatives
determined a significant reduction of the total oxidant status and an increase
of the total antioxidant response. For compounds 8 and 13, the decrease of
the index of oxidative stress resulted from the more pronounced reduction of
TOS and more pronounced increase of TAR, in the case of compound 7.
On the other hand, acyl-hydrazones 1 and 2 developed a prooxidant effect.

SAR study showed that the substitution of phenyl from position 2 of
thiazole with brome, in position 4, led to a reduction of the antioxidant capacity.

EXPERIMENTAL SECTION

The experiments were performed on adult male Wistar-Bratislava
albino rats, weighing 200—250g. The animals were obtained from the Biobase
of University of Medicine and Pharmacy Cluj-Napoca and housed at 25 + 2 C°,
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50 + 5% relative humidity and 12 h light/dark cycle. They were distributed in
groups of ten and had free access to water and food. All the experimental
procedures and protocols used in this study were reviewed and approved
by the Institutional Animal Ethical Committee (IAEC) of University of Medicine
and Pharmacy Cluj-Napoca. Experiments were performed in triplicate and the
average was taken as final reading.

For the group called Inflammation, each animal was injected i.m. with
0.6mL/100g (body weight) of turpentine oil, the pro-inflammatory substance.
The same procedure and dose were used for the other groups, too. After
that, a 3.2mg/kg dose, equivalent to 0.0091168mmol/kg of Meloxicam, the
reference standard drug, was administered i.p. to the animals from the
reference group. The test groups received the synthesized compounds in
an equi-molar dose with Meloxicam, by the i.p. administration of its 1%
carboxymethylcelullose suspension.

Determination of TAR: Serum (20 pl) is mixed with Fe*?-o-dianisidine
complex Ry (obtained from the dissolution of Fe(NH,;)2(S04),6H.O and of
3.17 g o-dianisidine in a KCI solution) (800 pl) and solution of R, H,O, 7.5 mM
(40 pl). The intensity of the color obtained after 3-4 minutes after the mixing
is spectrofotometrically determined at A=444 nm. The blank is represented
by 860 pl of Ry. Calibration is done using serial dillutions of a 1mM/I Trolox
solution (pH 7.4). The results are expressed in mmol equivalent Trolox/I.

Determination of TOS: Serum (140 pl) is mixed with xilenol-orange
solution R (obtained from the dissolution of 0.114 g xilenol-orange and of 8.18 g
NaCl in 900 ml of H,SO,4 25 mM) (900 ul) and a solution of Fe(NH,)2(SO,4),6H,0 R;
(obtained from the dissolution of 1.96 g of Fe(NH,).(SO,4),6H,0 and of 3.17 g
of o-dianisidine chlorhydrate in 1000 ml H,SO,4 25 mM) (44 pl). The intensity of
the color obtained after 3-4 minutes after the mixing is spectrofotometrically
determined at A=560 nm. The blank is represented by 900 yl R;and 184 pl
distilled water. Calibration is done using serial dillutions of a 200 ymol/l H,O,
solution. The results are expressed in pmol H,O, equivalent /I.

Determination of OSI: OSI = (TOS/TAR) x 100.

The values are expressed as meantS.D. for Inflammation group,
Meloxicam group and the healthy population, separately. The comparisons
of parameters were performed with Student’s f-test. A p-value < 0.05 was
accepted as significant. Data were analyzed using the SPSS for Windows
computing program (Version 11.0).
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TO WHAT EXTENT THE NMR “MOBILE PROTONS” ARE
RELEVANT FOR RESTRICTED ROTATIONAL
STEREOCHEMISTRY PHENOMENA?

A CASE IN AMINO-s-TRIAZINE SERIES

OANA MOLDOVAN?*", PEDRO LAMEIRAS®, ERIC HENON®,
FLAVIA POI?Aa’b, AGATHE MARTINEZ®, DOMINIQUE HARAKAT®,
CARMEN BATIU?, YVAN RAMONDENC®, MIRCEA DARABANTU®*

ABSTRACT. The use of the so-called NMR “mobile protons” in investigation of
restricted rotational phenomena about partial double bonds, i.e. Cspz(s-
triazine)-N(exocyclic), is examined in the case of twelve highly elaborated
amino-s-triazines.

Keywords: amino-s-triazines, NMR, restricted rotation, serinols

INTRODUCTION

The "H NMR assignment of the so-called “mobile (exchangeable,
labile) protons” XH (X = N, O, S, etc.) is usually achieved by taking into account
the crucial influence of the solvent (hydrogen bond donor or acceptor),
heteroatom (X), temperature and molecular environment [1a]. Hydrogen
bond acceptor solvents, e.g. [Dg]DMSO, allow, by their chelatizing aptitude,
detection of vicinal couplings 4y in AX systems (n = 1, 2) of type >CH-NH-
and >CH-OH. In contrast, in hydrogen bond acceptor solvents, e.g. CDCls,
these “mobile protons” are observed much upfield and their broad shaped
signals are somehow “classical”, for example in the case of NH groups, due
also to the quadrupolar moment of the isotope N (I = 1) [1].

Higher temperatures increase the XH intra- or intermolecular mobility.
For complex molecular environments, the correct significance of the “mobile
protons” '"H NMR location is still a challenging task [1b, 1c].

In the above context, the aim of this study is to present the synthesis
and rotational stereochemistry about the C**%-N partial double bonds in some
elaborated amino-s-triazines possessing a plethora of “mobile protons” together
with their versatile role in evaluation of this dynamic behaviour.

@ “Babes-Bolyai” University, Department of Organic Chemistry, 11 Arany Janos st., 400028 Cluj-
b Napoca, Romania darab@chem.ubbcluj
University and INSA of Rouen, IRCOF — LCOFH, UMR 6014 CNRS COBRA, 76821 Mont Saint-
Aignan Cedex, France
¢ University of Reims Champagne-Ardenne, ICMR - LIS, UMR 6229, BP 1039, 51687 Reims, France
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RESULTS AND DISCUSSION
Synthesis

The chemistry of the performed reactions is resumed in Scheme 1.
Quantitative data are listed in Table 1.

Axial
anchorage NH, NMe, Equatorial

O,N o) OoN 5 ) anchorage

0 OAZ/CHzNH2
4 4
1(DX-NH, Il (Me,N-DX-CH,;NH,] <=~ | D-NH,
1eq. SER-NH, as ~ al ]
H,N-CR(CH,OH), 1
(R =Me, a — series a NN
Cl R =Et, b — series b | /)\
A R=CH,0H,c »seriesc)| HN" 'N° °ClI
N N
BB GpE-dry i T e
Cl N ¢l —>rt S. ~ | OH OH
1 eq. D-NH, H
(I - axial cl
or )\ 4 eq. piperazine
Il - equatorial) N SN 1 eq. K,COs N l-4a-c
1 eq. K,CO4 SER‘NJ\N/)\NH o THE/T(C) N&N II-5a-c
THF / T (°C) H "2 1 (hrs.) )|\ )\
h ——» SER. Pz
v (hrs.) , I>l2ac Il >ll-3ac N™ "N "NH-D
Scheme 1

Except our earlier results [2] on this topic, no similar approach was
reported so far. All compounds are new ones.

Thus, by successive three highly selective aminations of cyanuric
chloride with amino-nucleophiles of type C-substituted 2-aminopropane-1,3-
diol (SER-NH,, “serinol’, a-c), we accessed the N-unsymmetrically substituted
triamino-s-triazines (“melamines”) I-4a-c and ll-5a-c. They can be seen as novel
building-blocks for further iterative synthesis. This account was performed in the
presence of piperazine, a widely recognised dendritic linker [3].

The use of tandem two-type serinolic amino-nucleophiles (a-b and I,
Il) needs the comments below:

i) C-2-substituted serinols (SER-NH,, a “Methylserinol’, b “Ethylserinol’
and ¢ TRIS), were designed to play the role of an “open-chain” N-ligand in
the target melamines. The first step-amination, carried out with a-c, occurred
quantitatively in a very clean but slow evolution, due most likely to solvation
effects diminishing their nucleophilicity.
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Table 1. Reaction conditions and quantitative results in the synthesis
of compounds I-2a-c, lI-3a-c, I-4a-c and lI-5a-c (Scheme 1)

No.? SER-NH (R) D-NH (1 or 1) T(°C)/ (hrs.) Yield (%)°
I-2a Me DX-NH (1) reflux / 16 80
1-2b Et reflux / 22 66
I-2¢ CH,OH reflux / 12 84
1I-3a Me Me,N-DX-CH;NH 10> rt. /24 83
(m reflux / 14
11-3b Et 10 > rt. /24 42
reflux / 16
1I-3¢ CH,OH 10 > rt. /24 95
reflux / 12
I-4a Me DX-NH (1) rt. /10° 80
I-4b Et rt. /24 84
I-4c CH,OH 86
1I-5a Me Me2N-DX-CH2NH 71
11I-5b Et (1 67
1I-5¢ CH,OH 81

@The synthesis and stereochemistry of intermediates 1a-c we reported elsewhere [2a];
In case of compounds I-2a-c and II-3a-c as isolated global yields, after two-steps synthesis; in
case of melamines I-4a-c and lI-5a-c as isolated yields, after one-step synthesis.
¢ Time required by the slow addition, portionwise, of chlorodiamino-s-triazine to a four fold
molar excess of piperazine (see EXPERIMENTAL SECTION).

ii) Mutatis-mutandis, enantiopure amino-1,3-dioxanes D-NH,, | and I,
should be seen as “closed-chain”’ N-ligands. They were readily available by
our “sulphuric acetalisation” methodology [2b,2d] applied to the corresponding
(1S8,28)2-amino-1-(4-nitrophenyl)propane-1,3diols (“Threo-p-nitrophenylserinols”).
I and Il were used in the second step-amination. In the case of nucleophile II,
precautions against side reactions, i.e. amination by N-demethylation, required
milder conditions [2b, 4].

iii) The selective attachment of the third nucleophile was accomplished
based on our previously reported procedure [2a], consisting of the portionwise
addition of chlorodiamino-s-triazines 1-2a-¢ and Ill-3a-¢ (10 hrs. at room
temperature) to a four fold molar amount of piperazine. Melamines I-4a-c and
II-5a-c¢ were purified by column chromatography on partially deactivated silica gel.

Rotational stereochemistry phenomena

Brief overview of our problem

Starting from the well-known herbicide ATRAZINE®, 2-chloro-4-
ethylamino-6-isopropylamino-s-triazine structural assignment [5], the elucidation
of rotational diastereomers of N-substituted amino-s-triazines, in solution, is
a quite difficult task [6]. They are issued from the IpN(exocyclic) — 1 (deficient
s-triazine) delocalisation determining an increased order of bonds C(s-triazine)-
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N(exocyclic). In addition to NMR and 2D-'H,"H NMR techniques [6], in
investigating this phenomenon, computational methods [6a, 6g] including DFT
approaches [2a, 2b] are also of interest. Usually, these studies focused on
(un)symmetrically N-substituted melamines [6] bg means of (VT) NMR at low
temperature. In contrast, apart from ATRAZINE™, minor attention was paid
to N,I\f—substituted-2-chIoro-4,6-diamino-s-triazines concerning their dynamic
behaviour [5b, 6a-c], limited to symmetric 2-chloro-4,6-bis(N,N-dialkylamino)
derivatives only.

Some introductory structural observations on our unsymmetrically
N-substituted amino-s-triazines are mandatory.

The serinolic “open-chain” site, containing a variable number of
geminal hydroxymethyl groups, is a priori seen as the most solvated region
of the molecule while the amino-1,3-dioxanic “closed-chain” units, | and Il, are
anancomeric structures due to the overwhelmingly one-sided conformational
equilibria, by the adoption of an equatorial position by the C-4’-p-nitrophenyl
ring (i.e., anancomerising group) [7]. However, their amino-anchorage to
the s-triazine is essentially different, either axial (in 1-2a-¢ and l-4a-c) or
equatorial (in 1I-3a-c and IlI-5a-c).

As expected, the increased bond order of bonds C(s-triazine)-
N(exocyclic) in our compounds creating restricted rotation, determined their
NMR rather complicate appearance, at room temperature (e.g. a “sugar
like” aspect). Indeed, depending on the t-deficiency of the s-triazine ring,
higher in chlorodiamino-s-triazines than in melamines, and in an idealised
topological model, four sterecisomers are possible (Scheme 2). Each of
them can be generated by a single rotation / (frozen) equilibrium (a step-by-
step interconversion).

Next, since the intimate rotational status of these four species was
very different in the above two series, I-2 and 1I-3 vs. I-4 and II-5, they will
be discussed separately, in the decreasing order of s-triazine tr-deficiency.

Rotational stereochemistry phenomena in chlorodiamino-s-triazines

As predicted, at room temperature, chlorodiamino-s-triazines 1-2a-c
and llI-3a-c consisted of mixtures of four frozen rotamers (Scheme 2). Their
abundance could be evaluated by means of '"H NMR resonance of protons
D-NH (a, B, y) and SER-NH (a’, B, ¥’), the best separated, hence the single
ones indicative for rotational behaviour. [Dg]DMSO was the only appropriate
NMR solvent in all investigations (Table 2, Table 3).

In series 1-2, the individual assignment of rotamers starts from the
2D-"H,"H-NOESY chart of compound I-2a (Figure 1, Scheme 2) disclosing
dipolar interactions between the proton SER-NH (6.46 ppm, signal y') and
the p-nitrophenyl ring of the axially anchored D-NH moiety in rotamer I-2a
(4-a-6-s), hence a “trans” relationship between the N,N'-ligands (Table 2).
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°Throughout percentages deduced from the '"H NMR

spectra performed at room temperature in [Dg]DMSO
using signals of the indicative protons D-NH (a., B, v)

and SER-NH (o', B', 7', €') (see Table 2, Table 3).
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Figure 1. 2D-"H,"H-NOESY chart of
compound I-2a (500 MHz, [D¢]DMSO)

Y
\ 4
(HOH,C(HsCIC. A\ AL H 7.44 ppm

O,N! sH o
6.46 YI'L, o
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I-2a (4-a-6-s)

Scheme 2

The “frans” analogue I-2a (4-s-6-a)
was deduced logically, since its
incidence was comparable. The
major rotamer I|-2a (a-a) was
preliminarily established by
considering the two closed SER-
NH & values, signals o’ and B, in
their anti local environment: 6.74
ppm in I-2a (4-s-6-a, signal ') and
6.86 ppm in I-2a (a-a), signal o'
(Table 2). If so, in the syn local
environments, rotamers |-2a (4-a-
6-s), I-2a (s-s), the & values of
protons SER-NH are also very
related, 6.46 (signal y') and 6.41
(signal €') respectively. It is to note
that compound I-2a was the single
case that made possible the
rotamerism recognition based on
NOESY Experiment.
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Table 2. Relevant 'H NMR data of restricted rotation about
C(s-triazine)- N(exocyclic) bonds in compounds I-2a-c:
axial anchorage of the 1,3-dioxane N-ligand

No. T (K) Indicative Discriminating 64 (ppm) values and
protons multiplicity ®Jun (Hz)? in blocked rotamers
a-a 4-s-6-a 4-a-6-s s-s
a® B Y £
a B' Y 3
I-2a 298 D-NH 7.62 7.52 7.44 €
(d, 10.0) (d, 9.5) (d, 9.5)
SER-NH 6.86 6.74 6.46° 6.41
(s) (s) (s) (bs)
OH 4.95, 4.75 (2xbs)
353 D-NH 7.01 (bs); SER-NH 6.51, 6.41 (2xbs); OH 4.50 (bs)
I-2b 303 D-NH 7.62 7.52 7.46 -
(d, 9.0) (d, 9.5) (d, 10.0)
SER-NH 6.77 6.64 6.34 6.33
(s) (s) (s) (bs)
OH 4.72-4.68 (m, 5.5), 4.56 (dd, 6.0),
4.52 (dd, 5.8), 4.47 (dd, 5.3)
353 D-NH 7.02 (bs); SER-NH 6.43, 6.31 (2xbs); OH 4.37 (bs)
I-2c 303 D-NH 7.53,7.52,7.49°
SER-NH 6.57 6.50 6.27 6.21
(s) (s) (s) (bs)
OH 4.51-4.58 (m, 6.0)
353 D-NH 7.01 (bs); SER-NH 6.30, 6.24 (2xbs); OH 4.53, 4.36 (2xbs)

Final rotational status of I-2a-c
i) slow free rotation about bond C-4(s-triazine)-NH (D N-ligand)
i) slow exchange about bond C-6(s-triazine)-NH (SER N-ligand)

As 3J(ax-NH-H-5-e) in D N-ligand, *J(CH:OH) in SER N-ligand, also supported by the 2D-'H,
'H-COSY Charts.

bRelevant peaks for (VT) "H NMR analysis (Scheme 2, Figure 3).

°Rotamers not found on the D-NH zone of the spectrum: the corresponding abundance
was adopted from the SER-NH signal, €'.

“Deduced from the 2D-"H,"H-NOESY Experiment (Figure 1).

°Not assignable as overlapped signals.

Therefore, in order to validate this assignment for the entire series -2
and to predict the rotamerism occurrence in series II-3 (Table 3), computational
methods were applied to compounds I-2a (axially anchored) and IllI-3a
(equatorially anchored) (Table 4).

Thus, by optimisation of rotational sterecisomers (a-a) and (s-s) of
compounds I-2a and lI-3a at B3LYP/6-311++G** level of theory and taking
into account the effect of solvent (DMSQO), we found out that:

i) In compounds I-2a-c, in agreement with '"H NMR data, frozen
stereoisomers I-2a-c (a-a) were indeed dominant while I-2a-c (s-s) should
be the minor ones.

40



TO WHAT EXTENT THE NMR “MOBILE PROTONS” ARE RELEVANT FOR RESTRICTED ROTATIONAL ...

ii) In contrast, in series lI-3, if the 1,3-dioxanic N-ligand was equatorially
amino-linked to s-triazine, the less crowded rotamers II-3a-c (s-s) were, this
time, the major species.

If so, regardless the type of anchorage of D N-ligand (Table 2, Table 3,
Table 4) in each series, the most polar rotamer, hence the highest solvated,
was dominant, displaying the most deshielded indicative protons SER-NH
and D-NH as well. Surprisingly, in spite of opposite incidence of the major
stereoisomer, I-2 (a-a) vs. lI-3 (s-s), overall, the rotameric content was similar
in the two series (Scheme 2).

Table 3. Relevant 'H NMR data of restricted rotation about
C(s-triazine)-N(exocyclic) bonds in compounds II-3a-c:
equatorial anchorage of the 1,3-dioxane N-ligand

No. T (K) Indicative Discriminating 4 (ppm) values and
protons multiplicity >k (Hz)? in blocked rotamers
s-s 4-s-6-a 4-a-6-s a-a
ab B Y Et:
a B' Y €'
ll-3a 298 D-NH 8.03 7.91 7.89 -
(dd, 6.0) (dd, 6.0) (dd, 6.0)
SER-NH 6.92 6.82 6.80
(s) (s) (s)
OH 4.80 (dd, 5.8), 4.67 (dd, 5.8), 4.66 (dd, 6.0)
353 D-NH 7.48 (bs); SER-NH 6.58, 6.45 (2xbs); OH 4.52 (bs)
11-3b 298 D-NH 8.05 7.91 7.88 -
(dd, 5.5) (dd, 6.3) (dd, 6.3)
SER-NH 6.83 6.75 6.71 -
(s) (s) (s)
OH 4.81 (dd, 5.5, 6.5), 4.76 (dd, 5.5),
4.64 —4.60 (m, 5.8)
353 D-NH 7.50 (bs); SER-NH 6.47, 6.39 (2xbs); OH 4.53 (bs)
Il-3c 303 D-NH 8.01 7.94 7.92 -
(dd, 4.8) (dd, 6.5) (dd, 6.5)
SER-NH 6.64 6.60 6.56 -
(s) (s) (s)
OH 4.68 (dd, 5.5), 4.56 (dd, 5.5),
4.53 —4.48 (m, 5.5)
353 D-NH 7.60 (bs); SER-NH 6.40, 6.31 (2xbs); OH 4.42 (bs)

Final rotational status of ll-3a-c
i) slow free rotation about bond C-4(s-triazine)-NH (D N-ligand)
i) slow exchange about bond C-6(s-triazine)-NH (SER N-ligand)

As %J(eq-CH-NH) in D N-igand, *J(CH.OH) in SER N-ligand, also supported by the 2D-'H,
'H-COSY Charts.

"Relevant peaks for (VT) "H NMR analysis (Scheme 2).

°Rotamers not found on the NH zone of the spectra.

'H NMR data in Tables 2 and 3 also deserved supplementary
comments with respect to their accuracy (Figure 2).
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The anticipated number of rotamers was not '"H NMR observed in all
cases, e.g. terms ll-3a-c (a-a) were throughout absent (Table 3) as well as
D-NH signals of I-2a-c (s-s) (Table 2). It was "*C NMR spectra, which revealed,

for almost all positions, distinct peaks for each rotameric environment (see
EXPERIMENTAL SECTION).

Table 4. Bond orders (B.O.), dipole moments u (D), ZPE corrected relative energies
AHy (kd/mol) and relative free energies AGagg (kJ/mol) of blocked rotamers (a-a)
and (s-s) of compounds I-2a and II-3a.

Axial anchorage of the 1,3-dioxane N-ligand
I-2a (a-a) I-2a (s-s)

Equatorial anchorage of the 1,3-dioxane N-ligand
ll-3a (a-a) ll-3a (s-s)

B.O.7 D AHy, AGy B.O. D AH, AGy
C(4)- C(6)- K 8 C(4)- C(6)- K 8
N< N< N< N<

B3LYP/6-311++G* / CPCM / DMSO”

I-2a (a-a) I-2a (s-s)
1.23 125 4.84 0.00 0.00 | 1.22 1.24 2.07 293 3.14
Il-3a (a-a) ll-3a (s-s)

1.24 1.256 781 0.00 1.38 1.24 1.24 1163 1.38 0.00

Wiberg bond order calculated within the NBO (Natural Bonding Orbital) analysis.
®The effect of solvent took into account by using the implicit solvent method CPCM
(Conductor-like Polarizable Continuum Model) implemented in Gaussian 09.
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In both serles I-2 and lI-3, protons NH were strongly chelatized by
DMSO since clear J coupling patterns through nitrogen, ax-NH-CH-5-e
(Table 2) and eq— CH2-NH- (Table 3) were detectable respectively and fully
confirmed by the 2D-'H,"H-COSY Charts. Hence, they were not “mobile” at
all as their lifetime of the spin state, 1t was greater than 0.1 sec. in compounds
I-2a-c and greater than 0.15 sec. in lI-3a-c [1a]. No broadening of the NH
lines due to 'J(**N-H) heterocoupling was observed [1c]. Particularly, the
magnitude of vicinal coupling ax-NH-CH-5-e (Table 2, 9-10 Hz) we
considered rather stereospecific [2b] for a preferred “s-trans-out” spatial
arrangement between s-triazinyl and 1,3-dioxan-c-5-yl units with respect to

the axial bond C-5-N (Scheme 2) [2b].

N N
A S IPNPSEN
7O N~ N7 NH
4l 12 H
H K‘SCH:;
OH OH
353 K
p-nitrophenyl ‘H3
;  D;NH / - - CHOH NMe
[ \ H-2-a H-6-e,-a |, CH.NH
\ . H-44a | _ ,H b _H{S—e |
' SER:NH I ofl__ |
B‘.D 7‘.5 7.‘0 6I5 G‘D 5‘5 5.‘0 4!5 4‘.0 3.‘5 3‘0 2!5 2‘0 1‘5 pplm
298 K
D-NH CH,0OH NMeg‘ CH3\
SER-NH OH
! | H-2-a H-6-e, -a | i
Lo H-2-e, -4a . :’ |
| | o { i \‘ B |
| i i r [0 l! ‘ﬂ \14\ 'v‘ ‘\‘\ J‘I, \l‘ w\, | | .‘I
8‘0 7‘5 TID G.‘S GID 5‘5 5. 4‘5 4‘0 3‘5 3.‘0 2‘5 2‘0 115 pp‘rn

2.000
0.875 ¢
2.055
0.973
1.007
1.006 o]
2.054
9.

6.119

- 0997
6.039

" Calculated as 11 > J” (sec.) where J is the vicinal coupling constant >CH-NH-, ~ 9.5 Hz in

I-2a-c (Table 2) and ~ 6.5 Hz in lI-3a-c (Table 3).
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The same was valid for hydroxyl protons who displayed typical
(overlapped) dd signals in all rotamers, *J(CH,-OH) ~ 5.5 Hz, except compound
I-2a (Table 2). As one can observe, hydroxyl protons were less sensitive to the
distinct rotameric ambiances, hence not useful for their quantitative evaluation.

On heating up to 80 °C, VT "H NMR spectra disclosed many successive
coalescences, consistent with a complex dynamic evolution. Therefore, three

hypotheses simplifying the problem,
we had to adopt in the following:

i) By intercalation of the
s-triazine ring, the two N,N-ligands
were “sufficiently remote” for a
certain signal NH exhibited by each
of them, D-NH (a, B, y) or SER-
NH (a', B', ¥') be relevant for the
rotational behaviour of the group
to which this signal belongs, D or
SER, only (Figure 3).

i) Regardless series, -2
or II-3, completely de-blocking of
a certain rotamer (Scheme 2) was
mandatory to the equilibria involving,
distinctly, its two N-ligands, SER
and D. However, the final status of
the entire molecule, as a wholly
free rotating structure, required the
validation of all fourth pathways.

ii) The consecutive nature
of the four equilibria (Scheme 2) was
disclosed as the succession in which
the coalescences of NH signals
(“indicative protons”) appeared
(Figure 3).

Accordingly, one can reach
the preliminary conclusion that our
N,N’-unsimmetrically substituted
chlorodiamino-s-triazines could be
but partially deblocked, with respect
to D N-ligand about bonds
C(4)(s-triazine)-N(exocyclic) only
(Figure 3). This acquired local
rotational status (Table 2, Table 3)
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we entitled “slow free rotation” (see the later discussion) while the SER N-
ligand, more solvated at room temperature, displayed, at 80 °C, a typical
slow exchange status between unequally populated sites [1a].

Furthermore, since computational data (Table 4) predicted the same
bond order concerning C(s-triazine)-N(exocyclic) connections, it followed
that the above delay in the dynamic behaviour of the two N-ligands was
dictated mainly by solvation and not by electronic effects.

If so, we calculated the so-called “temperature gradients”
[AS(NH)/AT]x10° of protons NH for the major rotational diastereomer in
series I-2 and 1I-3 (Table 5) [1Db].

Table 5. Temperature gradients of protons NH of compounds I-2a-¢ and II-3a-c

Compd. 8u (ppm) (T, K) [AS(NH)/AT]x10°
(as major rotamer) (ppb/K)?
T(K) "D-NH SER-NH D-NH SER-NH
I-2a (a-a) 298 7.62 6.86 111 -8.2
353  7.01 6.41°
I-2b (a-a) 303 7.62 6.77 -12.0 6.8
353  7.02 6.43
I-2¢ (a-a) 303 - 6.57 - 6.6
353 6.24
I-3a (s-s) 298 8.03 6.92 -10.0 6.2
353  7.48 6.58
11-3b (s-s) 298 8.05 6.83 -10.0 6.5
353 7.50 6.47
I-3¢c (s-s) 303 8.01 6.64 8.2 4.8
353 7.60 6.40

®Calculated as [5(NH)ss3k - (NH):] / (353 — Tr);
At 353 K, in all cases, as signal displayed by the major SER-NH rotational site.

Thus, as recently Simanek observed in the case of elaborated amino-
s-triazines [8], although temperature gradient is usually applied to peptides
and proteins [1b], it is generally accepted and indicative that if this coefficient
is more negative than -4 ppb/K in aqueous solution, the NH group was,
initially, exposed to solvent and not involved in intramolecular hydrogen bonds.
Conversely, a temperature gradient less negative than -4 ppb/K indicates the
NH protons being, primarily, involved in intramolecular hydrogen bonding.

Our temperature gradients (Table 5) were consistent with the below
assignments:

i) Although, at room temperature, D-NH protons were by far more
chelated by the solvent, upon heating, they faster “escaped” from the solvent
cage, in agreement with the slow free rotating status reached by these
“closed-chain” N-ligands. The D-NH-solvation in our chlorodiamino-s-triazines
was not dependent on the type of D-anchorage, axial or equatorial.
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i) In the “open-chain” SER-NH part, the NH protons less interacted with
the solvent, presumably because of an intramolecular >NH...OH- partial
association, clearly observed in the case of TRIS derivatives I-2¢c and II-3c.

To conclude, the late deblocking of the SER N-ligand was due to
solvation of its OH protons and not to NH. Moreover, NH signals change
progressively, from “amide type protons” (r.t.) to authentic “amine protons”
upon heating up to 353 K.

In the end, we note the above “unsynchronised” D vs. SER evolution”
to be completely different with respect to that of symmetrically N,N'-substituted
chlorodiamino-s-triazines with the same N-ligands, previously reported by us.
Thus, if the N,N*-identical ligands were serinols a-c (Scheme 1) a complete
but slow rotational mobility (a single mediated structure) was observed at
353 K (AG” = 68.10 — 69.22 kJ/mol). In contrast, if N,N'-identical ligands 1 or II
were present (Scheme 1), a single mediated structure (slow rotation, AG# 71.20
kJ/mol) was found only in the case of the double equatorial D linkage of Il [2b].

Rotational stereochemistry phenomena in melamines

Keeping in mind the above findings, melamines I-4a-c and IlI-5a-c
were examined following the same algorithm (Table 6, Table 7, Figure 4).

By replacing the s-triazine C-2-chlorine atom with a bulky and strong
releasing substituent, piperazine, the t-deficiency of s-triazine ring obviously
decreased. However, at room temperature, essentially unlike from other simpler
melamines [6], rotamerism was still existent. Moreover, the independent
rotational evolution of the two N-ligands was once more revealed, since the
number of broad singlets, D-NH vs. SER-NH, was not the same (Table 6) .
Therefore, the rotational situation of our melamines, at room temperature,
we assigned as a slow exchange between unequally populated s:tes [1a].
Once again, since but in one case, compound I-4c, the 2D-"H,'H-COSY
chart detected some *J(ax-NH-CH-5-e) coupling patterns, the D NH and
SER-NH lines width we associated to the above slow motion and not to a
1J(**N-H) heterocoupling.

Another interesting feature we observed concerning the “mobile protons”,
OH and NH of piperazine, Pip-NH. In the less hydroxylated compounds I-4a,
I-4b, 1I-5a 1I-5b, these protons exhibited a unique broad singlet, suggesting a
rapid intermolecular exchange defining a mediated environment, -CH,OH S
HN-Pip. Hence, an important intermolecular interaction of these melamines
we had to suppose, e.g. a polymeric self-assembly. If so, in the case of TRIS
based melamines I-4c and I-5c¢, it is very likely that the internal association
of its three geminal hydroxymethyl groups prevailed against the alternative one,
external, that with NH of piperazine.

™ The number of these broad NH singlets is not |nd|cat|ve at all for the number of rotational sites
because in the case of compound I-4c only the 2D-"H,'H-COSY chart clearly exhibited an
ax-NH-CH-5-e %J coupling; it disclosed four rotamers displaying the two broad D-NH singlets.
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Table 6. Relevant 'H NMR data of restricted rotation about
C(s-triazine)-N(exocyclic) bonds in melamines I-4a-c¢ and llI-5a-c

No. Discriminating 3H (ppm) values and multiplicity 3JH,H (Hz)a

T (K) D-NH SER-NH Pip-NH OH
Axial anchorage of the 1,3-dioxane N-ligand
I-4a 298 5.80, 5.70 5.56 4.77
(2xbs) (bs) (bs)
Tc 5.59 (313, bs) - -
363 5.49 5.43 4.54
(d, 9.5) (s) (bs)
I-4b 298 5.81,5.68 5.55, 5.44 4.74
(2xbs) (2xbs) (bs)
Tc 5.65 (313, bs) 5.44 (313, bs) -
363 5.52 5.35 4.54
(d, 9.5) (s) (bs)
I-4c 293 5.92, 5.81 5.57,5.49 3.45 2.63
(2xbs) (2xbs) (bs) (s)
Tc 5.77 (313, bs) 5.48 (313, bs) - -
353 5.61 5.43 - 2.68
(d, 9.5) (s) (s)
Equatorial anchorage of the 1,3-dioxane N-ligand
ll-5a 298 6.77,6.60 5.71,5.60 4.84
(2xbs) (2xbs) (bs)
Tc 6.49 (323, bs) 5.62 (323, bs)
353 6.27 5.55 4.66
(bdd as bt, 5.5) (s) (bs)
I-5b 298 6.82, 6.58 5.59 4.77
(2xbs) (bs) (bs)
Tc 5.51 (323, bs) - -
353 6.29 5.46 4.68
(bdd as bt, 5.5) (s) (bs)
lI-5¢ 303 6.93, 6.80, 6.69 5.62 3.60 4.81
(3xbs) (bs) (bs) (bs)
Tc 6.60 (323, bs) - -
353 6.38 5.53 - 4.65
(bs) (s) (bs)

Final rotational status of I-4a-c and Il-5a-c
Fast free rotation about bonds C-4(s-triazine)-NH (D ligand),
C-6(s-triazine)-NH (SER ligand) and C-2(s-triazine)-N (Pip. Ligand)

As J(ax -NH-CH-5-e) in D N-Ilgand J(CHzOH) in SER N-Ilgand in series 1-4; as
®J(eq-CH2-NH) in D N-ligand, *J(CH,OH) in SER N-ligand in series II-5.

On heating up to 80-90 °C, all our melamines could be completely
“activated” about all connections C(s-triazine)-N(exocyclic) reaching a fast
free rotation status as a single mediated structure.

47



OANA MOLDOVAN, PEDRO LAMEIRAS, ERIC HENON, FLAVIA POPA, AGATHE MARTINEZ, ET ALL

Table 7. Maximum temperature gradients of protons NH
of compounds I-4a-c and II-5a-c

Compd. Relevant &y (ppm) [AS(NH)/AT]x10°
T (K) (ppb / K)
D-NH SER-NH _Pip-NH D-NH SER-NH __ Pip-NH
l-4a 298 5.80 5.56 ° 477 438 2.0 -35
363 5.49 5.43 4.54
I-4b 298 5.81 5.55 474 45 -3.1 -3.1
363 5.52 5.35 4.54
l-4c 298 592 5.57 3.45 5.6 25 =
353 5.61 5.43 -
II-5a 298 6.77 5.71 484 9.1 2.9 -3.3
353 6.27 5.55 4.66
I-5b 298 6.82 5.59 477 9.6 2.4 1.6
353 6.29 5.46 4.68
II-5c 303 6.93 5.62 - -11.0 1.8 -

353  6.38 5.53 -

At r.t., in all cases, as signal displayed by the most deshielded broad singlet, D-NH or
SER-NH proton respectively.

Their dynamic evolution can be subjected to the below comments:

i) If different slow exchanging rotameric sites were initially detected
for each D and SER N-ligand, the coalescence was reached, however,
almost simultaneously by the two fragments. Higher T, values (+10 K) were
observed for melamines Il-5a-c against I-4a-c in agreement with the more
solvated ground states of equatorially anchored derivatives (Table 7).

ii) The final fast free rotation status acquired by all melamines was
nicely supported by the line-shape analysis of signals D-NH (sharp doublet
or broad triplet) and SER-NH (sharp singlet) (Figure 4). Undoubtedly, one
cannot assign this line-width as to belong to “exchangeable” protons. In
contrast, OH and Pip-NH signals, as unique broad lines, were fully consistent
with the mobility of these protons involved in a fast exchange with the
solvent in a molecular unique mediated environment.

iii) Temperature gradients (Table 7) crucially discriminated between
amino-1,3-dioxane anchorages, axial or equatorial vs. solvent, melamines
II-5¢ being, at room temperature, by far more D-NH...O=SMe, solvated.
That is, the slow turning equatorial amino-linkage to the s-triazine ring was
sterically less crowded, facilitating the access of DMSO to this connection.
In the SER-NH and Pip-NH counterparts, the AS(NH)/AT values, much less
negative than -4, confirmed our earlier assignment, namely the intermolecular
CH,OH S H-Pip interchange in the case of methyl- (a) and ethylserinol (b)
based melamines.
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CONCLUSIONS

A rapid and efficient access to highly elaborated enantiopure melamines
based on serinols was described. To the title report question,our answer
consists of considering (i) primarily, the NH protons, involved in partial double
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bonds, as very relevant for distribution of rotamers, dynamic behavior and
sterically conditioned relationships with the solvent; (ii) the OH protons,
indicative for solvation effects as intra- -OH...HO- or intermolecular
-OH...HN< associations determining the stability of ground states.

EXPERIMENTAL SECTION

General. Melting points are uncorrected; they were carried out on
ELECTROTHERMAL® instrument. Conventional NMR spectra were recorded
on a Bruker® AM300 instrument operating at 300 and 75 MHz for 'H and °C
nuclei respectively. VT NMR experiments were performed on a Bruker® DMX500
instrument. All NMR spectra were measured in anhydrous commercially
available deuteriated solvents. The >*C NMR description of compounds
exhibiting frozen rotamers at room temperature was made by considering
them as one global structure. Multiple 3¢ values for the same-labelled position
means mixture of rotamers. Some specific abbreviations were used: bd (broad
doublet) and bm (broad multiplet), p-NPh (p-nitrophenyl).TLC was performed
by using aluminium sheets with silica gel 60 Fus; (Merck®); flash column
chromatography was conducted on Silica gel Si 60 (40-63 pm, Merck®). All
visualisations were realised in UV at 254 nm. IR spectra were performed on
a Perkin-Elmer® Paragom FT-IR spectrometer. Only relevant absorptions are
listed [throughout in cm™: weak (w), medium (m) or (s) strong]. Microanalyses
were performed on a Carlo Erba® CHNOS 1160 apparatus. Mass spectra (MS)
were recorded on a Bruker® Esquire Instrument. Specific rotations were
measured on a POLAMAT® Karl-Zeiss Jena instrument. Full characterisation
and synthesis of compounds | and Il we reported in detail elsewhere [2b].

Typical procedure for the synthesis of compounds I-2a-c¢ and ll-3a-c.
Preparation of compound I-2¢c

To anh. K,CO;3 (1.512 g, 100%, 10.944 mmol) suspended in anh. THF
(100 ml), solid 2-amino-2-(hydroxymethyl)propane-1,3-diol (TRIS, 1.325 g,
10.944 mmol) was added with vigorous stirring. The resulted suspension
was cooled at -15 °C when cyanuric chloride (2.018 g, 10.944 mmol) as clear
anh. THF (25 ml) solution was injected rapidly. The reaction mixture was let
gently to reach room temperature and was kept as such for additional 24 hrs.
with stirring. After this period, TLC monitoring indicated the intermediate
2 ,4-dichloro-6-{[1,3-dihydroxy-2-(hydroxymethyl)prop-2-ylJamino}-s-triazine 1c
as a single spot (eluent acetone : ligroin 2:1, R = 0.80). Freshly prepared
(4S,5S)-5-amino-4-(4-nitrophenyl)-1,3-dioxane (I, DX-NH;) (2.452 g, 100%,
10.944 mmol) and anh. K;CO; (1.512 g, 100%, 10.944 mmol) were added and
the reaction mixture was heated at reflux (65 °C) for 12 hrs. (TLC monitoring,
eluent toluene : isopropanol 2:1, R; = 0.80). When | and 1c were detected in
small traces only, the reaction mixture was cooled at room temperature.
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Minerals were filtered off and well washed with anh. THF. The organic filtrate
was evaporated under reduced pressure to dryness to provide 5.222 g crude
product. This was purified by column chromatography on silica gel (eluent
toluene : isopropanol 2:1) affording 4.110 g compound I-2¢ (84 % yield with
respect to cyanuric chloride).

2-Chloro-6-{[1,3-dihydroxy-2-(methyl)prop-2-ylJamino}-4-{[(4S,5S)-4-

(4-nitrophenyl)-1,3-dioxan-5-ylJamino}-s-triazine 1-2a (80 %) yellowish
crystalline powder, mp 107-118 °C (flash column chromatography, eluent
toluene : isopropanol, 2:1 v/v). [Found: C 45.98, H 5.11, N 18.80; C47H>CINgO¢
(440.12) requires: C 46.32, H 4.80, N 19.06%]. R; 0.86 (66% toluene/
isoporpanol). IR viax (KBr) 3320 (s), 2946 (m), 2867 (m), 1581 (s), 1520 (s),
1411 (m), 1347 (s), 1242 (m), 1175( ), 1094 (s), 1027 (s), 966 (m), 852 (m),
804 (s), 744 (m), 711 (m), 592 (w) cm™. "H NMR (500 MHz, [DG]DMSO 353 K):
dn 1.12 (3 H, s, CH3), 3.48-3.57 (4 H, m, CH,OH), 4.03 (1 H, d, JHH—11 .0 Hz,
H-6-a D-NH), 4.14 (1 H, d, 2J4=11.5 Hz, H-6-e D-NH), 4.37 (1 H, d, *J;=9.0 Hz,
H-5-e D- NH) 450 (2 H, bs, OH), 5.00 (1 H, d, %J44=6.0 Hz, H-2-a D-NH), 5.23
(1 H, d, 2J44=6.0 Hz, H-2-e D-NH), 5.28 (1 H, s, H-4-a D-NH), 6.41, 6.51 (1 H,
2xbs SER-NH), 7.01 (1 H, bs D-NH), 7.66 (2 H, d, *J+=8.5 Hz, H-2, -6 p-NPh),
8.14 (2 H, d, *Jy=7.0 Hz, H-3, -5 p-NPh) ppm; 3G NMR (125 MHz, [De]DMSO,
298 K): 6¢ 18.7, 18.8, 19.0, 19.4 (1 C, CHg), 49.3, 49.5, 49.8 (1 C, C-5 D-NH),
58.8, 59.0 (1 C, C-2 SER-NH), 63.4, 63.5, 63.6, 63.7, 63.8 (2 C, CH,-OH), 69.7,
70.1,70.2,70.5 (1 C, C-6 D-NH), 77.9, 78.2, 78.4, 78.8 (1 C, C-4 D-NH), 93.88,
93.94, 94.0, 94.2 (1 C, C-2 D-NH), 123.3, 123.5, 123.6, 123.8 (2 C, C-2, -6
p-NPh), 127.4, 127.5, 127.6, 127.9 (2 C, C-3, -5 p-NPh), 146.7, 146.76, 146.78
(1 C, C-1 p-NPh), 147.17, 147.21, 147.24 (1 C, C-4 p-NPh), 164.9, 165.1, 165.3,
165.4, 165.6 (2 C, C-4, -6 s-triazine), 167.76, 167.82, 167.9, 168.2 (1 C, C-2
s-triazine) ppm. MS (ESI+), m/z (rel. int. %) 463.1 [M+Na'] (7.5), 443.1 [M*+2]
(38), 441.3 [M"+H] (100), 315.1 (10). []o>°>=-46 (0.5 % DMSO).

2-Chloro-6-{[1-hydroxy-2-(hydroxymethyl)but-2-ylJamino}-4-{[(4S,5S)-
4-(4-nitrophenyl)-1,3-dioxan-5-ylJamino}-s-triazine I-2b (66 %) yellowish
crystalline powder, mp 97-102 °C (flash column chromatography, eluent toluene :
isopropanol, 2:1 v/v). [Found: C 47.35, H 5.25, N 18.79; C1gH23CINsOs (454.14)
requires: C 47.53, H 5.10, N 18.48%)]. R 0.83 (66% toluene/i-PrOH). IR vpyax.
(KBr) 3372 (s), 2972 (m), 2864 (m), 1587 (s), 1521 (s), 1414 (m), 1346 (s),
1242 (m), 1175 (s), 1095 (s), 1028 (s), 966 (m), 852 (m), 804 (m), 745 (w),
711 (m), 582 (w) cm™. '"H NMR (500 MHz, [Dg]DMSO, 353 K): 8 0.72 (3 H, t,
JH 4=7.3 Hz, CH3), 1.70 (2 H, bq, *Ju4u=7.2 Hz, CH,-CH3), 3.50 (2 H,
JHH 11.0 Hz, CH,-OH), 3.59 (2 H, bd, 2JHH—8 5 Hz, CH,0OH), 4.02 (1 H
2Juy=11.0 Hz, H-6-a D-NH), 4.14 (1 H d, JHH 11.5 Hz, H-6-e D-NH), 4.
(3H bs, H-5-e D-NH, OH), 5.00 (1 H, d, %J41=6.5 Hz, H-2-a D-NH), 5.23 (1 H,
?J11=6.0 Hz, H-2-e D-NH), 5.28 (1 H, s, H-4-a D-NH), 6.31, 6.43 (1 H, 2
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SER-NH), 7.02 (1 H, bs D-NH), 7.65 (2 H, d, J;+=7.5 Hz, H-2, -6 p-NPh), 8.14
(2 H, bd, 3J44=6.0 Hz, H-3, -5 p-NPh) ppm; *C NMR (125 MHz, [D¢g]DMSO,
298 K): 8¢ 7.8, 7.9 (1 C, CH3), 22.1, 22.5, 23.0, 23.1 (1 C, CH,-CHa), 49.3,
49.37, 49.4, 49.9 (1 C, C-5 D-NH), 60.9 (1 C, C-2 SER-NH), 61.2, 61.3, 61.4,
61.5 (2 C, CH,OH), 70.07, 70.1, 70.2, 70.5 (1 C, C-6 D-NH), 78.2, 78.4,
78.5, 78.8 (1 C, C-4 D-NH), 93.89, 93.94 (1 C, C-2 D-NH), 123.2, 123.3,
123.4, 123.6, (2 C, C-2, -6 p-NPh), 127.6, 127.7, 127.9, 128.0 (2 C, C-3, -5
p-NPh), 146.7, 146.8, (1 C, C-1 p-NPh), 147.1, 147.17, 147.22 (1 C, C-4 p-NPh),
164.7, 164.99, 165.04, 165.3, 165.4, 165.7 (2 C, C-4, -6 s-triazine), 167.8
(1 C, C-2 s-triazine) ppm. MS (ESI+), m/z (rel. int. %) 493.1 [M+K'] (9), 477.1
[M+Na*] (18), 457.1 [M*+2] (35), 455.1 [M*+H] (100), 438.2 (11), 437.2 (54),
419.2 (41). [0]o*=-34 (0.5 % DMSO).

2-Chloro-6-{[1,3-dihydroxy-2-(hydroxymethyl)prop-2-ylJamino}-4-{[(4S,
5S)-4-(4-nitrophenyl)-1,3-dioxan-5-ylJamino}-s-triazine I-2c (84 %) yellowish
crystalline powder, mp 200-205 °C (flash column chromatography, eluent toluene :
isopropanol, 2:1 v/v). [Found: C 45.01, H 4.39, N 18.59; C47H,1CINsO; (456.12)
requires: C 44.69, H 4.63, N 18.40%]. R; 0.80 (66% toluene/i-PrOH). IR vax.
(KBr) 3369 (s), 2950 (m), 2865 (m), 1586 (s), 1519 (s), 1418 (m), 1387 (m),
1347 (s), 1243 (m), 1175 (s), 1096 (s), 1026 (s), 967 (m), 852 (w), 804 (m),
743 (m), 711 (m), 593 (w) cm™. '"H NMR (500 MHz, [Dg]DMSO, 353 K): &, 3.66
(6 H, bs, CH,OH), 4.05 (1 H, bd, 2J44=9.5 Hz, H-6-a D-NH), 4.14 (1 H, d,
2Jyp=11.5 Hz, H-6-e D-NH), 4.36 (1 H, bs, H-5-e D-NH), 4.36, 4.53 (3 H, 2xbs,
OH), 5.00 (1 H, d, 2Jyp=6.0 Hz, H-2-a D-NH), 5.23 (1 H, d, 2J4=6.0 Hz,
H-2-e D-NH), 5.27 (1 H, bs, H-4-a, D-NH), 6.24, 6.30 (1 H, 2xbs SER-NH), 7.01
(1 H, bs D-NH), 7.65 (2 H, d, *J44=8.0 Hz, H-2, -6 p-NPh), 8.14 (2 H, bd,
*Jun=7.0 Hz, H-3, -5 p-NPh) ppm; *C NMR (75 MHz, [Dg]DMSO, 298 K): 5¢
49.2,49.3,49.7 (1 C, C-5 D-NH), 59.4, 59.6, 60.1 (1 C, C-2 SER-NH), 62.1,
62.3, 62.4 (3 C, CH,OH), 69.9, 70.3 (1 C, C-6 D-NH), 78.0, 78.1, 78.6 (1 C,
C-4 D-NH), 93.8 (1 C, C-2 D-NH), 123.2, 123.4 (2 C, C-2, -6 p-NPh), 127 .4,
127.6, 127.7 (2 C, C-3, -5 p-NPh), 146.6 (1 C, C-1 p-NPh), 147.1 (1 C, C-4
p-NPh), 164.9, 165.0, 165.2, 165.4 (2 C, C-4, -6 s-triazine), 167.6, 167.8 (1 C,
C-2 s-triazine) ppm. MS (Cl, isobutane) m/z (rel. int. %) 513 [M* +HC(CHs)s-2 H]
(20), 495 [M+K'] (9), 457 [M*] (100), 421 (10), 225 (11),140(10). [c]>°=-36 (0.5 %
DMSO).

2-Chloro-6-{[1,3-dihydroxy-2-(methyl)prop-2-ylJamino}-4-{[(2R,4S,5S)-
5-(dimethylamino)-4-(4-nitrophenyl)-1,3-dioxan-2-yllmethylamino}-s-triazine
lI-3a (83 %) yellowish crystalline powder, mp 126-134 °C (flash column
chromatography, eluent toluene : ethanol, 1:5 v/v). [Found: C 47.95, H 5.51,
N 19.39; CyH2sCIN;Og (497.18) requires: C 48.24, H 5.67, N 19.69%]. R; 0.80
(17% toluene/EtOH). IR viyax. (KBr) 3382 (s), 3276 (s), 2941 (m), 2878 (m),
1587 (s), 1521 (s), 1462 (m), 1412 (m), 1349 (s), 1153 (m), 1113 (m), 1057 (s),
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852 (w), 804 (m), 753 (w), 709 (m), 571 (w) cm™. '"H NMR (500 MHz, [Dg]DMSO,
353 K): 84 1.27 (3 H, s, CHs), 2.23 [6 H, s, N(CH3),], 2.88 (1 H, dd as t, °J4=3.0
Hz, H-5-e D-NH), 3.52 (2 H, bs, CH,-NH), 3.60 (4 H, bs, CH,OH), 3.98 (1 H,
dd, *J4=2.0 Hz, *Jyy=12 Hz, H-6-a D-NH), 4.46 (1 H, d, 2Jy+=12.0 Hz, H-6-e
D-NH), 4.52 (2 H, bs, OH), 5.01 (1 H, dd as t, *Jy;=4.3 Hz, H-2-a D-NH),
5.20 (1 H, d, °y=2.0 Hz, H-4-a D-NH), 6.45, 6.58 (1 H, 2xbs SER-NH), 7.48
1 H, bs, CH,NH), 7.66 (2 H, d, *J44=8.5 Hz, H-2, -6 p-NPh), 8.17 (2 H, d,
Jun=9.0 Hz, H-3, -5 p-NPh) ppm; °C NMR (125 MHz, [Dg]DMSO, 298 K):
3¢ 18.8, 19.0 (1 C, CHs), 43.8 [2 C, N(CHs),], 44.3, 44,4, 44,8 (1 C, CH,NH),
58.46, 58.51 (1 C, C-5 D-NH), 58.98, 59.04 (1 C, C-2 SER-NH), 63.5, 63.6,
63.6, 63.9 (2 C, CH,OH), 64.4, 64.6 (1 C, C-6 D-NH), 80.05, 80.12, 80.3 (1 C,
C-4 D-NH), 99.0, 99.2, 99.5 (1 C, C-2 D-NH), 123.3 (2 C, C-2, -6 p-NPh),
127.1 (2 C, C-3, -5 p-NPh), 146.7 (1 C, C-1 p-NPh), 148.8, 148.9 (1 C, C-4
p-NPh), 165.0, 165.3, 165.6, 165.85, 165.91 (2 C, C-4, -6 s-triazine), 167.88,
167.93, 168.4 (1 C, C-2 s-triazine) ppm. MS (ESI+), m/z (rel. int. %) 537.2
[M+K™] (2), 520.1 [M+Na'] (3.5), 500.2 [M*+3], 498.1 [M*+H] (100), 462.2 (7),
273.2 (7), 208.0 (11), 182.2 (17). [a]o**=+147 (0.5 % DMSO).

2-Chloro-6-{[1-hydroxy-2-(hydroxymethyl)but-2-ylJamino}-4<{[(2R4S,
585)-5-(dimethylamino)-4-(4-nitrophenyl)-1,3-dioxan-2-ylimethylamino}-
s-triazine 1I-3b (42 %) yellowish crystalline powder, mp 110-115 °C (flash column
chromatography, eluent diethyl ether : ethanol : water, 0.5:8:1 v/v/v). [Found: C
48.98, H 5.81, N 19.39; C21H3,CIN;O¢ (511.19) requires: C 49.27, H 5.91, N
19.15%]. Rr 0.73 (5% Et,0/84% EtOH/H,0). IR vimax. (KBr) 3275 (s), 2971 (m),
2881 (m), 1591 (s), 1521 (s), 1464 (m), 1411 (s), 1349 (s), 1154 (m), 1117 (m),
1059 (s), 852 (w), 802 (m), 752 (w), 708 (m), 570 (w) cm™. "H NMR (500 MHz,
[Dg]DMSO, 353 K): 84 0.779, 0.784 (3 H, 2xt, *Ju4=7.5 Hz, CH3), 1.79 (2 H, q,
*Jnun=7.3 Hz, CH,CH3), 2.27 [6 H, s, N(CHs),], 2.97 (1 H, bs, H-5-e D-NH),
3.51-3.54 (2 H, m, CH,-OH), 3.56 (2 H, dd as t, *J;4=3.0 Hz, CH:NH), 3.67
(2 H, 2xd as t, 2Uy=11.0, 12.5 Hz, CH,OH), 4.00 (1 H, d, >Jyy=11.5 Hz, H-6-a
D-NH), 4.49 (1 H, d, ?J44=12.5 Hz, H-6-e D-NH), 4.53 (2 H, bs, OH), 5.01
(1 H, dd as t, *Jy4=4.5 Hz, H-2-a D-NH), 5.24 (1 H, bs, H-4-a D-NH), 6.39,
6.47 (1 H, 2xbs SER-NH), 7.50 (1 H, bs, CH,NH), 7.67 (2 H, d, *Jy=8.5 Hz, H-2,
-6 p-NPh), 8.17 (2 H, d, °J4=9.0 Hz, H-3, -5 p-NPh) ppm; *C NMR (125 MHz,
[Ds]DMSO, 298 K): 6¢ 7.9, 7.96, 8.01, 8.1 (1 C, CH3), 22.2, 22.3, 22.6, 23.0,
23.1 (1 C, CH,-CHs), 43.8 [2 C, N(CHs),], 44.2, 44.4, 44.8 (1 C, CH;NH), 58.6
(1 C, C-5D-NH), 60.9, 61.0, 61.1, 61.2, (1 C, C-2 SER-NH), 61.46, 61.51, 61.65,
61.71 (2 C, CH,OH), 64.4, 64.6 (1 C, C-6 D-NH), 80.0, 80.1, 80.3 (1 C, C-4
D-NH), 99.1, 99.3, 99.6 (1 C, C-2 D-NH), 123.4 (2 C, C-2, -6 p-NPh), 127.1
(2 C, C-3, -5 p-NPh), 146.8 (1 C, C-1 p-NPh), 148.6, 148.8 (1 C, C-4 p-NPh),
165.0, 165.2, 165.6, 165.8, 165.9, 166.0, (2 C, C-4, -6 s-triazine), 167.3, 167.9,
168.3 (1 C, C-2 s-triazine) ppm. MS (ESI+), m/z (rel. int. %) 515.4 [M*+4] (8),
514.4 [M*+3], 512.4 [M*+H] (100), 498.4 (4). [a]p>°=+128 (0.5 % DMSO).
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2-Chloro-6-{[1,3-dihydroxy-2-(hydroxymethyl)prop-2-ylJamino}-4-{[(2R,
4S,5S)-5-(dimethylamino)-4-(4-nitrophenyl)-1,3-dioxan-2-ylmethylamino}-
s-triazine II-3c (95 %) yellowish crystalline powder, mp 138-140 °C (flash column
chromatography, eluent ligroin : acetone, 1:4 v/v). [Found: C 47.08, H 5.55,
N 19.38; CxH2sCIN;O7 (513.17) requires: C 46.74, H 5.49, N 19.08%]. R; 0.80
(20% ligroin/acetone). IR vmax. (KBr) 3369 (s), 2945 (m), 2878 (m), 1583 (s),
1520 (s), 1412 (m), 1348 (s), 1299 (m), 1154 (m), 1113 (m), 1054 (s), 1014 (m),
852 (w), 804 (m), 710 (m), 597 (w) cm™. '"H NMR (500 MHz, [Dg]DMSO, 353 K):
84 2.28 [6 H, s, N(CHa),], 2.97 (1 H, bs, H-5-e D-NH), 3.53 (2 H, s, CH,-NH),
3.72 (6 H, s, CH,OH), 4.01 (1 H, d, 2J4s=11.5 Hz, H-6-a D-NH), 4.42 (3 H, bs,
OH), 4.49 (1 H, d, °Jy4=12.5 Hz, H-6-e D-NH), 5.03 (1 H, bs, H-2-a D-NH),
5.24 (1 H, bs, H-4-a D-NH), 6.31, 6.40 (1 H, 2xbs SER-NH), 7.60 (1 H, bs
CHyNH), 7.68 (2 H, d, *Ju=8.5 Hz, H-2, -6 p-NPh), 8.18 (2 H, d, *J;=8.5 Hz,
H-3, -5 p-NPh) ppm; *C NMR (75 MHz, [Ds]DMSO, 298 K): 5¢c 43.7 [2 C,
N(CHj3),], 44.2, 44.6 (1 C, CH,NH), 58.5 (1 C, C-5 D-NH), 59.6, 60.0, 60.2
(1 C, C-2 SER-NH), 62.4, 62.5 (3 C, CH,0OH), 64.4, 65.3, 67.4 (1 C, C-6 D-NH),
80.5 (1 C, C-4 D-NH), 99.2 (1 C, C-2 D-NH), 123.2 (2 C, C-2, -6 p-NPh),
126.9 (2 C, C-3, -5 p-NPh), 146.7 (2 C, C-1, -4 p-NPh), 165.2, 165.7 (2 C,
C-4, -6 s-triazine), 167.7, 168.2 (1 C, C-2 s-triazine) ppm. MS (Cl, isobutane),
m/z (rel. int. %) 514 [M*+H] (25) 278 (5), 178 (100), 140 (18), 116(11), 104 (21),
87 (18). [a]p>°=+157 (0.5 % DMSO).

Typical procedure for the synthesis of compounds I-4a-c¢ and Il-5a-
c. Preparation of compound I-4¢

At room temperature and with vigorous stirring, anh. K,CO3 (0.604 g,
4.377 mmol) was suspended in a solution obtained by dissolving anh.
piperazine (1.504 g, 17.508 mmol) in anh. THF (125 mL). To this suspension,
chlorodiamino-s-triazine I-2c (2.000 g, 4.377 mmol) was added portionwise
(5 equal portions, 0.400 g I-2c / portion, each 2 hours). After each addition and
within 2 hours, TLC monitoring indicated the completion of reaction as follows:
total consumption of I-2¢ (eluent toluene : isopropanol = 2:1 viv, R; = 0.8,
visualisation in UV 254 nm) and formation of I-4c (eluent ethanol : aq. NH;
25% = 9:1 viv, R; = 0.76, double visualisation: UV 254 nm then I, bath).
After addition, the reaction mixture was stirred at room temperature for 24 hrs.
Minerals were filtered off and well-washed with anh. THF. The combined THF
solution was evaporated under reduced pressure to yield 2.900 g crude material
which was separated by column chromatography on silica gel (eluent ethanol :
aqg. NH; 25% = 9:1 viv, R = 0.76, double visualisation: UV 254 nm then |, bath).
The isolated I-4c, 2.267 g was taken with anh. THF (2 mL) then diethyl
ether was added and the resulted fine yellow suspension was stirred at room
temperature for 1 hr. After cooling at -20 °C for 12 hrs., filtering off, washing
with could diethyl ether and drying 1.910 g pure I-4c were obtained (86% yield
with respect to I-2c).
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1{6-{[1,3-Dihydroxy-2-(methyl)prop-2-ylJamino}-4-{[(4S,5S)-4-(4-nitro-
phenyl)-1,3-dioxan-5-ylJamino}-s-triazin-2yl}-piperazine 1-4a (80 %) yellowish
crystalline powder, mp 123-133 °C (flash column chromatography, eluent ethanol :
aq. NH;25% 9:1 v/v). [Found: C 51.55, H 5.80, N 23.03; C,1H3oNsOs (490.23)
requires: C 51.42, H 6.16, N 22.84%]. R; 0.77 (90% ethanol/aq. NH; 25%).
IR vimax (KBr) 3400 (s), 2922 (m), 2855 (s), 1548(s), 1501 (s), 1444 (s), 1346 (s),
1274 (m), 1174 (m), 1106 (m), 1056 (m), 1027 (m), 875 (w), 852 (w), 810 (m),
744 (w),711 (m), 583 (w) cm™. '"H NMR (500 MHz, [Dg]DMSO, 363 K): 5,1 1.21
3 H, s, CHs), 2.65 (4 H, t, *Jy1=5.0 Hz, H-3, -5 Piperazine), 3.47 (2 H, d,
Jn=10.5 Hz, CH,OH), 3.48 (4 H, t, *J41=5.0 Hz, H-2, -6 Piperazine), 3.56
(2 H, d, °J4s=10.5 Hz, CH,OH), 4.02 (1 H, d, 2J44=11.0 Hz, H-6-a D-NH), 4.11
(1 H, dd, °Jy=1.5 Hz, Jyp = 11.5 Hz, H-6-e D-NH), 4.41 (1 H, d, *Jy = 9.0
Hz, H-5-e D-NH), 4.54 (3 H, bs, OH, Pip-NH), 5.00 g1 H, d, °Ju4=6.5 Hz, H-2-a
D-NH), 5.225 (1 H, s, H-4-a D-NH), 5.230 (1 H,d, “J4y4=5.5 Hz, H-2-e D-NH),
5.43 (1 H, s SER-NH), 549 (1 H, d, *J4=9.5 Hz D-NH), 7.62 (2 H, d, *Jy1=9.0
Hz, H-2, -6 p-NPh), 8.11 (2 H, d, *Jy4+=8.5 Hz, H-3, -5 p-NPh) ppm; *C NMR
(125 MHz, [Dg]DMSO, 298 K): ¢ 19.2 (1 C, CH3), 44.2,44.3 (2 C, C-3, -5
Piperazine), 45.8, 45.9, 46.0 (2 C, C-2, -6 Piperazine), 48.8,48.9 (1 C, C-5
D-NH), 57.9 (1 C, C-2 SER-NH), 64.6, 64.9 (2 C, CH,OH), 70.5, 70.6, 70.8,
71.0 (1 C, C-6 D-NH), 78.5, 78.6, 78.9, 79.0 (1 C, C-4 D-NH), 93.9, 94.0,
94.1 (1 C, C-2 D-NH), 123.2, 123.5 (2 C, C-2, -6 p-NPh), 127.4, 127.6 (2 C,
C-3, -5 p-NPh), 147.0, 147.1 (2 C, C-1, -4 p-NPh), 164.17, 164.22, 164.3, 164.5
(1 C, C-2 s-triazine), 165.3, 165,4 (2 C, C-4, -6 s-triazine) ppm. MS (ESI+), m/z
(rel. int. %) 491.2 [M*+H] (100), 403.2 (22), 208.0 (29). [a]o°=+28 (0.5 % DMSO).

1-{6-{[1-Hydroxy-2-(hydroxymethyl)but-2-ylJamino}-4-{[(4S,5S)-4-(4-
ni- trophenyl)-1,3-dioxan-5-ylJamino}-s-triazin-2-yl}-piperazine 1-4b (84 %)
yellowish crystalline powder, mp 125-130 °C (flash column chromatography,
eluent ethanol : aq. NH; 25% 9:1 v/v). [Found: C 51.99, H 6.22, N 21.95;
C22H32NgOs (504.24) requires: C 52.37, H 6.39, N 22.21%]. R 0.66 (90%
ethanol/aq. NH3 25%). IR vimax (KBr) 3401 (s), 2966 (m), 2856 (s), 1552 (s),
1500 (s), 1445 (s), 1346 (s), 1174 (m), 1106 (m), 1061 (m), 1026 (m), 873 (w),
852 (w), 809 (m), 744 (w), 710 (w), 583 (w) cm™. '"H NMR (500 MHz,
[De]DMSO, 363 K): 8 0.74 (3 H, t, *Jup = 7.3 Hz, CH3), 1.73, 1.74 (2 H, 2xq,
*Jup=7.5 Hz, CH,CHj), 2.69 (4 H, t, °Jy4=5.0 Hz, H-3, -5 Piperazine), 3.49-3.51
(6 H, m, CH,OH, H-2, -6 Piperazine), 3.56 (2 H, d, °J44=10.5 Hz, CH,OH), 4.02
(1H, d, 2U45=11.5 Hz, H-6-a D-NH), 4.12 (1 H, dd, *Jy=1.5 Hz, °Juy = 11.5 Hz,
H-6-e D-NH), 4.41 (1 H, d, *Jyn = 9.0 Hz, H-5-e D-NH), 4.54 (3 H, bs, OH,
Pip-NH), 5.00 (1 H, d, 2J4=6.5 Hz, H-2-a D-NH), 5.23 (1 H, d, Ju4=5.5 Hz,
H-2-e D-NH), 5.24 (1 H, s, H-4a D-NH), 5.35 (1 H, s SER-NH), 5.52 (1 H, d,
*Ju=9.5 Hz D-NH), 7.62 (2 H, d, >J4=8.0 Hz, H-2, -6 p-NPh), 8.10 (2 H, d,
*Jur=8.5 Hz, H-3, -5 p-NPh) ppm; *C NMR (125 MHz, [Dg]DMSO, 298 K): &¢ 8.1
(1 C, CHz), 234, 23.46, 23.54 (1 C, CH,CHj3), 43.5,44.0 (2 C, C-3, -5 Piperazine),
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45.45, 4555, 45.64, 45.7 (2 C, C-2, -6 Piperazine), 48.8, 48,9 (1 C, C-5 D-NH),
60.2 (1 C, C-2 SER-NH), 62.5, 62.9 (2 C, CH,0H), 70.5, 70,6 70.8, 70.9 (1 C,
C-6 D-NH), 78.5, 78.95, 79.04 (1 C, C-4 D-NH), 93.9, 94.0 94.1 (1 C, C-2 D-NH),
123.2, 123.5 (2 C, C-2, -6 p-NPh), 127.3, 127.6 (2 C, C-3, -5 p-NPh), 147.0,
147.1 (2 C, C-1, -4 p-NPh), 164.5 (1 C, C-2 s-triazine), 165.4, 165.6 (2 C, C-4,
-6 s-triazine) ppm. MS (ESI+), m/z (rel. int. %) 505.3 [M*+H] (100), 403.2 (25),
224.0 (12), 208.0 (37). [a]p*°>=+42 (0.5 % DMSO).

1{6-{[1,3-Dihydroxy-2-(hydroxymethyl)prop-2-ylJamino}-4-[(4S,5S)-4-
(4-nitrophenyl)-1,3-dioxan-5-ylJamino}-s-triazin-2-yl}-iperazine I-4¢c (86 %)
yellowish crystalline powder, mp 146-157 °C (flash column chromatography,
eluent ethanol : aq. NH; 25% 9:1 v/v). [Found: C 50.11, H 5.88, N 21.90;
C21H30NsO7 (506.22) requires: C 49.80, H 5.97, N 22.12%]. Rs 0.71 (90%
ethanol/aq. NH; 25%). IR viax (KBr) 3392 (m), 2943 (m), 2856 (m), 1549 (s),
1504 (s), 1446 (m), 1346 (s), 1273 (m), 1174 (m), 1105 (m), 1025 (m), 872 (w),
852 (w), 809 (m), 744 (w), 711 (w), 584 (w) cm™. 'H NMR (500 MHz, [D¢]DMSO,
353 K): 64 2.65 (3 H, t, 3JH,H=4.8 Hz, H-3, -5 Piperazine), 2.68 (3 H, s, OH), 3.46
4 H,t, 3JH,H=5.0 Hz, H-2, -6 Piperazine), 3.62 (6 H, s, CH,OH), 4.02 (1 H, d,
Jp=11.0 Hz, H-6-a D-NH), 4.11 (1 H, 2Jy4=11.0 Hz, H-6-e D-NH), 4.40 (1 H,
bd, *Jun = 7.5 Hz, H-5-e D-NH), 5.00 (1 H, d, “Jy4=6.5 Hz, H-2-a D-NH),
5.22 (1 H, s, H-4-a D-NH), 5.23 (1 H, d, J41=5.5 Hz, H-2-e D-NH), 5.43 (1 H,
s SER-NH), 5.61 (1 H, d, *Ji=9.5 Hz D-NH), 7.63 (2 H, d, *J44=9.0 Hz, H-2, -
6 p-NPh), 8.12 (2 H, d, J44=8.0 Hz, H-3, -5 p-NPh) ppm; *QC NMR (75 MHz,
[De]DMSO, 298 K): ¢ 43.9 (2 C, C-3, -5 Piperazine), 45.4 (3 C, C-2, -6
Piperazine), 48.8 (1 C, C-5 D-NH), 61.0, 61.3 (4 C, C-2, CH,OH, SER-NH),
70.5,70.7 (1 C, C-6 D-NH), 78.4, 78,8 (1 C, C-4 D-NH), 93.9 (1 C, C-2 D-NH),
123,1, 123,3 (2 C, C-2, -6 p-NPh), 127.1, 127.4 (2 C, C-3, -5 p-NPh), 146.9
(2 C, C-1, -4 p-NPh), 164.2 (1 C, C-2 s-triazine), 165.0, 165.2, 165.4, 165.5
(2 C, C-4, -6 s-triazine) ppm. MS (DCI positive, 200 eV, isobutane), m/z (rel.
int. %) 563 [M*+HC(CHj3);-2 H] (9), 507 [M*+H] (100), 489 (10), 477 (10), 404
(10),282 (5), 225 (10), 115 (8), 104 (20), 87 (75). [a]p*°>=+24 (0.5 % DMSO).

1-{6-{[1,3-Dihydroxy-2-(methyl)prop-2-ylJamino}-4-{[(2R,4S,5S)-5-
(dimethylamino)-4-(4-nitrophenyl)-1,3-dioxan-2-yljmethylamino}-s-triazin-
2-yl}-piperazine lI-5a (71 %) yellowish crystalline powder, mp 118-123 °C (flash
column chromatography, eluent ethanol : agq. NH325% 9:1 v/v). [Found: C 52.88,
H 7.07, N 22.85; Cy4H37/NgOg (547.29) requires: C 52.64, H 6.81, N 23.02%]. Rs
0.57 (90% ethanol/ag. NH325%). IR vmax (KBr) 3295 (s), 2932 (s), 2860 (s),
1670 (m), 1548 (s), 1516 (s), 1444 (s), 1348 (s), 1296 (M), 1151 (m), 1113 (m),
1055 (m), 1016 (m), 852 (m), 809 (m), 710 (m), 668 (w), 572 (w) cm™. '"H NMR
(500 MHz, [Dg]DMSO, 353 K): 84 1.27 (3 H, s, CH3), 2.23 [6 H, s, N(CH3)2],
2.69 (4 H, t, *Ju=4.8 Hz, H-3, -5 Piperazine), 2.86 (1 H, dd as t, *J,=2.8 Hz,
H-5-e D-NH), 3.496 (2 H, dd as t, *Jy4=4.5 Hz, CH,NH), 3.504 (2 H, d,
2Juu=10.0 Hz, CH,OH), 3.58 (4 H, t, °Jy 1=5.3 Hz, H-2, -6 Piperazine), 3.60
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(2 H, d, 2Jy4=10.5 Hz, CH;0H), 3.96 (1 H, dd, *Jy4=12.5 Hz, *Jy=3.0 Hz,
H-6-a D-NH), 4.46 (1 H, d, Ju=12.0 Hz H-6-e), 4.66 (3 H, bs, OH, Pip-NH),
4.99 (1 H, dd as t, *J;4=4.8 Hz, H-2-a D-NH), 5.18 (1 H, d, *J44=3.5 Hz, H-4-a
D-NH), 5.55 (1 H, s SER-NH), 6.27 (1 H, bdd as bt, *J;;=5.5 Hz D-NH), 7.64
(2 H, d, ®J4=8.5 Hz, H-2, -6 p-NPh), 8.16 (2 H, d, °J14=8.5 Hz, H-3, -5 p-NPh)
ppm; °C NMR (125 MHz, [Ds]DMSO, 298 K): 8¢ 19.3 (1 C, CHs), 43.8 [2 C,
N(CHs),], 44.4 (2 C, C-3, -5 Piperazine), 45.87, 45.94, 46.03 (3 C, C-2, -6
Piperazine, CH,NH), 58.0 (1 C, C-2 SER-NH), 58.5, 58.6 (1 C, C-5 D-NH),
64.4, 64.5, 64.6 (2 C, CH,OH), 64.88, 64.92, 65.3 (1 C, C-6 D-NH), 80.1,
80.2 (1 C, C-4 D-NH), 99.8, 99.9 (1 C, C-2 D-NH), 123.19, 123.24 (2 C, C-2,
-6 p-NPh), 127.0 (2 C, C-3, -5 p-NPh), 146.7 (1 C, C-1 p-NPh), 148.9 (1 C, C-4
p-NPh), 164.7 (1 C, C-2 s-triazine), 165.9 (2 C, C-4, -6 s-triazine) ppm. MS
(ESI+), m/z (rel. Int. %) 548.3 [M"+H] (100), 543.3 (8), 295.2 (10), 217.1 (15),
154.1 (10), 120.1 (3). [a]o*>= +145 (0.5 % DMSO).

1{6-{[1-Hydroxy-2-(hydroxymethyl)but-2-yllamino}-4-{[(2R,4S,5S)-5-
(dimethylamino)-4-(4-nitrophenyl)-1,3-dioxan-2-yljmethylamino}-s-tri-azin-2-
yl}-piperazine lI-5b (67 %) yellowish crystalline powder, mp 112-118 °C (flash
column chromatography, eluent ethanol : aq. NH; 25% 9:1 v/v). [Found: C 53.55,
H 7.17, N 22.22; C,5H39NgOs (561.30) requires: C 53.46, H 7.00, N 22.45%)].
R: 0.70 (90% ethanol/ag. NH325%). IR vimax (KBr) 3392 (s), 2939 (s), 2856 (s),
1553 (s), 1514 (s), 1446 (s), 1348 (s), 1298 (m), 1151 (m), 1113 (m), 1055 (s),
1011 (m), 852 (m), 710 (m), 573 (w) cm . "H NMR (500 MHz, [Dg]DMSO, 353 K):
84 0.79, 0.80 (3 H, 2xt, *Jun = 7.5 Hz, CH5), 1.80, 1.81 (2 H, 2xq, *Ju=7.5 Hz,
CH,CHj), 2.23 [6 H, s, N(CH3),], 2.70 (4 H, t, *Jy=4.8 Hz, H-3, -5 Piperazine),
2.86 (1 H, dd as t, °J4=2.3 Hz, H-5-e D-NH), 3.50 (2 H, dd as t, *Ju,4=4.5 Hz,
CH:NH), 3.51-3.62 (8 H, m, CH,OH, H-2, -6 Piperazine), 3.96 (1 H, dd,
2Jun=12.5 Hz, ®Jy4=3.0 Hz, H-6-a D-NH), 4.46 (1 H, d, °J4y=12.5 Hz, H-6-e
D-NH), 4.68 (3 H, bs, OH, Pip-NH), 4.99 (1 H, dd as t, *Jy = 4.8 Hz, H-2-a
D-NH), 5.18 (1 H, d, *Jy4=3.0 Hz, H-4-a D-NH), 5.46 (1 H, s SER-NH), 6.29
(1 H, bdd as bt, *Jy4=5.5 Hz D-NH), 7.64 (2 H, d, *J4,4=8.5 Hz, H-2, -6 p-NPh),
8.16 (2 H, d, *J4=9.0 Hz, H-3, -5 p-NPh) ppm; C NMR (125 MHz, [D¢]DMSO,
298 K): ¢ 8.3 (1 C, CHj3), 23.5, 23.6 (1 C, CH,CH3), 43.8 [2 C, N(CHj3),], 44.3
(2 C, C-3, -5 Piperazine), 45.8, (3 C, C-2, -6 Piperazine, CH,NH), 58.6 (1 C, C-5
D-NH), 60.4 (1 C, C-2 SER-NH), 62.8, 63.4 (1 C, C-6 D-NH), 64.5 (2 C, CH,OH),
80.1, 80.3 (1 C, C-4 D-NH), 99.8, 100.1 (1 C, C-2 D-NH), 123.2 (2 C, C-2,
-6 p-NPh), 127.0 (2 C, C-3, -5 p-NPh), 146.7 (1 C, C-1 p-NPh), 148.93, 148.95
(1 C, C4 p-NPh), 164.7 (1 C, C-2 s-triazine), 165.9, 166.0 (2 C, C-4, -6 s-triazine)
ppm. MS (ESI+), m/z (rel. Int. %) 562.3 [M*+H] (100), 548.3 (10), 302.2 (15),
281.7 (25), 208.0 (13), 143.1 (7). [a]p*°>=+136 (0.5 % DMSO).

1{6-{[1,3-Dihydroxy-2-(hydroxymethyl)prop-2-ylJamino}4-{[(2R,4S,5S)-
5-(dimethylamino)-4-(4-nitrophenyl)-1,3-dioxan-2-yljmethylamino}-s-triazin-
2-yl}-piperazine II-5¢ (81 %) yellowish crystalline powder, mp 140-145 °C (flash
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column chromatography, eluent ethanol : ag. NH325% 9:1 v/v). [Found: C 50.98,
H 6.77, N 22.55; C,4H37NgO; (563.28) requires: C 51.15, H 6.62, N 22.37%].
R 0.57 (90% ethanol/aq. NH325%). IR vmax (KBr) 3298 (s), 2940 (s), 2858 (s),
1551 (s), 1515 (s), 1446 (s), 1347 (s), 1297 (m), 1151 (m), 1112 (m), 1054 (m),
1015 (m), 852 (m), 809 (m), 710 (w), 578 (w) cm™. '"H NMR (500 MHz,
[Dg]DMSO, 353 K): 84 2.23 [6 H, s, N(CH3),], 2.69 (4 H, t, *J,;1=4.8 Hz, H-3,
-5 Piperazine), 2.86 (1 H, dd as t, 3JH,H=2.8 Hz H-5-e.), 3.50 (2 H, dd as t,
*Jun=4.8 Hz, CH,NH), 3.57 (4 H, t, °Js=4.3 Hz, H-2, -6 Piperazine), 3.66
(6 H, s, CH,OH), 3.97 (1 H, dd, 2Jyx=12.5 Hz, 3J4+=3.0 Hz, H-6-a D-NH),
4.46 (1 H, d, °Jyy=12.5 Hz H-6-e D-NH), 4.65 (3 H, bs, OH), 5.00 (1 H, dd as t,
3Jun=4.5 Hz, H-2-a D-NH), 5.19 (1 H, d, J;4=3.0 Hz, H-4-a D-NH), 5.53 (1 H,
s SER-NH), 6.38 (1 H, bs D-NH), 7.64 (2 H, d, 3J41=8.5 Hz, H-2, -6 p-NPh),
8.17 (2 H, d, *J4=8.5 Hz, H-3, -5 p-NPh) ppm; *C NMR (75 MHz, [D¢]DMSO,
298 K): 8¢ 43.7 [2 C, N(CHj3),], 44.3 (2 C, C-3, -5 Piperazine), 45.8, 46.1, 46.3
(3 C, C-2, -6, Piperazine, CH;NH), 58.4 (1 C, C-5 D-NH), 61.3,61.4 (1 C, C-2
SER-NH), 64.3 (3 C, CH,0OH), 65.3 (1 C, C-6 D-NH), 80.0 (1 C, C-4 D-NH),
99.6 (1 C, C-2 D-NH), 123.1 (2 C, C-2, -6 p-NPh), 126.9 (2 C, C-3, -5 p-NPh),
146.5 (1 C, C-1 p-NPh), 148.8 (1 C, C-4 p-NPh), 164.4 (1 C, C-2 s-triazine),
165.8 (2 C, C-4, -6 s-triazine) ppm. MS (DCI positive, 200 eV, isobutane), m/z
(rel. Int. %) 620 [M*+HC(CH3)s-2 H] (5),564 [M*+1] (65), 449 (28), 380 (55),
300 (10), 282 (15), 221 (5), 178 (100), 165 (25), 148 (10), 104 (45), 87 (35).
[a]o®*=+137 (0.5 % DMSO).
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THE RELATIONSHIP BETWEEN ENERGY CALCULATIONS
AND BOILING POINTS OF N-ALKANES

LORENTZ JANTSCHI?, SORANA D. BOLBOACA?®

ABSTRACT. The relationship between energy calculations and boiling points
was studied on a set of fourteen n-alkanes. The correlation analysis clearly
showed that the best relationship is not linear. The regression analysis showed
that a dose-response logistic function provided a very good agreement between
the boiling points of alkanes and their heat of formation.

Keywords: regression, correlation, alkanes, boiling point, energy

INTRODUCTION

Boiling point, the temperature at which the vapor pressure of the liquid
equals the environmental pressure surrounding the liquid [1], of organic
compounds is an important property since it can provide information about
other physical properties and structural characteristics [2]. Molecules with
strong intermolecular forces are known to have higher boiling points [2].

The boiling point of alkanes, chemical structures with a C,Han
generic formula, increases with the chain length (number of carbon atoms).

The relationship between the boiling points of alkanes and other
properties or descriptors have previously been studied using simple or multiple
linear regression models [3-5] or non-linear models [6]. Since the boiling
point of alkanes is determined by their molecular weight, this property shows a
linear relationship with the size of the molecules [7]. Koziot obtained, on a
set of fourteen n-alkanes, a non-linear model with five descriptors having a
determination coefficient of 0.9993 [6]. Moreover, simple exponential models
estimated the critical temperature, pressure, and volume of alkanes as function
of the normal boiling point and molecular weight [8].

The present study is aimed to carry out correlation and regression
analyses in order to establish the relationships between the calculated energy
and the boiling points of n-alkanes (an "easy to predict" property).
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RESULTS AND DISCUSSION

The results of the correlation analyses are presented in Table 1.
The dipole moment property was excluded from further analyses since the
Pearson correlation coefficient was of -0.0391. The analysis of the obtained
correlation coefficients revealed that Spearman and Gamma correlation
coefficients had higher values compared to the Pearson correlation coefficients.

Table 1. Results of correlation analysis

X (Y= boiling point) r (p) P (p) I (p)
heat-of-formation 0.9515958 (1.67-107) 1 1
scf-binding-energy 0.9499073 (2.05:10™) 1 1
total-energy 0.9498675 (2.06-10") 1 1
scf-atom-energy 0.9498641 (2.06-10") 1 1
scf-electronic-energy 0.9060543 (8.09-10°) 1 1
scf-core-energy 0.8992529 (1.21-10™) 1 1
dipole-moment -0.0391090 (0.8943) 0.0681 (0.8094) | 0.0989 (0.9618)

Qorrelatic;n coefficients: r = Person; p = Spearman; ' = Gamma
p< 107

The 0.9515958 value of the Pearson correlation coefficient revealed
that the linear relationship with the heat of formation was able to explain almost
91% of boiling points variation of the studied n-alkanes, which is a good
estimation. Since the Spearman correlation coefficient was equal to the Gamma
correlation coefficient and both of them were higher than the Pearson correlation
coefficient, the relationship between boiling points and energy calculations
could be non-linear.

Non-linear regression analysis was carried out in order to identify the
type of relationship between the boiling points of alkanes and energy calculations.
The best performing models, in terms of determination coefficients, F-value and
coefficient significance proved to be of the dose-response logistic function
type. The top three models in terms of the above-presented criteria are shown
in Table 2.

The analysis of the results in Table 2 revealed that the best performing
model, able to explain the boiling points of alkanes (as estimator) used the
heat of formation (as predictor, H_F) through a dose-response logistic function.
As it can be observed, a four-variable equation was able to fully predict the
variation of boiling points as function of the heat of formation. The smallest
difference between the determination coefficient and the adjusted determination
coefficient was obtained using the first equation (boiling point as function of
the heat of formation). The smallest value of the standard error was of 0.33°C
and provided by the first equation (boiling point as function of the heat of
formation). Note that the highest t-values associated to the coefficients and
the smallest values of the standard errors were obtained when the boiling
points were investigated as function of the heat of formation.
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Table 2. Regression analysis results

Type P2 Padi F C Value [95%ClI] StErr |t

Y [ X (FitStErr)

DoseRsplLgstc Y = ag+a1/(1+(x/az)"as)

B_P|H_F |0.999997|0.999996 | 1090130 |ao| 1142.31[1111.59;1173.03]| 13.78| 82.85

(0.32797) | a1 | -1435.64 [-1470.43; -1400.85]| 15.61| -91.94

iy

az -191.47[-200.82; -182.11]| 4.20| -45.59

as 0.7518[0.7386; 0.7656]| 0.01[121.71

B_P|T_E |0.999864 | 0.999823 24478 | ag -324.89 [-367.34; -282.43]| 19.06 | -17.05

(2.18849) |as| 1836.08[1332.98;2339.17]|225.80| 8.13

az| -179833.96 [-305299;-54369] | 56313 | -3.19

as -0.6190 [-0.7225; -0.5155]| 0.046| -13.32

B_P|SBE|0.999857 | 0.999814 23351 |ao -359.58 [-416.26; -302.91]| 25.44| -14.14

(2.24065) |a1| 1925.18[1315.38;2534.99]|273.70| 7.03

ap -14657.09 [-26730; -258] | 5418.9 | -2.70

as -0.5950 [-0.7137; -0.4764] | 0.0532 | -11.15

DoseRspLgstc = dose-response logistic function;

B_P = boiling point; H_F = heat-of-formation; T_E = total-energy; SBE = scf-binding-energy;
= determination coefficient; rzadj = adjusted determination coefficient; F = F-value;

C = coefficient; 95%CI = 95% coefficient confidence interval; StErr = standard error;

t = t-value

The graphical representation of the best performing model (B_P"=
(1142.31430.72)-(1435.6+34.79)/(1+(H_F/(-191.47+9.35))07°18001%))) is nresented in
Figure 1.

—B_P?
¢ B_P

0 C i = T T T
-100 ﬁ ? 50 C5 100 150 200 250
jcz -H_F
1c1)

Figure 1. Boiling points of alkanes as heat of formation function

The analysis of Figure 1 revealed that the identified dose-response
logistic function is the best one in estimating the relationship between the heat
of formation and the boiling points of the studied n-alkanes. This statement
is also supported by the value of the correlation coefficient associated to
the model (see Table 2). A statistically significant linear relationship could
also be identified between boiling points and the heat of formation, but this
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relationship had lower performances compared to the best scoring dose-
response logistic function (r* = 0.9062, F = 116, p = 1.6:107, standard error
of estimated = 52.44).

The estimated boiling points when the first equation was used (boiling
point as function of the heat of formation), abbreviated as B_P#, and the
measured boiling points, abbreviated as B_P, is graphically presented in
Figure 2.
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Figure 2. Estimated (horizontal) versus measured (vertical) boiling points
using the dose-response logistic function
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The validity and reliability of the best performing relationship obtained
in the study on n-alkanes is supported by the smallest value of the absolute
value of residuals (equal to 0.23°C) and by the sum of the absolute difference
of residuals (equal to 3.18°C) (Figure 2). Moreover, the sum of residuals
was 0.01°C while the squared sum of residuals was 1.08.

The objective of this research was met as soon as the best model
able to estimate the boiling points of alkanes as functional dependence on
energy calculations was identified. The value of the Person correlation
coefficient, which proved to be smaller in comparison to the Spearman and
Gamma correlation coefficients, determined the investigation of non-linear
relationships even if the linear relationship was statistically significant. A
dose response logistic function proved to better explain the boiling points
as function of energy calculations for the studied n-alkanes when the
molecules were prepared for analysis by applying the mm+ as molecular
mechanics and the AM1 as semi-empirical method.
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CONCLUSIONS

If p2(Spearman), M(Gamma) >r’(Pearson), the relationship between
variables is not linear; non-linear relationships must always be checked.
Thus, the best performing relationship between boiling points and the energy
calculations of the investigated n-alkanes was expected not to be linear.

A functional dependence was identified between boiling points and
the energy calculations of the investigated n-alkanes. This functional dependence
proved to be a dose-response logistic function when mm+ molecular mechanics
and AM1 semi-empirical methods were used to prepare the studied n-alkanes
for analysis.

The following model was identified as the model with the highest
performance:

B_P = (1142.3130.72)-(1435.6+34.79)/(1+(H_F/(-191.47+9.35))07516:00132))

where B_P*" is the estimated boiling point and H_F is the heat of
formation. The validity of the model is supported by the small value of the
standard error, the high F-value and the small p-value.

EXPERIMENTAL SECTION

Fourteen normal alkanes (C4-C4z, Cy, Cs0), chemical compounds
consisting of carbon and hydrogen elements, were analyzed (see Table 3).

Table 3. Characteristics of alkanes: boiling point, dipole-moment,
total-energy, atom-energy, binding-energy, core-energy,
electronic-energy, and heat-of-formation

Name |FormulalB P|] DM | TE | SAE | SBE| SCE | SEE |H F
Methane | CHq -164[1.12-10°| 4225 |-3837 |-388 |4619 |-8844 |-9

Ethane C.Hs  |-89 |6.87-107|-7821 |-7149 |-672 |13638 |-21459 |-18
Propane  |CsHs  |-42 |4.2810°|-11415 |-10461|-954 | 26313 |-37727 |-24
Butane CiHio |-0.5]1.01-107[-15008 |-13773|-1236]41607 |-56615 |-31

Pentane  |CsHiz |36 |6.28-10°|-18602 |-17084|-1518|59034 |-77636 |-38
Hexane  |CeHis |69 |3.06-107|-22196 |-20396|-1800]78191 |-100387]-45
Heptane |C/His |98 |6.57-10°|-25790 |-23708|-2082|98835 |-124624]-52
Octane CeHis | 125 [1.52-107]-29383 |-27020]-2364]120757|-150141]-59
Nonane  |CeHzo | 151 |6.65-10°|-32977 |-30331|-2646] 143819]-176796]-66
Decane  |CioHy | 174 |3.95107|-36571 |-33643|-2928| 167892|-204463|-73
Undecane |CiiHza | 196 |8.13-10°|-40165 |-36955|-3210] 192888 -233052]-80
Dodecane |CioHzs |216 |1.35-10|-43758 |-40267-3492| 218724 -262482]-86
Eicosane | CoHs, |343 |8.61-10|-72508 |-66760]|-5748]449165|-521673|-142
Triacontane| CaoHez | 450 | 1.59-10°] -108445| -99878|-8567| 779447|-887893|-210

B_P = boiling point; D_M = dipole-moment; T_E = total-energy;
SAE = scf-atom-energy; SBE= scf-binding-energy; SCE = scf-core-energy;
SEE = scf-electronic-energy; H_F = heat-of-formation.
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Eight properties of the above-mentioned alkanes were investigated:
boiling point [°C] [9], total-energy (T_E) [kcal/mol], dipole-moment (D_M)
[Debyes], scf-atom-energy (SAE) [kcal/mol], scf-binding-energy (SBE) [kcal/mol],
scf-core-energy (SCE) [kcal/mol], scf-electronic-energy (SEE) [kcal/mol],
and heat-of-formation (H_F) [kcal/mol]. Except for the boiling points, all the
other properties were calculated with HyperChem v. 8.0 using the following
criteria: optim-converged=true, molecular mechanics method: mm+ [10],
and semi-empirical method: AM1 [11].

Correlation and regression analyses were carried out in order to
meet the objective of the study. Pearson (“r’) [12], Spearman (“p”) [13] and
Gamma (“I"”) [14] correlation coefficients were used to find the power and the
sign of the relationship between boiling points and the investigated properties.

Regression analyses were carried out with the SlideWrite Plus software.
The following possibilities of regression search were used:

= Linear: = Linear Group; = Exponential Group; = Power Group; = Polynomial
Group.

= Nonlinear:

o Standard: = User-Defined (any function defined by the user);
= Exponential — Y=ap+a;*exp(-x/a,); = Power - Y=ap+a,*x"a,.
o Transitional: = 1-Site Ligant — Y=ap*x/(a+x);
» Cumulative — Y=ap+a*0.5*(1+erf((x-a,)/\(2)*as));
= DoseRspLgstc - Y=ap+a,/(1+(x/az)"a3);
» Photosynthesis - Y=ap*a,*x/(ap+a;*x);
* PH Activity — Y=(ap+a,*10*(x-a3))/(1+107(x-ay));
= Sigmoidal — Y=ap+a+/(1+exp(-(x-az)/asz)).
o Peak: = Erfc Peak, Gaussian — Y:a0+a1*exp(-0.5*((x-a2/a3)2);
» Logistic Peak — Y=ap+a*4* (exp(-(x-az)/as))/(1+exp(-(x-az)/as));
» Log-Normal — Y=ag+a;*exp(-0.5*(In(x/a,)/as)?);
» Lorentzian — Y=ap+a/(1+((x-a2)/as)?).
o Waveform: = SineWave — Y=ap+a,*sin(2*pi*x/asz+a,);
SineWaveSquared — Y=ap+a*(sin(2*pi*x/as+ay))*

= User-Defined: allows to define any equation with a maximum of 7
coefficients.
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DIAGNOSTIC OF A QSPR MODEL: AQUEOUS SOLUBILITY
OF DRUG-LIKE COMPOUNDS

SORANA D. BOLBOACA®*", LORENTZ JANTSCHI?

ABSTRACT. A diagnostic test for a qSPR (quantitative Structure-Property
Relationship) model was carried out using a series of statistical indicators for
correctly classifying compounds into actives and non-actives. A previously
reported qSPR model, able to characterize the aqueous solubility of drug-like
compounds, was used in this study. Eleven statistical indicators like those
used in medical diagnostic tests were defined and applied on training, test and
overall data sets. The associated 95% confidence interval under the binomial
distribution assumption was also computed for each defined indicator in order
to allow a correct interpretation. Similar results were obtained in the training
and test sets with some exceptions. The prior probabilities of active and non-
active compounds proved not to be significantly different in the training and
test sets. However, the probability of classification as active compounds
proved to be significantly smaller in the training set as compared to the test set
(p = 0.0042). The total fraction of correctly classified compounds proved to be
identical in the training and test sets as well as in the overall set. Nevertheless,
the overall model and the model obtained in the test set show a higher ability
to correctly assign the non-active compounds to the non-active class while the
model obtained in the training set has a higher ability to correctly assign the
active compounds to the active class.

Keywords: quantitative Structure-Property Relationships (QSPR), diagnostic
parameters, 2x2 contingency table, solubility, drug-like compounds

INTRODUCTION

Quantitative structure-property relationships (qSPRs) procedures able
to quantitatively correlate the chemical structure with a defined property [1], are
widely used in drug design [2,3], drug classification [4,5] and screening [5,6].

A series of studies were drawn in order to establish the validation
methods of a gSPR model [7,8], including the principle of parsimony, selection of
the simplest model, cross-validation, Y scrambling and external predictability [9].
Various procedures for variable selection have been created [10-13] and statistical
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analysis of molecular similarity matrices was developed in order to identify the
best quantitative structure-activity relationships [14]. Reliability and accuracy have
also been introduced for the validation of QSPR models [15,16]. The information
criteria (Akaike’s information criteria - AIC [17], corrected AIC [18], Schwarz (or
Bayesian) Information Criterion — BIC, Amemiya Prediction Criterion — APC,
and Hannan-Quinn Criterion - HQC) and Kubinyi’s function [19, 20] are the
parameters used to compare different gSPR/QSAR models [21-23].

The aim of this study was to carry out a diagnostic test on a qSPR
(quantitative Structure-Property Relationships) model, by using a series of
statistical indicators for correctly classifying compounds into actives and
non-actives.

RESULTS AND DISCUSSION

Eleven statistical indicators were proposed as diagnostic parameters
for gSPR models. The contingency tables used to calculate these parameters
are presented in Table 1. The statistical indicators computed for the training,
test and overall data sets are presented in Table 2 — 4.

Table 1. 2x2 contingency tables for the investigated qSPR model

Generic Table Observed Test Set Observed
Estimated + - 2 Estimated + - Total
+ TP | FP + 26 | 10 36
- FN | TN - 4 | 29 33
> n Total 30 | 39 69
Training Set Observed Overall Observed
Estimated + - Total Estimated + - Total
+ 28 7 35 + 54 | 22 76
- 12 | 48 60 - 11 |1 77 88
Total 40 | 55 95 Total 65 | 99 164

+ = active class; - = non-active class;
Estimated = aqueous solubility estimated by Duchowitz’s et al. gSPR model

The chi-squared test was applied on contingency tables in order to
test the null hypotheses that the estimated class (active and non-active) is
independent from the observed class (active and non-active). The value of
the chi-squared statistics and associated significance level, presented at
the bottom of Tables 2 - 4, supported the rejection of the null hypotheses
that the estimated classification into active and non-active compounds is
unrelated to the observed classification. These results sustain the ability of
the qSPR model to classify compounds as actives and non-actives. The
degree of association between the estimated and the observed classification of
compounds proved to be a positive and moderate one, in all the investigated
sets (training, test and overall set of studied compounds). The moderate
association, expressed as the @ contingency correlation coefficient, revealed
that the reported qSPR [24] is not a perfect model.
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Table 2. Statistical indicators for assessing the gSPR model: training set

Parameter (Abbreviation) Value 95%CI

Concordance / Accuracy / Non-error Rate (CC/AC) 80.00 [71.07-87.02]
Error Rate (ER) 20.00 n.a.
Prior proportional probability of an active class 0.4211 [0.3254-0.5215]
Prior proportional probability of a non-active class 0.5789 n.a.
Sensitivity (Se) 70.00 [54.76-82.39]
False-negative rate (under-classification, FNR) 30.00 [17.61-45.24]
Specificity (Sp) 87.27 [76.39-93.96]
False-positive rate (over-classification, FPR) 12.73 [6.04-23.61]
Positive predictivity (PP) 80.00 [64.55-90.44]
Negative predictivity (NP) 80.00 [68.52-88.49]
Probability of classification

- as active (PCA) 0.3684 [0.2766-0.4682]

- as non-active (PCIC) 0.6316 [0.5318-0.7234]
Probability of a wrong classification

- as active compound (PWCA) 0.2000 [0.0956-0.3545]

- as non-active compound (PWCI) 0.2000 [0.1151-0.3148]
Odds Ratio (OR) 16.0000 [5.7090-45.0262]

95% CI = confidence interval at a significance level of 5%; n.a. = not available;
x2 =30.2305 (p < 0.0001) (Chi-squared statistics); Contingency correlation coefficient ® = 0.5641

Table 3. Statistical indicators for assessing the gSPR model: test set

Parameter (Abbreviation) Value 95%CI

Concordance / Accuracy / Non-error Rate (CC/AC) 79.71 [69.04-87.79]
Error Rate (ER) 20.29 n.a.
Prior proportional probability of an active class 0.4348 [0.3225-0.5524]
Prior proportional probability of a non-active class 0.5652 n.a.
Sensitivity (Se) 86.67 [70.96-95.08]
False-negative rate (under-classification, FNR) 13.33 [4.92-29.04]
Specificity (Sp) 74.36 [59.21-85.91]
False-positive rate (over-classification, FPR) 25.64 [14.09-40.79]
Positive predictivity (PP) 72.22 [56.25-84.67]
Negative predictivity (NP) 87.88 [73.29-95.52]
Probability of classification

- as active (PCA) 0.5217 [0.4050-0.6367]

- as non-active (PCIC) 0.4783 [0.3633-0.5950]
Probability of a wrong classification

- as active compound (PWCA) 0.2778 [0.1533-0.4375]

- as non-active compound (PWCI) 0.1212 [0.0448-0.2671]
Odds Ratio (OR) 18.8500 [5.4919-64.5994]

95% CI = confidence interval at a significance level of 5%; n.a. = not available;
X° = 22.9206 (p < 0.0001) (Chi-squared statistics); Contingency correlation coefficient ® = 0.5764

The accuracy of the qSPR model proved to be almost 80% in all the
investigated sets of compounds. The accuracy of the model in the training
set proved not to be statistically different from the accuracy of the model in
the test set (the confidence intervals overlap, see Tables 2 and 3). A similar
interpretation is true when the values and associated confidence intervals
of other statistical indicators are analyzed (see Tables 2 -4).
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Table 4. Statistical indicators for assessing the gSPR model: overall set

Parameter (Abbreviation) Value 95%CI

Concordance / Accuracy / Non-error Rate (CC/AC) 79.88 [73.22-85.43]
Error Rate (ER) 20.12 n.a.
Prior proportional probability of an active class 0.3963 [0.3238-0.4725]
Prior proportional probability of an non-active class 0.6037 n.a.
Sensitivity (Se) 83.08 [72.50-90.55]
False-negative rate (under-classification, FNR) 16.92 [9.45-27.50]
Specificity (Sp) 77.78 [68.82-85.05]
False-positive rate (over-classification, FPR) 22.22 [14.95-31.18]
Positive predictivity (PP) 71.05 [60.19-80.30]
Negative predictivity (NP) 87.50 [79.26-93.06]
Probability of classification

- as active (PCA) 0.4634 [0.3883-0.5398]

- as non-active (PCIC) 0.5366 [0.4602-0.6117]
Probability of a wrong classification

- as active compound (PWCA) 0.2895 [0.1970-0.3981]

- as non-active compound (PWCI) 0.1250 [0.0694-0.2074]
Odds Ratio (OR) 17.1818 [7.7989-38.1475]

95% CI = confidence interval at a significance level of 5%; n.a. = not available
x2 = 83.6385 (p < 0.0001) (Chi-squared statistics); Contingency correlation coefficient @ = 0.5761

The Z test was applied in order to compare the statistical indicators
expressed as probabilities obtained in training and test sets. The prior
probabilities of active and non-active compounds proved not to be statistically
different in training and test sets. The absence of statistically significant
differences between prior probabilities of active and non-active compounds
in training and test sets supports the correct assignment of compounds to
the active/non-active sets. However, the probability of classification as active
compounds proved to be statistically smaller in the training set compared to
the test set (p=0.0042); thus, the classification model proved to perform better
in terms of correct classification of active compounds when applied on test set.
The objective of this study is to propose a series of statistical indicators
as diagnostic tools for the gSPR model. In achieving this, various aspects are
considered:
= Analyzing the correct assignment of compounds to training and test
sets: prior proportional probability of an active class & prior proportional
probability of a non-active class

= Analyzing the correct classification of active and non-active compounds:
all the other statistical indicators (see Table 2-4).

The proposed statistical indicators have to assess the gSPR model
in training and test sets: as the indicators have similar performances in
training and test sets, it could involve the model has similar classification
abilities, thus being considered as a good model. The best model is the one
with the highest possible accuracy and the smallest possible error rate. The
best model is also the one with the highest sensitivity and specificity and the
smallest false-negative and false-positive rates. In this respect, it can be observed
that sensitivity is smaller than specificity in the training set while sensitivity is
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higher than specificity in the test set (see Tables 2 and 3). In other words, the
investigated gSPR model has a higher ability to correctly assign active
compounds to the active class in the test set and a higher ability to correctly
assign non-active compounds to the non-active class in the training set. An
excellent classification model should also have the best possible positive and
negative predictability values while the probability values of a wrong classification
into active and non-active compounds should have the smallest possible
values.

Similar statistical parameters are used to assess the performances
of machine learning classification models: accuracy, recall (true positive rate,
false positive rate, true negative rate, false negative rate, and precision) [25,
26]. These parameters are calculated based on the confusion matrix [27].
Note that the confusion matrix is the same as the generic contingency table
presented in Table 1.

The present study is aimed to introduce a series of statistical indicators
in order to diagnose a qSPR model. Useful information related to the assignment
of compounds in the training and test sets could be obtained by using prior
proportional probability of an active class & prior proportional probability of a non-
active class. All the other proposed statistical indicators allow the characterization
of a gSPR model in terms of total fraction of correctly classified compounds
(accuracy), correct assignment to active or non-active class (sensitivity and
specificity, false positive and false negative rates), etc. Statistical indicators
were applied on a 2x2 confusion matrix but the same approach could also be
applied on rxc confusion matrices when compounds are classified into more
than two groups (e.g., non-active, active, and very active). The usefulness of
this approach in diagnosing qSPR/gSAR models is currently investigated in
our laboratory.

CONCLUSIONS

The total fraction of compounds correctly classified by the qSPR
model proved to be identical in the training and test sets as well as in the
overall set. However, the overall model and the model obtained in the test
set showed a higher ability to correctly assign the non-active compounds to
the negative class while the model obtained in the training set had a higher
ability to correctly assign the active compounds to the active class.

EXPERIMENTAL SECTION

A previously reported qSPR model [28] able to characterize the
aqueous solubility of drug-like compounds was herein used. The experimental
aqueous solubility measured at 298K and expressed in mg/ml (values taken
from Merck Index 13th [28]) was modeled using molecular descriptors [24].

The best model obtained in the training set (n=97) proved to be a
model with 3 descriptors and the following characteristics [24]:
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R?=0.871; S =0.903
R%0, = 0.849; S\, = 0.971
R%,. = 0.848; S,, =0.899

where R? = determination coefficient; S = standard deviation of the model;
R%., = determination coefficient on leave one out analysis; Sj,, = standard
deviation on leave-one-out analysis; R, = determination coefficient on validation
set; S,4 = standard deviation on validation set.

A series of statistical indicators similar with those used in medical
diagnostic tests [29, 30] were defined as diagnostic parameters for the qSPR
model (Table 5).

The experimental and estimated aqueous solubility of the studied
compounds was transformed as dichotomial variables in order to calculate
the defined statistical indicators (Table 5) using the following criteria: if
experimental data = 0, the compound was considered active, if experimental
data < 0, the compound was considered non-active.

Table 5. Statistical indicators calculated on the 2x2 contingency table

Indicator (Abbreviation) Formula Definition

Accuracy / Non-error Rate (AC) 100*(TP+TN)/n Total fraction of correctly
classified compounds
Error Rate (ER) 100* (FP+FN)/n = 1- | Total fraction of misclassified
CC compounds

Prior proportional probability ni/n Fraction of compounds
of a class (PPP) belonging to class i
Sensitivity (Se) 100*TP/(TP+FN) Percentage of active

compounds correctly assigned
to the active class

False-negative rate 100*FN/(TP+FN) = | Percentage of active

(under-classification, FNR) 1-Se compounds falsely assigned to
the non-active class

Specificity (Sp) 100*TN/(TN+FP) Percentage of non-active

compounds correctly assigned
to the non-active class

False-positive rate 100*FP/(FP+TN) = | Percentage of non-active

(over-classification, FPR) 1-Sp compounds falsely assigned to
the active class

Positive predictivity (PP) 100*TP/(TP+FP) Percentage of compounds

correctly assigned to the active
class out of all compounds
assigned to the active class

Negative predictivity (NP) 100*TN/(TN+FN) Percentage of compounds
correctly assigned to the non-
active class out of all
compounds assigned to the
non-active class

Indicator (Abbreviation) Formula Definition
Probability of classification
- as active (PCA) (TP+FP)/n - Probability to classify a compound

as active (true positive & false
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positive)

as inactive (PCIC) (FN+TN)/n - Probability to classify a
compound as non-active (true
negative & false negative)

Probability of a wrong classification

as active compound FP/(FP+TP) Probability of a false positive
(PWCA) classification
as non-active compound FN/(FN+TN) Probability of a false negative
(PWCI) classification

Odds Ratio (OR) (TP*TN)/(FP*FN) The odds of correct

classification in the group of
active compounds divided to
the odds of an incorrect
classification in the group of
non-active compounds

The associated 95% confidence interval under the binomial distribution

assumption [31] was also computed for the correct interpretation of the
indicators [32].
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MODELING THE BIOLOGICAL ACTIVITY OF
2-ARYL-THIAZOLE DERIVATIVES

ERIKA TASNADI?, CRISTINA MOLDOVAN?®

ABSTRACT A QSAR study on a set of biologically active molecules belonging
to the class of 2-aryl-thiazole, using topological indices, is reported. The
purpose of the study is to find the best regression model for prediction of
two biological activities: anti-oxidant and anti-inflammatory ones.

Keywords: QSAR, biological activity, prediction, regression analyses,
correlation coefficient.

INTRODUCTION

Quantitative structure-activity relationship (QSAR) is the process by
which chemical structures are quantitatively related with a well defined
process, such as biological activity. The identification of the crucial factors
involved in the relation structure-property is gained by the comparative analysis
of a set of molecules. It is achieved with the help of topological descriptors
and regression analysis, included in various algorithms. The topological
characterization of the chemical structures allows their classification based
on a similarity criterion.

The 14 molecules taken in study show anti-oxidant and anti-inflammatory
activity and belong to the class of 2-aryl-thiazole derivatives. Their anti-
inflammatory capacity was assessed by evaluating the acute phase bone
marrow response, phagocytes’ activity and NO synthesis (see below). The
antioxidant effect of the tested compounds was assessed by evaluating: the
total antioxidant response (TAR), the total oxidant status (TOS) and the
index of oxidative stress (OSI) [OSI=(TOS/TAR)x100].

Phagocytic activity was assessed with the in vitro phagocytosis test by
calculating two parameters: the phagocytic index (PI) (P1% = phagocytes with
at least one phagocyted germ from 200 leukocytes counted) and the phagocytic
activity (PA) (PA = number of germs phagocyted by 100 leukocytes) [3-8].

In acute inflammation there is a significant increase of NO synthesis
due to the expression of INOS (inducible nitric oxide synthesis). This will raise
serum nitrates/nitrites concentration, as side metabolites of nitric oxide.

@ “Babes-Bolyai” University, Faculty of Chemistry and Chemical Engineering, Organic Chemistry
Department
b UMF “uliu Hatieganu”, Faculty of Pharmacy, Department of Pharmaceutical Chemistry



ERIKA TASNADI, CRISTINA MOLDOVAN

In order for a molecule to have anti-oxidant effect TAR should raise
or TOS should drop, and if both parameters drop, TAR should drop less, or if
both rise, TAR should raise more. In order to have anti-inflammatory effect IF,
AF and NO should drop.

The anti-inflammatory activity of the tested compounds was higher
than that of Meloxicam, the drug taken as reference.

METHOD

The following procedure was used to find the best relationship between
structures and the studied biological properties:

e structures are optimized to find a minimum-energy (stable) configuration

(PM3, HYPER CHEM version 7.52);

e an index database is generated by using DRAGON 5.0 software and

TOPOCLUJ software;

e an exhaustive search to find the best equations (i.e., with the correlation
coefficient (R) higher than 0.90), by STATISTICA 6.0, software;

The molecules were designed by the aid of HYPER CHEM software.
Geometry optimization was performed with the molecular mechanics method
MM+, of the Polak-Ribiere conjugate gradient, at RMS lower than 0.009.

The topological indices were calculated by DRAGON (1630 indices)
and TOPOCLUJ (962 indices) software. From these indices, the ones showing
the best correlation coefficient in monovariate regression against the biological
activity were selected out.

The statistical analysis was performed with STATISTICA software
package, consisting in finding the best mono-, bi- and tri-variate regression
equation, which can be further used to predict the biological activity of molecules
belonging to the same class of those (2-aryl-thiazole derivatives) present in
this study.

RESULTS AND DISCUSSION

Fourteen new 2-aryl-thiazole derivatives were synthesized by
condensation between derivatives of 4-[2-(4-methyl-phenyl-thiazole-5-yl)-2-
oxo-ethoxyl-benzaldehyde and 2-, 3- or 4-(2-aryl-thiazole-4-ylmethoxy)-
benzaldehyde, and different carboxylic acid hydrazides.

For these new structures five parameters were calculated, further used
in this study, the goal being to find the best regression equation between
chemical structure and biological activity.

Table 1 presents the molecules from our set of study and the calculated
parameters.

The meaning of the five parameters illustrated in Table 1, are: IF =
phagocytic index (phagocytes with at least one phagocyted germ from 200
leukocytes counted); AF=phagocytic activity (number of germs phagocyted
by 100 leukocytes); NO=nitric oxide (NO synthesis was evaluated measuring
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nitrates/nitrites concentration); TAR=total antioxidant respons; TOS = total
oxidant status. The first tree parameters are determined in case of an

inflammatory process and the last two are used for testing antioxidant activity.

Table 1. 2-aryl-thiazole derivatives and their properties

Molecule Formula IF AF NO TOS TAR
5b C31H26N403S; 16.57 | 22.86 577.49 33.54 | 1.0969
+1.51 | £3.02 +96.07 +2.97 |+0.0026

5¢c C31H23F3N403S; 22.57 | 45.71 595.8 31.04 | 1.097
+2.76 | +4.23 +38.61 +3.78 | £0.004

7b CogH23BrN4O2S, 34.57 | 55.43 | 1183.35 | 27.62 | 1.0978
+5.13 | +3.41 | +134.13 | +2.03 |+0.0022

Tc CogH20BrFsN4s02S, | 23.43 | 32.28 | 1121.64 | 40.18 | 1.103
+3.95 | #4.07 | +123.65 | +1.83 | £0.003

Te Co9H20BrFsN4O2S, | 31.14 | 25.14 558.92 35.77 | 1.0963
+4.74 | +4.88 +72.49 +3.3 | +0.006

7f C34H24BrN3;O5S 15.86 | 16.57 580.35 459 | 1.0979
+3.29 | +2.15 +72.28 +2.46 |+0.0023

7h C20H23BrN4O,S; 29.43 | 58.71 1031.16 | 27.27 | 1.1018
+4.12 | +2.21 | +146.91 | +3.52 |+0.0029

7i CogH20BrF3sN40,S2 31 73.28 1228.8 25.92 | 1.104
+3.6 +4.5 +120.04 | +2.64 |+0.0065

7k C29H24N40,S, 28.57 | 42.28 | 1192.44 | 28.04 | 1.0983
+2.99 | +4.23 +49.95 +3.3 |+0.0007

71 Ca9H21F3N40,S, 16.57 | 28.28 888.45 10.98 | 1.0882
+1.51 | £1.38 | £155.09 | +1.36 | +0.002

7m C34H25N305S 30.86 | 47.43 662.32 9.82 | 1.0855
+2.54 | £2.22 | +142.95 +1.1 |+0.0047

70 CogH24N40,S, 27.43 | 62.28 | 1152.59 | 26.66 | 1.0989
+5.09 | #4.53 +79.89 +2.83 [+0.0014

p CogH21F3N402S, 16 19.14 | 1257.04 | 22.57 | 1.0952
+3.51 | £2.54 | £157.09 | +3.44 | +0.001

Tr C34H25N305S 26.28 | 1543 | 1158.25 | 20.35 | 1.0992
+4.82 | +0.79 +91.61 +0.69 |+0.0032

We looked for the best regression equation in modeling all the five
parameters; the best regression equations are listed in the following.

Property: IF.
Monovariate regression:

y = 27.02+0.849xMor13u
R =0.8489; s=1.14; F=30.94

Bivariate regression:
y =21.70-0.31xMATS3m+0.725xMor13u

R =0.8958;s=2.68; F=2235

Trivariate regression:
y = 30.69-0.58xMATS3m-1.7xMor13v+2.20xMor13p

R=0.9481;s=2.73; F=29.64

79



ERIKA TASNADI, CRISTINA MOLDOVAN

Property: NO.
Monovariate regression:
y = 6564.2-0.89xTIC2
R =0.8940; s = 139.58;, F =47.79
Bivariate regression:
y =-9333.75-0.6x1C3+0.475xX[Sh[CfMax[Charge]]]
R =0.9389;s=112.03; F=40.91
Trivariate regression:
y =-22353.63+0.225xATS4p-0.68x1C3+0.628xX[Sh[CfMax[Charge]]]
R =0.9427;s =113.87; F =26.61

Property: AF.
Monovariate regression:
y =-14.33+0.77xR7p+
R=0.7703; s=12.25; F=17.51
Bivariate regression:
= -4.31+0.658%xH2u-0.67xPDS8[Sh[D3D]]
R=0.8829; s=9.42; F=1944
Trivariate regression:
y = 101.94-0.55%xE3u-0.54xPDS10[Sh[D3D]]+1.09xR7p+
R=0.9180;s=8.35; F=17.85

Property: TOS.
Monovariate regression:
y =-333.6+0.87xEEig10d
R=0.8702; s=5.45; F=37.44
Bivariate regression:
y =-278.28+0.741xEEig10d-0.23xMor10v
R =0.8903; s=5.26; F=21.02
Trivariate regression:
y =134.52+0.15xRDF040m-0.4xRDF135u-0.35xWkOp[SzMinSzMax U]
R=0.9473; s=7.23; F=6.03

Property: TAR.
Monovariate regression:
y = 1.22-0.88xGATS2v
R=0.8818; s=0.003; F=41.93
Bivariate regression:
y = 0.96+0.562xEEig10d-0.49xMor10v
R =0.9355; s=0.002; F=38.59
Trivariate regression:
y = 0.96+0.58%EEig10d+0.566xMor10v-1.00xMor10v
R =0.9550; s=0.002; F=3454
Considering that a biological activity is a multi-conditional response, the
models showed a clear correlation between activity and molecular structure,

particularly in bi-and tri-variate equations. The study needs to be continued to
enlarge the data set for a better statistical significance.
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CONCLUSION

The class of 2-aryl-thiazoles is known for various biological activities,
the anti-oxidant and anti-inflammatory included. The present article reported the
modeling of these two bio-activities by using topological indices. Based on the
regression models here presented we can predict the biological activity for
molecules belonging to the same class and not included in the regression
equation.

This theoretical study stand as a support for further experiments in
finding molecules with desired anti-oxidant and anti-inflammatory activity.
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STRUCTURE BASED ALGORITHM FOR CLASSIFICATION OF
MALEIMIDE DERIVATIVES ATP-COMPETITIVE INHIBITORS OF GSK-3

LILIANA M. PACUREANU?, ALINA BORA?,
LUMINITA CRISAN?, LUDOVIC KURUNCZI®

ABSTRACT. The structure based retrospective virtual screening algorithm
employed the docking engine FRED (Fast Rigid Exhaustive Docking) to dock
74 inhibitors (4-aryl-3-anilino-maleimide derivatives) and 1778 decoy molecules
into glycogen synthase kinase-3 3, GSK-3[3, ATP-binding site (PDB code 1Q4L).

The input database of 74 ligands was prepared following the OpenEye
protocol by adding tautomers and ionization states, generating conformers,
and performing charge corrections with AM1BCC option from QUACPAC
software. The protein preparation has been carried out with Chimera software
by deleting water molecules (except water near Thr 138), adding hydrogen and
charges (AM1BCC). The energy component values of the scoring functions were
subsequently submitted to PLS-DA (Projections in Latent Structures, Discriminant
Analysis). The final PLS-DA result contains only the essential energy factors that
describe most accurately the interactions in the ATP binding site. The results
obtained are of better quality than those obtained using the total scores
provided by initial scoring functions in terms of AUC (Area Under Curve) 0.938
(chemgauss2 donor + screenscore rotatable bonds) with respect to 0.887
(chemgauss3). Moreover, the early enrichment of the PLS-DA term at 1%
of the database is 13.514% while for Chemgauss 3 was only 8.108%.

Keywords: molecular docking, Projections in Latent Structures - Discriminant
Analysis (PLS-DA), glycogen synthase kinase-38 (GSK-38)

INTRODUCTION

The identification of selective inhibitors of protein kinases by virtual
screening strategies withdraw much interest in the area of drug discovery
by helping in terms of time and money the high throughput screening (HTS)
experiments [1]. GSK-3 is a serine/threonine protein kinase, discovered as the
enzyme that inactivates the glycogen synthase (GS), the rate limiting enzyme
in glycogen synthesis [2]. Besides glycogen metabolism regulation [2,3], GSK-
3 controls a large number of cellular processes such as microtubule stability [4],
B-catenin degradation [5], protein translation [6], etc.
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Maleimide derivatives have been identified as ATP competitive inhibitors
of GSK-3a at Smithkline Beecham pharmaceutical company by means of a
high throughput screening experiment [7]. GSK-3 inhibition by maleimide
derivatives caused the acceleration of glycogen synthesis in the liver suggesting
the utility of maleimide inhibitors for the treatment of diabetes [3]. Moreover,
additional biological investigations demonstrated that maleimide derivatives
prevent neuronal death through a mechanism that involve, interactions with
tau and B-catenin [8].

Structural characteristics of GSK-3 inhibitors have been investigated
by various techniques including QSAR, docking and ligand based virtual
screening [9,10,11,12,13,14,15].

Our investigation is directed towards a structure-based methodology
due to the availability of X-ray cocrystal GSK-3f3 - maleimide derivative [16].
The high identity (similarity) of human GSK-3a and 8 83% (89%) overall and
91% (97%) of the catalytic domain [17] permitted us to use the X-ray stucture
of GSK3 B to dock the maleimide inhibitors tested in GSK 3a [7]. The docking
algorithm has to check that the chemical compounds make favorable interactions
with the enzyme. Therefore, the set of inhibitors were mixed with a large number
of inactives (decoys) in order to reproduce the real situation.

Scoring functions, as they have been constructed, display a series of
shortcomings, especially high false positive rates. Consensus scoring has been
introduced to counterweight for false positive rates of individual scoring functions.
But the selection algorithm for the right, individual scoring functions represents
the major challenge [18]. Jacobsson et al. [19] have used PLS-DA (Projections
in Latent Structures - Discriminant Analysis) methodology to the total scores of
individual scoring functions in order to improve the performance of individual
scoring functions. In this paper we introduced the PLS-DA methodology [20] to
the variables representing the components of individual scoring functions in
order to get a new combination of terms that will rank more appropriately
the actives with respect to inactives.

Dataset

In our study, a dataset of 74 derivatives of 3-anilino-4-arylmaleimide [7]
(Figure 1) and their biological activity, measured as inhibitory activity ICs, (NM)
evaluated against human GSK 3q, is considered. Our dataset is assembled/
mixed with a decoy set of 1778 molecules (CDK-2 decoys) downloaded from
DUD (Directory of Useful Decoys) [21].

o

Figure 1. The template of maleimide derivatives (see ref 7):
R = H, 2-Cl, 2-OMe, 2-NO,, 3-Cl, 3-OMe, 3-NOg, 4-Cl, 4-OMe, 4-NO,
R1 =H, 3-Cl, 3-OH, 4-OH, 3-CI-40H, 3,5-diCI-4-OH, 3-CO,H, 4-CI-3CO2H, 4-SMe
R2, R3 =H, CH3
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The CDK-2 decoys were chosen on the basis of high similarity of
aminoacid binding sites (85%) of GSK-3 and CDK-2 [16]. In the current study
we assume the decoys are inactive, even not experimentally tested on GSK-3.
Therefore, they probably can be active on this target [21]. The distribution of
drug-like properties of actives and decoys are shown in Table 1.

Table 1. Drug-like properties of actives and decoys

Molecular Rotatable Number of Number of
) Bond hydrogen bond hydrogen bond  MLOGP
Weight
Number donors acceptors
Actives
min 264.3 0 2 4 -3.569
max 575.68 12 5 12 2.773
Decoys
min 298.37 1 0 4 -5.974
max 399.47 11 7 11 4.062

Protein preparation

The crystal structure of GSK-3 3 (PDB entry: 1Q4L) in complex with
inhibitor 2-chloro-5-[[4-(3-chlorophenyl)-2,5-dioxo-pyrrol-3-ylJamino]benzoic
acid was downloaded from the PDB. The active site of the enzyme was
prepared using Chimera package [22] deleting water molecules except
water near Thr 138, that was kept as it mediates the hydrogen bonds to OY
of Thr138 and O of GIn185, [16] adding hydrogens and AM1BCC charges.

Assignment of ionization states and generation of tautomers

Database preparation before virtual screening analysis is important
for the quality of the results. Kirchmaier demonstrated that tautomerism is
essential for the classification of actives in virtual screening experiments [23].
The three-dimensional structures of 74 GSK-3a inhibitors were prepared using
LigPrep 2.2 module of Maestro in the Schrédinger software [24]. For the
ligands, the only reasonable tautomeric forms at pH=7.4+1.5 were selected.

Conformer generation

Conformer generation for ligands and decoys was performed with
Omega version 2.-2.3.2 from OpenEye package [25]. Biologically active
fragment conformations are available in Omega's library. The ligand is split
into fragments and next reassembled according to energetic criteria and the
conformations complying with the energy window and heavy atom root mean
square (RMS) distance were saved. We used an increment-based methodology
for energy window of "5.0, 6.0, 7.0" kcal/mol, and RMS distance of the heavy
atom coordinates for conformer detection of "0.5, 0.4, 0.3" A. The assignments
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of appropriate atomic charges were carried out with QuacPac software [25],
choosing AM1BCC option (AM1 bond charge correction). The resulting conformer
enriched database of actives and decoys was used as input for docking.

Docking procedure

Docking investigation was carried out with FRED (Fast Rigid Exhaustive
Docking) software version 2.2.5 (www.eyesopen.com) [25]. The docking
procedure occurs in two steps: shape fitting and optimization. The ligand is
placed into a 0.5A resolution grid-box incorporating all active site atoms
(including hydrogen atoms) using a smooth Gaussian potential [26]. To score
the ligand in the docking procedure the binding site of GSK-33 was defined
using the reference ligands and an addbox of 4A around the ligand. The best
docked pose per each ligand was saved and seven classical scoring functions
including Chemscore (CS), Chemgauss-2 (CG2), Chemgauss-3 (CG3), Shapegauss
(SG), Screenscore (SC), OEChemscore (OECS), and PLP were used.

PLS-DA analysis

In the present work, we attempted to implement a multivariate statistical
method (PLS DA), with the values of scoring function components as descriptors,
in order to classify the virtual screening results in active and inactive compounds
[27]. PLS is a regression method that works with two matrices, X (e.g., chemical
descriptors) and Y (e.g., biological responses), and has two objectives, namely
to approximate well X and Y, and to model the relationship between them [28].
For PLS DA methodology two classes are defined: the actives (1) and the
inactives (2) according to ligands and decoys.

The energetic component outputs of all scoring functions (see reference
[25]) were submitted to the SIMCA P 9.0 package [29] to perform initially a PCA
(Principal Component Analysis) analysis [30], followed by the PLS DA analysis.

RESULTS AND DISCUSSION

In the first step of PLS DA analysis, a PCA model for the whole X matrix
(N=1852 rows/compounds, and K=32 columns/energetic terms) was performed
and three principal components were obtained. These three principal components
explain 47.7% of the information content of the X matrix and distinguish
very well the actives (in black) from the inactives (in red - Figure 2).

The PLS DA models were further constructed starting from the same X
matrix. In order to improve the PLS DA models, the coefficient sign and VIP >1
(variable influence on projection) were considered as significant. Based on these
criteria, six out of thirty two energetic terms were selected: CG2 Donor
(Chemgauss2 contributions from donors on the ligand interacting with acceptors
on the protein), CG3 Steric (Chemgauss3 steric interactions), CS HB (Chemscore
hydrogen bonds), SC RB (Screenscore rotatable bond), SC Ambig (Screenscore
ambiggous interactions), and SC HB (Screenscore hydrogen bonds). For these
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six energetic terms, all the possible combinations were made and the first
significant combination (CG2 Donor + SC RB) was selected. The sum of these
terms represents the PLS-DA equal weight “mixed” scoring function.

PLE_DAt[1]A2)[3]
Colored according to classes: decoys-red and active -black

Figure 2. Classes of actives (in black) and inactives (in red)

In order to test the performance of the new “mixed” scoring function
against classical scoring functions, the AUC and enrichment factors were
compared. The results of ensemble AUC and enrichments are illustrated in
Figure 3a and 3b.

Al

4 L %]
M AT

0 : i

Figure 3.a) Bar chart showing AUC values obtained
with seven classical and the new ,mixed” scoring functions

The AUC of 0.887 and enrichment factor of 8.108% at 1% of database
show good performances of the classical CG3 at the beginning, but these
results were surpassed by the corresponding values of the “mixed” components
(CG2 donor + SC RB) scoring functions AUC (0.938 and enrichment factor
13.513 % at 1% of database for this combination).
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Enrichirmemt
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Figure 3.b) Enrichment performances at 1%, 2%, 5%, 10% and 25% of the database

Analyzing the classical CG2 and SC scoring functions, AUC is 0.735
and respectively 0.459 while the enrichment factor is 0.011% / 0.011% by the
top 1% database and show low performances, but the donor + rotatable bond
components (CG2 Donor + SC RB) seems to be significant in this combination.

The CG2 Donor energetic term into the “mixed” components scoring
function measures the H-bond interaction energy between ligand and protein.
The SC RB component is a penalty term proportional to the number of rotatable
bonds in the ligand. SC RB is an important term in our situation since a number
of compounds display a considerable number of flexible bonds in the decoys
(up to 11) and ligands (up to 12).

In the top 2% - 25% of the database, the number of detected actives
increases and the largest percentage (93.243%) was retrieved at 25% in
the case of new “mixed” scoring functions.

CONCLUSIONS

Here we reported a promising workflow for structure-based virtual
screening using rigid docking (FRED software) followed by PLS DA analysis.
A new “mixed” scoring function was built. It collects the energy factors from
different scoring functions that illustrate the particular interactions in the GSK3p
site. In this way, the results here reported, are of better quality than those
obtained by using every single scoring function available in the OpenEye
package. The present study enabled us to indentify the optimal protocol for the
highest enrichment of actives in the top 1% to 25% of the database for seven
classical and one “mixed’ scoring function. Therefore, in the following studies the
algorithm for docking scoring aiming at ranking the actives versus decoys will
be based on all possible combinations.
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KEKULE COUNT IN TUC,Cs(R) NANOTUBES

A. R. ASHRAFI?', P. NIKZAD? A. BEHMARAM?®, H. YOUSEFI-AZARI®

ABSTRACT. Counting Kekulé structures is a very difficult problem in chemical
graph theory. Some recent techniques allowed to estimate the lower bound
of this number in certain classes of graphs. In this note a formula for the
number of Kekulé structures in TUC,Cg(R) nanotube is given.

Keywords: TUC,Cg(R) nanotube, Kekulé structure.

INTRODUCTION

Kekulé structures (perfect matchings in graph theory) in benzenoid
hydrocarbons are discussed in the famous book of Cyvin and Gutman [1]. In
physics, the enumeration of Kekulé structures is equivalent to the dimer problem
of rectangle lattice graph in the plane [2]. The Kekulé count of nanostructures
has become interesting subjects of research. Close formulas for the Kekulé
count have been obtained in [3-6].

A graph G consist of a set of vertices V(G) and a set of edges E(G).
In chemical graphs the vertices of the graph correspond to the atoms of the
molecule and the edges represent the chemical bonds. The number of vertices
and edges in a graph will be denoted by |[V(G)| and |E(G)), respectively.

A matching of a graph G is a set M of edges of G such that no two
edges of M share an end-vertex; further a matching M of G is perfect if any
vertex of G is incident with an edge of M. The concept of perfect matching in
graphs coincides with the Kekulé structure in organic chemistry. In this paper we
focus our attention on the number of Kekulé structures in TUC,Cg(R) nanotube
and a close formula is established, see [7-15] for details.

A C,Cs net is a trivalent decoration made by alternating rhombi C,4
and octagons Cg. It can cover either a cylinder or a torus. In some research
papers, some topological indices of TUC,Cg(R/S) nanotubes and TC4Cg(R/S)
nanotori have been investigated [16-22].

In this paper the TUC,Cs(R)[p,q] = TU[p,q] nanotube is considered,
where p and q are the number of octagons in each row and column, respectively.
We explain the methods for computing the number of Kekulé structures in
TUI[p,q] and compute exact formula for the number of Kekulé structures in

‘f Institute for Nanoscience and Nanotechnology, University of Kashan, Kashan 87317-51167, I. R. Iran
Author to whom correspondence should be addressed. (E-mail: ashrafi@kashanu.ac.ir)
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some special case of TUC4Cg(R) nanotubes, see Figure 1 ( notice that the
edges in the left side are affixed to the vertex in the right side of the figure
to gain a tube in this way).

Figure 1. The chemical graph of TU[5,3].

MAIN RESULTS AND DISCUSSION

The aim of this section is to compute the number of Kekulé structures in
TU[p,q] = TUC4Cs(R)[p,q] nanotubes. The edges of rhombus in the molecular
graph of TU[p,q] are called the rhomboidal edges while the other edges are
named octagonal.

LEMMA 1. Consider the molecular graph of TU[p,1] = TUC4Cg(R)[p,1] and
E is a Kekulé structure of TU[p,1] containing a horizontal edge, Figure 2.
Thenc,d¢ Eanda,be E.

it

Figure 2. The molecular graph of TU[4,1].

PROOF. If E contains one of ¢ or d then vertices shown by (x) could not be
select in the matching, a contradiction. So, we must have the following

figure for the matching:

Figure 3. A part of a Kekulé structure without edges ¢ and d.

By considering Figure 3 and the fact that in the upper selected
rhomb, all the vertices must be covered, we have the following scheme for our

Kekulé structure:

Figure 4. A part of a Kekulé structure containing a horizontal edge.

This completes our argument. A
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Corollary. There are exactly two Kekulé structure containing a given horizontal
edge. These are as follows:

Db Gl @ o &

Figure 5. A part of two possible Kekulé structures containing a horizontal edge.

Theorem 1. Suppose K(p,1) denotes the number of Kekulé structures in a
TU[p,1] nanotube. Then we have:

K(pl) = [ 227 +p(22P 277 4 +2%)+ 4 piseven
P 122” +pR¥PH 427 4+ 2%) pisodd

Proof. We first note there are 2% Kekulé structures when we consider only
the rhomboidal edges of TU = TU[p, 1], see Figure 6.

T3

Figure 6. Kekulé structure containing rhomboidal edges.

Clearly, each of the rhomboidal edge can take part to a Kekulé structure
in two schemes. Since the number of rhombi is 2p, we have 220 different
choice for the number of Kekulé structures.

We now apply Lemma 1, to enumerate the Kekulé structures containing
at least one non-rhomboidal edge.

T

Figure 7. A Kekulé structure containing non-rhomboidal edges.

As it is shown in Figure 7, we have 2p — 4 rhombi, each of them
belonging to two Kekulé structures and it is worth mentioning that this
scheme can circulate in p situations. So, in this case we have p2** Kekulé
structures. Figure 8 shows a Kekulé structure when two of the octagonal
edges in a row take part in matching. By lemma 1, we know that no two
incident edges in a row may belong to a Kekulé structure.

ToTT

Figure 8. A Kekulé structure containing two of non-rhomboidal edges in a row.
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At the end, we have a chain (Figure 9) that has two circulations for
each of them. So we have 4 extra Kekulé structures, when p is even.

Db G e

Figure 9. The extra Kekulé structures, when p is even.
This completes our proof. A

Using a similar argument as Theorem 1, one can compute the
number of Kekulé structures of TU[2,q].

Theorem 2. The number of Kekulé structure in TU[2,q] is 4% 57.

Proof. To calculate the number of Kekulé structure in TU[2,q], we first find a
recursive equation for the number of Kekulé structures and then solve it.
Suppose A(q) denotes the set of all Kekulé structures of TU[2,q] and X4 is its
size. From Figure 10, one can see that there are two types of Kekulé
structures for TU[2,q] as follows: the first type Kekulé structures contain both e,
and f; the second type Kekulé structures are those without e4 and f;.
Suppose L; and L, denote the number of Kekulé structures of the
first and second types, respectively. Then from Figure 10, it can easily seen
that Ly = 4x41. Suppose M is a Kekulé structure of the second type. Also,
there are 4x, » Kekulé structures of the second type such that e,,f, ¢ M. Continue
this argument, we can see that X = 4[X4-1 + Xq-2 + ... + X4]. To complete the
proof, we must solve this recursive equation. To do this, notice that Xq1 = 4[Xy2 +
Xg3 + ... ¥ Xq] @nd SO Xq — Xq-1 = 4 X4-1. Therefore, Xq = 5 x X4-1 which implies that
Xq = 5%'x x4. An easy calculation shows that x; = 20 and so Xq =4 x 5% A

Figure 10. The Molecular Graph of TU[2,q].
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From Theorems 1 and 2, we can find an upper and lower bounds for
the number of Kekulé structures of TU[p,q] as follows:

Theorem 3. (4x Sq)% < K(p,q) £ (4x59)7.

CONCLUSIONS

In this paper a simple method enabling to compute the Kekulé
structures of TUC,4Cg(R) nanotubes with a small number of rows or columns
was presented. By this method an upper and lower bound for this number
is also calculated. It is possible to extend our method in view of obtaining
better bounds.
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ON ESTRADA INDEX OF TWO CLASSES OF DENDRIMERS

GHOLAM HOSSEIN FATH-TABAR?, ALI REZA ASHRAFF,
ANTE GRAOVACP°¢

ABSTRACT. Suppose G = (V, E) is a graph. The sequence v4v,...v(v; = v4) is
called a closed walk with length t — 1 in G if v{'s are in V(G) and vyi.1 € E(G).
In this paper, the number of closed walks with length k, C,(G,k), for two
classes of denderimers are computed.

Keywords: Dendrimer, closed walk.-graph spectrum, Estrada index.

INTRODUCTION

Dendrimers are polymeric macromolecules composed of multiple
perfectly-branched monomers radially emanating from a central core,
Figures 1, 2. The number of branching points increases upon moving from
the dendrimer core to its surface and defines dendrimer generations. They
are being investigated for possible uses in nanotechnology, gene therapy,
and other fields [1-5].

In this paper, the word graph refers to a finite, undirected graph without
loops and multiple edges. Suppose G is a graph. The vertices and edges of G
are denoted by V(G) and E(G), respectively. A walk in G is an alternating
sequence of graph vertices and edges such that any subsequent two edges
are adjacent. A closed walk is a walk in which the first and the last vertices are
the same. We encourage to the reader to consult papers [6-11] for background
material, as well as basic computational techniques. Our notation is standard
and mainly taken from the standard book of graph theory [12].

MAIN RESULTS AND DISCUSSION

Let D4[n] and D4[n] be the molecular graphs of the dendrimers depicted
in Figures 1 and 2, respectively. In this section, some formulas are derived for
the number of closed walks of length k, C,,(G,k), where 1 <k <10and G is
one of the molecular graphs D4[n] and D,[n]. For the sake of completeness,
we mention here a well-known theorem in algebraic graph theory as follows:
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THEOREM 1. C,(D+[n], 2k-1) = 0 and C,,(D2[n], 2k-1) = 0.
In the following theorems, the number of walks, of even length, are
computed.

THEOREM 2. C,(D1[n] , 2)= 4 x 3™" — 4 and C(D;[n] , 2) =2 x 3"" - 4,

PROOF. Since for every graph G, C,(G, 2) = 2m we have C(D+[n], 2) =4 x 3™ -4
and Cy(Dy[n] , 2) =2 x 3™ -4,

W
Ny
g h

AN

Figure 1. The Forth Generation of Figure 2. The Forth Generation of
Dendrimer Molecule D4[4] Dendrimer Molecule D,[4]

THEOREM 3. C,(D1[n] , 4) = 48 x 3" + 24 and Cu(Ds[n] , 4) = 24 x 3™ _ 66.

PROOF. Every closed walk of length 4 in the dendrimer molecules D4[n]
and Dy[n] are constructed from one edge or a path of length 2. Therefore,
we must count the following type of sequences:

a) ViVaViVoVs;
b) ViVavavovy;
C) VoV1VaV3Vo.

There are 4= ¥** =4 sequences of type (a) in Dy[n], 2% 3= * =4
sequences of type (a) in Do[n], 24 = 2* & 12 sequences of type (b) in D4[n] and
12 = 3% — 33 sequences of type (b) in D2[n]. So, there are 2+ = 3= + 12 sequences
of type (c) in D4[n] and 12 = 3% — 23 sequences of type (c) in Dy[n]. These facts
imply that C,(D1[n],4) =48 x 3"*" + 24 and C,(DJ[n] , 4) = 24 x 3"*"' - 66.

THEOREM 4. C,(D:[n], 6) = 534 x 3" — 210 and Cy(D2In] , 6) = 144 x 3" — 376.

Proof. We apply a similar argument as in Theorem 1 to count the number of
closed walk of length 6 in D4[n] and D,[n]. Such walks constructed from an edge,
a path of length 2, a path of length 3 or a star S4. The number of closed
walks of length 6 in D4[n] and Dy[n] on an edge is 4= 2% — +and 2 x 3% — 4
respectively. The number of closed walks of length 6 in D1[n] and D,[n] on a path
with length 2 is 144 = 3% — 72 and 72 = 3" — 218, respectively and the number of
closed walks of length 6 in D4[n] and D;[n] on a path with length 3 is
284 = 3" —36and 18 = 3* — 108, respectively. Finally, the number of closed walks
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of length 6 in D4[n] and Dy[n] on a star S, is &+ = 3" =4Zand 48 % 3" = 43,
respectively. Therefore, by a simple calculation, one can see that C,(D4[n], 6) =
534 x 3"-210 and Cy(D,[n] , 6)= 144 x 3" - 376.

THEOREM 5. Suppose k, k = 8, is an even integer. Then
534 x 3" — 210 < C,(D4[n] , k) < 2(4% .3™" — 4%), (1)
144 x 3" — 376 < Co(Do[n] , k) < (4% % 3575 — 47, (2)

PROOF. For proving the left sides of inequalities (1) and (2), we note that C,(G , 2k) >
Cu(G, 2(k-1)), k > 3. Thus C,(G, 2k) > C,,(.&) and so C,(D4[n] , 2k) > C,(D4[n] , 6) =
24 % 3 — 210 and C,(D4[n], 2k) > C(D4[n], 6) = 144 = 2% — Z7&. By an elementary
fact in algebraic graph theory, the number of closed walks of length k connecting
the i-th and j-th vertices of G is equal to the ij-th entry of A", where A denotes the
adjacency matrix of G. Therefore, for an arbitrary eigenvalue 4. we have | | < 4. Thus,
C.(0 Inlk} < 2045 3 37*% = 4¥)and  C (D [nlkl « (@ 235~ g% A similar
argument proves the same for D,[n]. This completes the proof.

Using calculations given above, it is possible to evaluate the Estrada
index of this class of dendrimers. To explain this topological index, we assume
that G is a simple graph on n vertices. The adjacency matrix of G is the n x n
matrix where the entry a; is 1 if vertex i is adjacent to vertex j, otherwise a; is 0.
The eigenvalues of the adjacency matrix of G are said to be the eigenvalues
of G and to form the spectrum of G [13]. A graph of order n has exactly n
eigenvalues not necessarily distinct, but necessarily real-valued. We denote
these eigenvalues by Aq, A,, ..., An. A graph-spectrum-based invariant, recently
proposed by Estrada is defined as EE = EE(G) = E?ﬂa.vf'-'- [14-16]. We
encourage the interested readers to consult papers [17,18] and references
therein for more information on Estrada index and its computational techniques.

THEOREM 6. Consider the molecular graphs of dendrimers D4[n] and D,[n].
Then there are constants ¢;, 1 <i<2x 3™ —1,and d, 1<j< 3™ -1, such that
-4 < ¢, d;< 4 and the Estrada index of these graphs are computed as follows:

1) EEOn) = 353 -5 TR
u 5 gres_g Al et
380 Li=1 C
CORROLAY 7. The Estrada index of dendrimers D4[n] and D,[n] are bounded
above as follows:

1) EEDiln]) < 2237 - Z+ Zaxgmioyg,

2) EE(D.[n]) = ? am

2) EE(Dz[n])<—3“—¥ :‘_’ (31 1),
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NCLUSIONS

In this paper, a simple method enabling to compute the closed walks

of dendrimers was presented. By our calculation it is possible to evaluate

the

Estrada index of these dendrimers. It is possible to extend our method

in other classes of dendrimers.
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COUNTING POLYNOMIALS OF A NEW INFINITE CLASS
OF FULLERENES

MODJTABA GHORBANI*

ABSTRACT. Let m(G,c) be the number of strips of length ¢c. The omega
polynomial was defined by M. V. Diudea as Q(G,X)chm-xc . One can

obtain the Sadhana polynomial by replacing x° with xE in omega

polynomial. Then the Sadhana index will be the first derivative of Sd(G,x)
evaluated at x = 1. In this paper, the Omega and Sadhana polynomials of a
new infinite class of fullerenes is computed for the first time.

Keywords: Fullerene, Omega and Sadhana Polynomials, Sadhana Index.

INTRODUCTION

The discovery of Cgy bucky-ball, which is a nanometer-scale hollow
spherical structure, in 1985 by Kroto and Smalley, revealed a new allotrope
of carbon element other than graphite, diamond and amorphous carbon [1,2].
Fullerenes are molecules in the form of cage-like polyhedra, consisting solely
of carbon atoms and having pentagonal and hexagonal faces. In this paper,
the [4,6] fullerenes 08n2 with tetragonal and hexagonal faces are considered.

Let p, h, n and m be the number of tetragons, hexagons, carbon atoms and
bonds between them, in a given fullerene F. Since each atom lies in exactly
3 faces and each edge lies in 2 faces, the number of atoms is n = (4p+6h)/3,
the number of edges is m = (4p+6h)/2 = 3/2n and the number of faces is
f = p + h. By the Euler's formula n - m + f = 2, one can deduce that
(4p+6h)/3 — (4p+6h)/2 + p + h = 2, and therefore p = 6. This implies that
such molecules, made entirely of n carbon atoms, have 6 tetragonal and
(n/2 — 4) hexagonal faces.

Let G =(V, E) be a connected bipartite graph with the vertex set V = V(G)
and the edge set E = E(G), without loops and multiple edges. The distance
d(x,y) between x and y is defined as the length of a minimum path between
x and y. Two edges e = ab and f = xy of G are called codistant, “e co f, if
and only if d(a,x) = d(b,y) = k and d(a,y) = d(b,x) = k+1 or vice versa, for a
non-negative integer k. It is easy to see that the relation “co” is reflexive and

* Department of Mathematics, Faculty of Science, Shahid Rajaee Teacher Training University,
Tehran, 16785 — 136, | R. Iran; mghorbani@srttu.edu
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symmetric but it is not necessary to be transitive. Set C(e)={fe E(G)|fcoe}.

If the relation “co” is transitive on C(e) then C(e) is called an orthogonal cut
“oc” of the graph G. The graph G is called a co-graph if and only if the edge
set E(G) is a union of disjoint orthogonal cuts. If any two consecutive edges
of an edge-cut sequence are topologically parallel within the same face of
the covering, such a sequence is called a quasi-orthogonal cut qoc strip. Three
counting polynomials have been defined on the ground of goc strips [3-7]:

Q(G,x)=Y.m-x° (1)
O(G,x)=Y.m-c-x° (2)
I[N(G,x)=Y.m-c-x*° (3)

Q(G,x) and O(G,x) polynomials count equidistant edges in G while

I1(G,x) , non-equidistant edges. In a counting polynomial, the first derivative

(in x=1) defines the type of property which is counted; for the three polynomials
they are:

Q(G1)=X,m-c=e=|E(G) (4)
@'(G1)=x.m-c’ (5)
IMI'G,H)=Y . m-c-(e—c) (6)

The Sadhana index Sd(G) for counting qoc strips in G was defined
by Khadikar et al.[8,9] as Sd(G)=2.m(G,c)(|E(G)|—c). We now define the

[E}-c

Sadhana polynomial of a graph G as Sd(G,x)=>.mx""°. By definition of

Omega polynomial, one can obtain the Sadhana polynomial by replacing x°
with x° in Omega polynomial. Then the Sadhana index will be the first
derivative of Sd(G, x) evaluated at x = 1.

A topological index of a graph G is a numeric quantity related to G.
The oldest topological index is the Wiener index, introduced by Harold Wiener.
Padmakar Khadikar [10,11] defined the Padmakar—Ivan (Pl) index as
PI(G) =X eivee@)[m,(e|G)+ m,(e|G)], where m,(e|G) is the number of edges

of G lying closer to u than to v and m,(e|G) is the number of edges of G
lying closer to v than to u. Edges equidistant from both ends of the edge uv
are not counted.

Ashrafi [12,13] introduced a vertex version of Pl index, named the
vertex Pl index and abbreviated by Pl,. This new index is defined as
Pl (G) =X eivee@[Nu(elG)+ n,(e|G)], where n,(e|G) is the number of vertices

of G lying closer to u and n,(e|G) is the number of vertices of G lying closer
to v. If G is bipartite then ny(e|G) + n,(e|G) = n and so, PI,(G) = n |E(G)|.
Throughout this paper, our notation is standard and taken from the standard
book of graph theory [14]. We encourage the reader to consult papers by
Ashrafi et al and Ghorbani et al [15-23].
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RESULTS AND DISCUSSION

The aim of this paper is to compute the counting polynomials of
equidistant (Omega, Sadhana and Theta polynomials) of C8r12 fullerenes with

8n? carbon atoms and 12n? bonds (the graph G, Figure 1, is n=2).

Figure 1. The Fullerene Graph Ca,. Figure 2. The Carbon Nanocone CNCy[1]
with 16 vertices.

Example 1. Suppose Cj, denotes the fullerene graph on 30 vertices,
see Figure 1. Then PIly(Cs3) = 1090 and Q(Cs0,x) = x° + 10x? + 20x.

Example 2. Consider the carbon nanocones G = CNC,4[1] with 16
vertices, Figure 2. Then PI,(G) = 320 and Q(G,x) = 2x* + 4x>.

Example 3. Suppose H is the graph of carbon nanocones CNC,4[2]
with 36 vertices, see Figure 3. Then Pl,(H) = 1728 and Q(H,x) = 2x° + 4x° + 4x".

Figure 3. The Carbon Nanocone Figure 4. C;, obtained from two copies
CNC4[2] with 36 vertices. of CNC4[1].
Example 4. Consider the fullerene C,,, Figure 2. One can see that
PI,(Cs,)=1536 and Q(Ca,,x) = 3x® + 4x°.
Lemma. Consider the fullerene graph C8nz . Then PIy( C8r12 )= 96n".

Proof. Because the graph is bipartite, by above discussion we have:
PI(G)= |[E(G)||V(G) = 96n*.
Consider the fullerene graph 08n2 (Figure 4). Its symmetry group is

isomorphic to a non-Abelian group of order 96. The orders of elements of
its symmetry group are 1, 2, 3, 4 and 6. The center of its symmetry group is
isomorphic with the group C.. In the Appendix one can see how its symmetry
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group can be computed by GAP*' software. We can draw the graph of C8r12

by joining corresponding vertices of two copies of CNC4[n-1]. For example
Cs2is obtained from two copies of CNC,4[1] as follows:

Theorem. O(C_,,x)= 3x*™ + 4(n-1)x".

Proof. By Figure 5, there are two distinct cases of qoc strips. We
denote the corresponding edges by e4, €y, ..., e40. By using Table 1 and
Figure 5 the proof is completed.

Table 1. The number of co-distant edges of g;, 1 <i < 5.

No. Number of co-distant edges Type of Edges
3 4n €1
4(n-1) 3n e

Corollary. Sd(Can'X): gyl2n4n 4(n—1)x12"2*3n_

Figure 5.The graph of fullerene C8 , forn=2.
n

CONCLUSIONS

Fullerenes are molecules in the form of cage-like polyhedra, consisting
solely of carbon atoms. In this paper, by constructing an infinite family of [4,6]
fullerenes, we computed Omega and Sadhana polynomials of them for the
first time.

Appendix(Symmetry Group of Cs;, Fullerene by GAP Software [31]

a:=(1,2)*(3,4)*(5,6)*(7,8)*(9,10)*(11,12)*(13,14)*(15,16)*(17,18)*(19,20)*(2
1,22)*(23,24)*(25,26)*(27,28)*(29,30)*(31,32);

b:=(1,3)*(2,4)*(5,7)*(6,8)*(9,11)*(10,12)*(13,15)*(14,16)*(17,19)*(18,20)*(2
1,23)*(22,24)*(25,27)*(26,28)*(29,31)*(30,32);

c:=(1,4)*(6,7)*(11,24)*(12,22)*(16,30)*(15,32)*(26,27)*(10,21)*(9,23)*(14,2
9)*(31,13)*(18,19);
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d:=(1,2,3,4)*(7,8,6,5)*(21,12,24,9)*(11,22,10,23)*(15,30,14,31)*(16,32,13,2
9)*(27,28,26,25)*(19,20,18,17);G:=Group(a,b,c,d);e:=Elements(G);Print("\n"); Print("
e=",Size(e),"\n");

dd:=[1,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24,25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 64, 65,
66, 67, 68, 69, 70, 71,72, 73,74, 75,76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88,
89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108,
109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125,
126, 127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141, 142,
143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 159,
160, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194, 195, 196, 197, 198, 199, 200,
201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217,
218, 219, 226, 227, 228, 229, 230 J;w:=[;ww:=[J;tt:=[];

foriin dddo
ff:=Elements(SmallGroup(96,i));
for jin ff do

AddSet(w,Order(j));

if w=[1,2,3,4,6] then AddSet(ww,i);fi;
od;w:=[];

od;

foriin ww do

if Size(NormalSubgroups(SmallGroup(96,i)))=12 then
Add(tt,i);

fi;

od;
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GEOMETRIC-ARITHMETIC INDEX: AN ALGEBRAIC APPROACH

HOSSEIN SHABANI?, ALI REZA ASHRAFI, IVAN GUTMAN®

ABSTRACT. The Geometric-Arithmetic (GA) index is a recently proposed
topological index in mathematical chemistry. In this paper, a group theoretical
method for computing the GA index of graphs is presented. We apply this
method to some classes of dendrimers to calculate their GA index.

Keywords: geometric-arithmetic index, dendrimer

INTRODUCTION

A molecular graph is a simple graph such that its vertices correspond
to the atoms and the edges to the bonds. Note that hydrogen atoms are
often omitted. By IUPAC terminology, a topological index is a numerical value
associated with a chemical constitution purporting for correlation of chemical
structure with various physical properties, chemical reactivity or biological
activity [1-3]. The name “topological index” was first used by Hosoya [4], in
connection with his Z index, which he used for characterizing the topological
nature of graphs.

A dendrimer is generally described as a macromolecule, which is
built up from a starting atom, such as nitrogen, to which carbon and other
elements are added by a repeating series of chemical reactions that produce
a spherical branching structure. In a divergent synthesis of a dendrimer,
one starts from the core (a multi connected atom or group of atoms) and
growths out to the periphery. In each repeated step, a number of monomers
are added to the actual structure, in a radial manner, resulting in quasi
concentric shells, called generations. In a convergent synthesis, the periphery
is first built up and next the branches (called dendrons) are connected to the
core. The stepwise growth of a dendrimer follows a mathematical progression
and its size is in the nanometer scale [5-7].

We now recall some algebraic notations that will be used throughout.
Suppose G is a graph with vertex and edge sets V(G) and E(G), respectively. If e
is an edge of G, connecting the vertices u and v then we write e = uv. For each
vertex a and b, d(a,b) denotes the length of a minimal path connecting them.
The eccentricity of a vertex X, &Xx), is defined as the maximum of {d(y,x) | y O V(G)}.

@ Department of Mathematics, Statistics and Computer Science, Faculty of Science, University of
Kashan, Kashan 87317-51167, I. R. Iran
b Faculty of Science, University of Kragujevac, P. O. Box 60, 34000 Kragujevac, Serbia
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Following VukiCevi¢ and Furtula [8], the GA index of a molecular graph G

s defined as GA(G) = X x ¢, ocaU)deg(V)
deg(u) + deg(v)
degree of vertex u in G and the sum is taken over all edges e = uv of G. We
encourage the interested readers to consult the papers [9-16] for other
variants of this new topological index and their mathematical properties, as
well as the reviews [17,18].
In the present article, we continue our works on computing the
topological indices of dendrimers [19-21]. Our notation is standard and
mainly taken from the standard books of graph theory.

, where deg(u) denotes the

RESULTS AND DISCUSSION

The GA index of a molecular graph G is based on ratio of the
geometric and arithmetic mean and can be computed by considering the
automorphism group of G. One method to calculate this topological index
efficiently is to use group theory and in particular the automorphism group
of the graph [23-26]. An automorphism of a graph G is an isomorphism of
G with itself and the set of all such mappings is denoted by Aut(G).

Abstract

Figure 1. The All-Aromatic Dendrimer DNS;[1] and DNS,[3], respectively.

Figure 2. The Wang's Helicene-Based Dendrimers DNS,[2] and DNS,[3], respectively.

In mathematics, groups are often used to describe symmetries of
objects. This is formalized by the notion of a group action: every element of
the group "acts" like a bijective map (or "symmetry") on some set. To clarify
this notion, we assume that /" is a group and X is a set. [" is said to act on X
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when there isamap @: " X X O - X such that all elements x O X, (i) ¢e,x) = x
where e is the identity element of I, and (i) ¢g, ¢#h,x)) = ¢gh,x) for all g,h O I".
In this case, I" is called a transformation group; X is called a I" -set, and gis
called the group action. For simplicity we define gx = ¢(g,x).

In a group action, a group permutes the elements of X. The identity
does nothing, while a composition of actions corresponds to the action of the
composition. For a given X, the set {gx | g O I'" }, where the group action moves
X, is called the group orbit of x. The subgroup which fixes is the isotropy
group of x.

Let H and K be two groups and K acts on a set X. The wreath
product H~K of these groups is defined as the set of all order pair (f ; k),
where k DK and f: X - H is a function such that (f; ; ky).(f ; ko) = (9 ; kika)

and g(i)= fl(i)fz(iKZ).
In the following simple lemma a formula for computing the GA index
of a graph based on the action of Aut(G) on E(G) is obtained.

Figure 3. Some Elements of E;; , Ei», Eiz, Ei4 and .

Lemma. Consider the natural action of Aut(G) on the set of edges

k 2./deg(u )deg(v.
containing orbits E;, E,, ..., E,. Then GA(G)= | E | \/ eg(y )deg(v;) 1

= deg(y )+deg(v )
where u,v; is an edge of the i-th orbit. In particular, if the action is transitive

and e=uv is an edge of G then GA(G)=| E(G) | 2/ deg(u)deg(v) :
deg(u) + deg(v)
Proof. By definition, for each edge e;=uv and e,=xy in the same
orbit O, there exists an automorphism f such that (f(u)=x & f(v)=y) or (f(u)=y &

2\/deg(u)deg(v) = 2\/deg(x)deg(y) . Since E(G) is partitioned by
deg(u) +deg(v)  deg(x)+deg(y)

2deg(u)degy) _ ¢ |2Jdeg(ui )deg(v )
"5 deg(u)+deg(v) 1= deg(y )+deg(v;)

f(v)=x). Thus

This

orbits, GA(G)= i‘,Z

completes the proof.
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We are now ready to calculate the GA index of dendrimers depicted
in Figures 1 to 3. We have:

Theorem. The GA indices of dendrimers depicted in Figures 1 and
2 are as follows:

1. GA(DNS[n]) =9x2" +24(2" -1)4/6/5-3,
2. GA(DNS,[N]) = 2"(22+16v6/5+ 24/3) - (2" —1)(19+ 24/6 / 5+ 24/3)
+ (\/§ =-1.

Proof. To compute the GA indices of these dendrimers, we first
compute the number of their vertices and edges as follows:

[V(DNS;[n])| = 18 x 2™* — 12; [V(DNS,[n])| = 27x2™* — 1
[E(DNSy[n])| = 21 x 2™ — 15; |E(DNS[n])| = 33(2""* - 1)

Next we compute the automorphism group of DNS;[n]. To do this,
we assume that T[n] is a graph obtained from DNS4[n] by contracting each
hexagon to a vertex. The adjacencies of these vertices are same as the
adjacencies of hexagons in DNS;[n]. Choose the vertex X of T[n], associated
to the central hexagon, as root. Label vertices of T[n] adjacent to xo by 1, 2 and
3; the vertices with distance 2 from xq by 4, 5, 6, 7, 8, 9; the vertices with
distance 3 from x, by 10, 11, 12, ..., 21; ... and vertices with distance n
from xo by 3 x (2"-1) + 1, ..., 3 x (2™!-1). Set X = {1, 2,..., 3x(2™*-1)}. Then
Ssactson X ={1, 2, ..., 3x(2"-1)} and the automorphism group of DNS4[n] is
isomorphic to Z, ~ Sz, obtained from above action, see Figure 3. Suppose
AUt(DNSl[n]) acts on E(DNSl[n]) and EO,01 El,l , E1,2 , E1‘3 , E1,4 ) ey En,l s
En2, Ens, Eng are orbits of this action. We also assume that H is the central
hexagon and Eg is the set of all edges of H. To obtain the edges E;, E;,,
Eis, Ei4 we use the following algorithm:

1. E;,is the set of all edges e = uv such that d(u,H) = 3i — 3, d(v,H) =

3i — 2 and deg(u) = deg(v) = 3, where for each subset Y I V(DNS;[n]),

d(u,Y) = Min{d(u,b) | b Z7Y}.

2. Ei, is the set of all edges e

uv such that d(u,H) = 3i — 2 and

d(v,H) =3i—1.
3. Eis is the set of all edges e = uv such that d(u,H) = 3i — 1 and
d(v,H) = 3i.

4. E;,is the set of all edges e = uv such that d(u,H) = 3i, d(v,H) = 3i + 1,

deg(u) = 3 and deg(v) = 2.

Obviously, for DNS,[n] if e = uv O E;; then

2,/deg(u)deg(V) _ 1 i=1
deg(u)+deg(v) |2V6/5 =234

and |Ei,| = |Eis| = |Eia] = 6 x 2. This completes the proof of (1). To

prove 2, it is enough to consider the action of the group Aut(DNS;[n])

Moreover, |Eii| = 3 x 27

110



GEOMETRIC-ARITHMETIC INDEX: AN ALGEBRAIC APPROACH

on E(DNS;[n]) and use a similar method as given the case 1. Notice
that in this case the automorphism group Aut(DNS,[n]) is isomorphic
to the wreath product Z, ~ Z,, where Z, acts onthe set Z ={1, 2, ...,
2"-1}.
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CLUJ AND RELATED POLYNOMIALS IN TORI

MIRCEA V. DIUDEA®, CSABA L. NAGY?,
PETRA ZIGERT®, SANDI KLAVZAR"*

ABSTRACT. Cluj polynomials are defined on the unsymmetric Cluj matrices
or by a cutting procedure, as the counting polynomials which collect the
vertex proximities in the graph. On these proximities, two Cluj polynomials
CJS and CJP and the Plv polynomial can be defined. Formulas for these
counting polynomials are derived in case of tori of several tessellation.

Keywords: Cluj polynomial, counting polynomial, torus

INTRODUCTION

Let G=G(V,E) be a simple graph, with no loops and multiple edges
and V(G), E(G) be its vertex and edge sets, respectively.

A graph G is a partial cube if it is embeddable in the n-cube O ,
which is the regular graph whose vertices are all binary strings of length n,
two strings being adjacent if they differ in exactly one position [1]. The distance
function in the n-cube is the Hamming distance. A hypercube can also be
expressed as the Cartesian product: O, =W K,

For any edge e=(u,v) of a connected graph G let n,, denote the set
of vertices lying closer to u than to v: n,, ={we V(G)|d(w,u)<d(w,v)}. It

follows that n,, ={we V(G)|d(w,v)=d(w,u)+1}. The sets (and subgraphs)

induced by these vertices, n,, and n,, , are called semicubes of G, the
semicubes are called opposite semicubes and are disjoint [2,3].
A graph G is bipartite if and only if, for any edge of G, the opposite

semicubes define a partition of G: n,, +n,, =v= |V(G)|. These semicubes

are just the vertex proximities (see above) of (the endpoints of) edge e=(u,v),
which CJ polynomial counts. In partial cubes, the semicubes can be estimated
by an orthogonal edge-cutting procedure. The orthogonal cuts form a partition
of the edges in G:
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E(G)=c,uc,u...uc,c;ne =D,i# .

To perform an orthogonal edge-cut, take a straight line segment,
orthogonal to the edge e, and intersect e and all its parallel edges (in a
plane graph). The set of these intersections is called an orthogonal cut ci(e)
with respect to the edge e. An example is given in Table 1.

To any orthogonal cut ¢, two numbers are associated: first one is
the number of edges e, =|cy| intersected by the orthogonal segment while
the second (in round brackets, in Figure 1) is v, or the number of points
lying to the left hand with respect to c.

Because in bipartite graphs the opposite semicubes define a partition
of vertices, it is easily to identify the two semicubes: n,,= v, and n,,= v-v, or
vice-versa.

The present study is focused on three counting polynomials of which
coefficients can be calculated from the graph proximities/semicubes.

3 CJS(x) = 3:2:3(+x " 21)+ 3-2:6(x'®+x" %)+
\7< \%\ 7( 32 8(x31+x95)+ 3:2:8(x"+x%)+
C6(16) 63
‘

3-1-8(x%%+x%)

caton  CUS'(1)=21924; CJ, S”(1) = 1762320
3 Pl,(x) = 3-2-3(x 5 121)+ 3.2. 6(X16+110)+
— C82(47) 3-2-8(+%)+ 3-2-8(x"7+7%)+

3-1-8(x%+°%)
ces@ Pl (1) = 21924; Pl,(1) = 2740500
CJP(x) = 3 2 3g 21+ 3-2:6(x"% 1%+

| WV\/\/Q@%\/ 32 8(x47 9)+3 1- 8(x63-63)

: - C8161) : ’
INZ NN NN o CJP'(1) = 489090=CJP(G)= SZ,(1)
4 IN/X

| C3(s)

Figure 1. Cutting procedure in the calculus of several topological descriptors.

COUNTING POLINOMIALS OF PROXIMITY

According to the mathematical operations used in composing the
edge contributions, these polynomials can be defined as [4]:

(i) Summation; the polynomial is called Cluj-Sum and is symbolized
CJS -Diudea et al [5-9].

CJS(x) = ze(ka + X"V ) (1)

(i) Pair-wise summation; the polynomial is called P/, (vertex-Padmakar-
Ivan [10]) - Ashrafi et al [11-14].

Pl,(x)=Y x"%) (2)
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(iii) Pair-wise product; the polynomial is called Cluj-Product (and
symbolized CJP) [4,8,15-19] or also Szeged (and symbolized SZ) [12-14]:

CJP(x)=SZ(x)=Y x"«V%) (3)

Their coefficients can be calculated from the graph proximities /
semicubes as shown in Figure 1: the product of three numbers (in the front
of brackets — right hand of Figure 1) has the meaning: (i) symmetry of G;
(i) occurrence of ¢ (in the whole structure) and (iii) ex.

The first derivative (in x=1) of a (graph) counting polynomial provides
single numbers, often called topological indices.

Observe that the first derivative (in x=1) of the first two polynomials
gives one and the same value (Figure 1), however, their second derivative
is different and the following relations hold in any graph [4,7].

CJS' (1) =PL'(1); CIS'(1) = P1 (1) (4)

The number of terms, given by P(1), is: CJS(1)=2e while PI(1)=e
because, in the last case, the two endpoint contributions are pair-wise summed
for any edge in a bipartite graph.

In bipartite graphs, the first derivative (in x=1) of Pl,(x) takes the
maximal value:

Pl (1)=e-v=E(G)|-|V(G)]| ()

It can also be seen by considering the definition of the corresponding
index, as written by lli¢ [20]:

PIV(G): Plv,(1): Z n,, +n,,= |V| |E| - Z m,,

e=uv e=uv (6)
where n,,, n,, count the non-equidistant vertices with respect to the
endpoints of the edge e=(u,v) while m(u,v) is the number of equidistant
vertices vs. u and v. However, it is known that, in bipartite graphs, there are
no equidistant vertices, so that the last term in (6) will disappear. The value
of PI(G) is thus maximal in bipartite graphs, among all graphs on the same
number of vertices; the result of (5) can be used as a criterion for the “bipatity”
of a graph [6].

The third polynomial is calculated as the pair-wise product; notice
that Cluj-Product CJP(x) is precisely the (vertex) Szeged polynomial SZ,(x),
defined by Ashrafi et al. [12-14] This comes out from the relations between
the basic Cluj (Diudea [16,21,22]) and Szeged (Gutman [22,23]) indices:

CJP'(1)= CJDI(G) = SZ(G) = SZ, (1) (7)

All the three polynomials (and their derived indices) do not count
the equidistant vertices, an idea introduced in Chemical Graph Theory by
Gutman [23].
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CLUJ POLYNOMIAL IN (4,4), (6,3) AND ((4,8)3) COVERED TORI

In bipartite regular toroidal objects of (4,4), (6,3) and ((4,8)3) tessellation
[26,27] (Figure 2) the Cluj and related polynomials (i.e., polynomials counting
non-equidistant vertices) and their indices show very simple forms, as given in
Table 1. The formulas were obtained by cutting procedures similar to that
presented in the introductory section. Note that the studied tori are non-twisted
and (with some exceptions) all-even parity of the net parameters [c,n].

Figure 2. Tori of (4,4); (6,3) (top row) and
((4,8)3)S, ((4,8)3)R (bottom row) covering.

Table 1. Cluj counting polynomials and indices in regular toroidal structures.

CJIS(x)=e(x"* +x"%)

CIS(W)=e(v/2+v/2)=e-v=2(cn)’

Plv(x)ze(XV/2+V/2):€'xv

PI/()=e-v=CJ,S'(1)

CJP(}C) = SZ(x) — e(x\//2<v/2)

CIP (D) =e(v/2-v/2)=e(v/2)

=(1/2W =(1/2)(cn)’
v=cn;e=(d/2)

[c,n] v e Pl,(x) CJS(x) cJS’(1) sz(1)
(4,4); d=4

10,10 100 200 200x'%° 400x*° 20000 500000
12,14 168 336 336x'% 672x% 56448 2370816
10,20 200 400 400x2%° 800x'%° 80000 4000000
10,50 500 1000 1000x°%° 2000x%° 500000 62500000
(6,3); d=3

H 8,8 64 96 96x%* 192x32 6144 98304
H 8,10 80 120 120x%° 240x*° 9600 192000
V 8,26 208 312 312x%%8 624x'%4 64896 3374592
V 8,32 256 384 384x2% 768x'%8 98304 6291456
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[e,n] v e Pl,(x) CJS(x) cJS'(1)  SZ(1)
((4,8)3)S; d=3
20,20 (m=1) 400 600 600x*%° 1200x°%° 240000 24000000
28,42 (m=1) 1176 1764 1764x""7° 3528x°8 2074464 609892416
5,10 (m=8)" 400 600 600x*%° 1200x2%° 240000 24000000
7,21 (m=8) 1176 1764 1764x""7 3528x°% 2074464 609892416
((4,8)3)R; d=3
10,10 (m=4) 400 600 600x*%° 1200x°%° 240000 24000000
10,20 (m=4) 800 1200 1200x%° 2400x*° 960000 192000000
14,21 (m=4)" 1176 1764 h 176):‘11‘17:2+ 1764x°% + 1764x°™* 2049768 595428792

294X1148

? net design by Leyo; (m=8)
® het designed by Le; (m=4); in case c,n=o0dd, the graph is non-bipartite

CLUJ POLYNOMIAL IN NAPHTHYLENIC TORI

The naphthylenic pattern [28,29] is an analogue of phenylenic (6,4)
pattern [30-32] it shows the ring sequence (6,6,4). Naphthylenic structures
can be designed either by a cutting procedure (see above) or by using the map
operation sequence: Le(Le(G)), applied on the square tessellation (4,4)
embedded in the torus [28,29] We stress that Leapfrog Le operation performed
on (4,4) results in the ((4,8)3)R tessellation, with the quadrilaterals disposed
as rhombs R. A second iteration of Le operation will provide the naphthylenic
pattern [28] eventually named H/VNPX, with the local signature: (4,6,8):
(0,4,0);(1,3,2);(0,8,0), Figure 3, left.

Figure 3. Isomeric Le(((4,8)3)R[6,18]) and Le(((4,8)3)S[12,36]) objects;
Vv=1296; e=1944

Formulas to calculate Cluj and related polynomials, and derived

indices as well, in toroidal structures designed by Le(T((4,8)3)R), are given
in Table 2. Examples are given at the bottom of the table.
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Table 2. Cluj counting polynomials and indices in Le(Le(4,4))=Le(T((4,8)3)R)
toroidal structures; c=even; Signature: (4,6,8): (0,4,0);(1,3,2);(0,8,0); m=12.
(c=0dd; non-Bipartite)

CJS(x) — (v/ 3)(xv/2+[a+18(c—4)/2] 4 xv/2—[a+l8(c—4)/2]) 4
(2v / 3)(xv/2+[13+10(c74)/2] + xv/27[13+10(c74)/2]) +
v/ 2)(x"* +x"%);
k=1a=27, k>1l;a=31, k=n/c

CIS()=e-v=(3/2)-v* =216k’c*; k=1,2,..

Pl (x)=e(x"""*)=¢-x"

PI/()=e-v=CJ,S'(1)

CJP(x) — (v/3)(x{v/2+[a+18(c—4)/2]}{v/Z—[a+18(c—4)/2]})+

v/ 3)(x<v/2+[13+10(674)/2]‘,.’v/27[13+10(674)/2]} )+

v/ 2)(";

k=lLa=27, k>l,a=31; k=n/c
CJP (1L,k >1)=SZ'(1) = 4kc* (162k*c* —131c” +230c —123)
CIP (Lk=1)=8Z'(1) = 4c*(162¢* —131c* +302¢ — 179)
v=12ke*; k=nlc=12,..

e=3/2)w
(c.n) CJS(x) CJS(1) SZ(1)
v, e
(4,8) 128x%%% + 256x°%° + 384x'% + 221184 21067392
384; 576 256x"70 + 128x"®"
(6,18) 432x%97 + 864x°™" + 1296x°° + 2519424 814799088
1296; 1944 864x°%° + 432x°%°
(8,8) 256x*7 + 512x*"7 + 768x3%4 + 884736 168295680
768; 1152 512x>°" + 256x°%
(10,40) 1600x2*8° + 3200x**** + 4800x**%° + 34560000 41454523200
4800; 7200 3200x%*%7 + 1600x%"°

When Le operation is applied to the ((4,8)3)S tessellation (with the
quadrilaterals disposed as squares S) the resulted naphthylenic pattern will

show the quadrilaterals disposed as rhombs (Figure 3, right).

As can be seen, the two series show the same tessellation signature
(see above) and differ only in the embedding, thus resulting different classes
of equivalence and corresponding polynomial terms. The first derivative CJS™(1)
values are the same in isomeric structures (Tables 2 and 3, the first three rows,
next last columns), as a consequence of the bipartity; also it can be considered
as a case of (summation operation) degeneracy. In the opposite, the first
derivative SZ'(1) shows different values (Tables 2 and 3, last columns), the

multiplication operation involved being a stronger discriminating operation.
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In series Le(TH((4,8)3)S), c=even, the case c=4m shows the smallest
number of polynomial terms. In series Le(TH((4,8)3)R), c=even, there is no such
a limitation; however, in case c=odd of this series, the graphs are non-bipartite
and the polynomials show increased number of terms.

Table 3. Cluj counting polynomials and indices in Le(TH((4,8)3)S) toroidal structures,
c=even. Signature: (4,6,8): (0,4,0);(1,3,2);(0,8,0); m=3; (c=odd; Bipartite)

CJS(x) = (v / 6)(xv/2+[24+15(m—1)+12(k—1)(m+1)] + xv/2—[24+15(m—1)+12(k—1)(m+1)]) n
(v 3)(x" O]y 211D 2D D]y
v/ 6)(xv/2+[12+9(m71)] " xv/27[12+9(m—])]) "
(v/3)(xv/2+[4+5(m—1)] +xv/2—[4+5(m—1)])
(v/2)(xV/2 " xv/Z);
k=n/c, m=(c—-4)/4
CIS(N=e-v=(3/2)-v'=(27/2k’c*; k=12,..
PI(x)= e(xv/2+v/2) —e x"
PI/()=e-v=CJ,S'(1)
CIP(x)=(v/ 6)(x{v/2+[24+15(m4)+]Z(kfl)(m+1)]}.{V/2,[24+15(,,,,])”2(](,1)(,”“)]} )+
(v / 3)(x{v/2+[16+1l(m—1)+12(k—1)(m+1)]>-{v/2—[16+11(m—1)+12(k_1)(m+1)]}) "
(V/6)(x{v/2+[12+9(m—1)]}-{v/Z—[12+9(m—l)]})+

v / 3)(x{v/2+[4+5(m—1)]}»{v/2—[4+5(m—1)]} )

(V/z)(x(v/Z)»(v/Z)).
k=n/c;, m=(c—-4)/4
CJP ()= S8Z'(1) = (k¢* /16)(162k*c* —216k°c* —12ke* = T1c” +
864kc + 480c —1728)
v=3ke*; k=nlc=12,..

e=3/2)
(c,n) CJS(x) CJS(1) SZ(1)
Vv, e
(8,16) 64x24° + 128x7% + 64x%™* + 128x'% + 384x"9% + 221184 20870144
384; 576 128x"%8 + 64x"®° + 128x"%% + 64x™*
(12,36) 216x" + 432x77 + 216x%%° + 432x%°7 + 1296x*® + 2519424 809267760
1296: 1944 432x5%° + 216x%27 + 432x%° + 216x>%7
(16,16) 128x*%8 + 256x*22 + 128x*™* + 256x°% + 768x%%* + 884736 168961024
768:; 1152 256x°70 + 128x3%* + 256x34¢ + 128x>%°
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CLUJ POLYNOMIAL IN TiO, TORI

After the discovery of carbon nanotubes many researchers addressed
the question about the possible existence of nano-tubular forms of other
elements and they tried to obtain inorganic nanostructures [33-35]. Among
numerous oxide nanostructures, the titanium nanotubular materials are of high
interest due to their chemical inertness, endurance, strong oxidizing power,
large surface area, high photocatalytic activity, non-toxicity and low production
cost. The application of TiO, nanotubes to photocatalysis, in solar cells, as
nanoscale materials for lithium-ion batteries and as gas-sensing material
was discussed in the literature [36-42]. The nanotubes were synthesized using
various precursors [41-47], carbon nanotubes, porous alumina or polymer
membranes as templates [40-56] fabrication by anodic oxidation of Ti [57-59],
sol—gel technique [60-64] and sono-chemical synthesis [65]. Models of possible
growth mechanisms of titanium nanotubes are discussed [48,49,64] but the
details of the atomic structure of the nanotube walls and their stacking mode are
unknown. TiO, nanotubes are semiconductors with a wide band gap and their
stability increases with increasing of their diameters. The numerous studies
for the use of nanotubular titania in technological applications require a lot of
theoretical studies of stability and other properties of such structures. Theoretical
studies on the stability and electronic characteristics of TiO, nanostructures
were presented in ref. [66-68].

The titanium nanostructures on study below can be achieved by map
operations: the sequence consists of Du[Med(G)], applied on polyhex tori or
tubes (Figure 4).

Formulas for calculating Cluj and related polynomials, in toroidal
TiO, structures, are given in Table 4.

Figure 4. TiO, covering embedded in the torus, designed by Du(Med(H(6,3)[c,n]))
Table 4. Cluj and Related Polynomials in TiO, Tori

CJS(x) = e(x +x) v=(3/2)cn
' =3cn
CJS (I)Ze(eka +ekh)=€'v=(1/2)e2 e
PL(x) = e(x*") = e x" e =ek+(k—=1)(c/2)
' ey =6, +C
PI,(D=e(e, +e;)=ev=CJS1)
CJP(x)kz SZkzx) — e(xeku'ekb) e = c2 _(C / 2) (C / 2+ 1)
k=n/c

CIP()=e(e,,-e,)=e(c/4)’(3n—2)(3n+?2)
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Tori CJS(x) cJs(1) CJP(x) cJP(1)
H[10,10] 300x"°+300x*° 45000 300x°%%° 1680000
H[10,20] 600x"45+600x"%° 180000 600x>247° 13485000
H[10,30] 900x?%° + 900x>*° 405000 900x>°6%° 45540000
H[12,14] 504x'%° + 504x'%? 127008 504x %840 7983360
V[8,10] 240x°® + 240x** 28800 240x%°% 860160
V[10,20] 600x'**+600x'%° 180000 600x>247° 13485000
V[10,30] 900x*2°+900x**° 405000 900x>°6%° 45540000
V[10,50] 1500x%"°+1500x>%° 1125000 1500x 40600 210900000
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WIENER INDEX OF MICELLE-LIKE CHIRAL DENDRIMERS

HASSAN YOUSEFI-AZARI**, ALI REZA ASHRAFI"*,
MOHAMMAD HOSSEIN KHALIFEH?®

ABSTRACT. A map taking graphs as arguments is called a graph invariant
or topological index if it assigns equal values to isomorphic graphs. A dendrimer
is an artificially manufactured or synthesized molecule built up from branched
units called monomers. In this paper, the Wiener index of the micelle-like chiral
dendrimers is computed.

Keywords: Micelle-like chiral dendrimer, molecular graph, Wiener index.

INTRODUCTION

The basic assumption for all molecules based hypothesis is that
similar molecules have similar activities. This principle is also called Structure-
Activity Relationship (SAR). Quantitative Structure Activity Relationship,
QSAR, is the process by which a chemical structure is quantitatively correlated
with a well defined process, such as biological activity or chemical reactivity.

In mathematical chemistry, molecules are often modeled by graphs
named “molecular graphs”. A molecular graph is a simple graph in which
vertices are the atoms and edge are bonds between them. A topological
index for a molecular graph G is a numerical value for correlation of chemical
structure with various physical properties, chemical reactivity or biological
activity [1]. The Wiener index [2] is the first topological index introduced by
Harold Wiener. This index is defined as the sum of all topological distances
between the pair vertices. In an exact phrase, if G is a graph and d(x,y)
denotes the length of a minimal path connecting vertices x and y of G then

W(G) = Z{x’y}g(G)d(x, ) will be the Wiener index of G.

Nano-biotechnology is a rapidly advancing area of scientific and
technological opportunity that applies the tools and processes of nanofabrication
to build devices for studying biosystems. Dendrimers are among the main objects
of this new area of science. Here a dendrimer is a synthetic 3-dimensional
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macromolecule, prepared in a step-wise fashion from simple branched monomer
units, the nature and functionality of which can be easily controlled and varied.
The aim of this article is a mathematical study of this class of nano-materials.
Cyclopropane and its derivatives are among the most intensely structurally
studied molecules. Triangulanes are hydrocarbons consisting of spirofused
cyclopropane rings. They are one of the most exotic groups of cyclopropane
derivatives. Many of them show fascinating chemical, physical and sometimes
biological properties [3].

Diudea and his co-workers [4-12] was the first scientist which considered
the topological properties of nanostructures. After leading works of Diudea,
some researchers from China, Croatia, Germany, India, Iran, Italy and UK
continued these programs to compute distance-based topological indices of
nanostructures [13-24].

MAIN RESULTS AND DISCUSSION

Consider the molecular graph of micelle-like chiral dendrimer G[2]
depicted in Figure 1(c). We extend this molecular graph to the case that
there exists a maximal chain of length n from the core to the end hexagon
and denote its molecular graph by G[n]. The aim of this section is to
compute the Wiener index of this class of dendrimers.

(d)

Figure 1. a) The Core of Micelle-Like Chiral Dendrimer G[n]; b) The Molecular
Graph of G[0]; ¢) The Molecular Graph of G[2]; d) A Branch of G[2].
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Let G be a simple molecular graph without directed and multiple
edges and without loops, the vertex and edge-sets of which are represented
by V(G) and E(G), respectively. A path of length nin G is a sequence of n + 1
vertices such that from each of its vertices there is an edge to the next
vertex in the sequence. For two vertices x and y of G, d(x,y) denotes the
length of a minimal path connecting x and y. A graph G is called connected,
if there is a path connecting vertices x and y of G, for every x, y € V(G).

Suppose X is a set, X;, 1 <i <m, are subsets of X and F = {Xi}1<i<m is

a family of subsets of X. If X/'s are non-empty, X =UZ, X; and X; N X; =9,

i #j, then F is called a partition of X. If G is not connected then G can be
partitioned into some connected subgraphs, which is called component of
G. Here a subgraph H of a graph G is a graph such that V(H) < V(G) and
E(H) < E(G). A subgraph H of G is called convex if x, y € V(H) and P(x,y) is
a shortest path connecting x and y in G then P is a subgraph of H.

Let’s start by computing the number of vertices and edges of G[n].
From Figure 1(c), one can easily seen that this graph can be partitioned
into four similar branches Figure 1(d) and a core depicted in Figure 1(a).
Suppose a, and b, denote the number of edges and vertices in each branch of
GIn], respectively. Then a, = 9 x 2" — 8 and b, = 2" — 6. By Figure 1, one
can see that |V(G[n])| = 4b, + 34 = 2"*® + 10 and |E(G[n])| = 9 x 2" + 9.

A graph G is called to satisfy the condition (*) if G is connected and
there exists a partition {F}1«« for E(G) such that for each i, G — F; has
exactly two components, say G;; and G;,;, where they are convex subgraphs
of G. The following theorem? is crucial in our calculations.

Theorem 1. If G satisfy the condition (*) then W(G)= Zf:1| V(GiDIxIV(Gia)l.

We are now ready to prove our main result. To do this, we first define
the notion of parallelism in a graph. The edge e; = xy said to be parallel with
edge e, = ab, write e || ey, if and only if D(x,ab) = D(y,ab), where D(x,ab) =
min{d(x,a),d(x,b)} and D(y,ab) is defined similarly. In general this relation is
not an equivalence relation; even it is not symmetric or transitive. But it is
an equivalence relation in the edges of graph G[n] (by a few mathematical
background one can see that this equivalence relation defines a partition on
E(G[n]) each part being an equivalence class). The equivalence class of G[n]
containing the edge e is denoted by [e]. So G[n] satisfies condition (*).

Theorem 2. The Wiener index of G[n] is computed as follows:

W(G[n])= (?n + 61]2”*8 + 3(n + §j4”+6 +1189.
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Proof. Consider the parallelism relation “||” on the edges of G[n]. Since “||”
is an equivalence relation on E(G), E(G) can be partitioned into equivalence
classes. From Figure 1(c), there are two equivalence classes of size 3 and
other classes have sizes 1 or 2. It is also clear that for each edge e € E(G[n]),
G[n] — [e] has exactly two components where each of them is convex, thus
we can use the Theorem 1. The hexagons nearest to the endpoints of G[n]
are called the end hexagons of G[n].

Consider the subgraph A of G[n] depicted in Figure 2(a) is not an
end hexagon. It is easy to see that F1 = {e7}, F> = {e1,e4}, F3 = {es,66} and F, =
{e,,es} are the equivalence classes of A. The components of G[n] — F; have

b, and b’ = V(G[n])|-b, vertices; the components of G[n] — F, have
b, —3and (b, —3)° vertices and the components of G[n] — F2, G[n] — F3

have exactly b,_; —3and (b,_, —3)¢ vertices, where 1 < r < n. One can see

that for an arbitrary r, the number of hexagons in the (n — r)-th generation of
G[n]is 4 x 2"".
Next we consider an end hexagon, the subgraph B depicted in Figure 2(b).
Then Hi ={en}, Ho={er }, Hs={eo }, Hs = {€8 }, H5 = {€10}, Hs = {€2,€6}, H7 = {€1,85}
and Hg = {es,e4} are the equivalence classes of B. On the other hand, one
of the component G[n] — H4, G[n] — H,, ..., G[n] — Hg have exactly 10, 2, 1, 2, 1,
5, 5 and 7 vertices, respectively. Also, one can see the number of end hexagons
is4 x 2"
The Subgraph A (b) The Subgraph B
Bq .

Es5 =
[=n =¥
g7

Figure 2. Fragments of the dendrimer G[n]

Finally, we consider the core of G[n], Figure 2(c). The equivalence
classes of the core are Xy = {1,2,3}, Xz = {4,5}, X5 = {6,7}, X4 = {8,9}, X5 = {10,11},
Xe = {13}, X7 = {14}, Xg = {15}, Xo = {16}, X410 = {17}, X441 = {18}, X42 = {19} and
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Xi3 = {12}. Again G[n] — X;, 1 <i = 13, are two component graphs, say Hi 1
and H;». Define a* =a x a°, ais integer, and X, = V'(X,,) | x| V(X,,, .1 <i<13.
Then we have the following equalities:

X, =(2b,+5)*, X, =X, =(b, +3)*, X, =(2b, +T)*, X; =(b, +10)*,

oL )]

i2)

X =(13-i)*, 6<i<12.

Now, applying Theorem 1, we have:
WG = 515452 by 3 + (B -3 + 211 +9))

+4><2”(2><(1* +2°+5)+7" +10*) (' V(GZ |j
+2[Z,-7:1i* +(2b, +5)* +(2bp, +7)* +2(bp, +3)* +(bp +10)*]

The proof is now complete by substituting the variables with those
given above.

CONCLUSIONS

In this paper a simple method enabling to compute the Wiener index
of dendrimers was presented. We apply this method on the molecular
graph of a micelle-like chiral dendrimer to obtain an exact formula for the
Wiener index of this class of dendrimers. Our method is efficient and can
be applied on other classes of dendrimers.
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TUTTE POLYNOMIAL OF AN INFINITE CLASS
OF NANOSTAR DENDRIMERS

G. H. FATH-TABAR’, F. GHOLAMI-NEZHAAD

ABSTRACT. Tutte polynomial T(G,x,y), is a precise topological description
of an undirected graph G with two variables, which gives some information
about the connectivity of the graph. Dendrimers are hyper-branched nano-
structures with rigorously tailored architecture. In this paper, the formula for
Tutte polynomial of an infinite nanostar dendrimer is derived.

Keywords: Dendrimer, Tutte polynomial.

INTRODUCTION

Dendrimers are hyper-branched macromolecules showing a rigorous,
aesthetically appealing, architecture. They are synthesized, in a controlled
manner, basically by two strategies: the divergent and convergent approaches.
In the divergent methods, dendrimers are built up starting from a core out to
the periphery. In each repeated step, a number of monomer units react with
the end groups of the already existing periphery to add a new shell or
generation. By each successive generation, the number of local coupling
reactions increases. In the convergent approach, dendrimers are built from
the periphery towards the central core. These rigorously tailored structures
show, often at the fifth generation, a spherical shape, which resembles that
of a globular protein. The size of dendrimers reaches the nanometer scale.
The end groups can be functionalized, thus modifying their physico-chemical or
biological properties [1]. Dendrimers have gained a wide range of applications
in supramolecular chemistry, particularly in host-guest reactions and self-
assembly processes [2-4]; their molecular graphs have been studied by the
Mathematical-Chemistry tools [5-7].

Tutte polynomial T(G,x,y), is a precise topological description of an
undirected graph G with two variables, which gives some information about
the connectivity of the graph [8]. In order to define Tutte polynomial we
need some notations.

* Department of Mathematics, Statistics and Computer Science, University of Kashan, Kashan
87317-51167, I. R. Iran
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Suppose G is an undirected graph with the vertex set V(G) and the
edge set E(G). Next, e € E(G) is neither a loop nor a bridge, then G-e is a

graph in which the edge e=uv has been removed. The edge contraction G\e
is obtained by linking the endpoints of edge e=uv together and making that
edge as one vertex, (Figure 3). Then the Tutte polynomial of G is defined by
the recurrence relation T(G) = T(G-e) + T(G\e). If G contains just i bridges
and j loops, T(G,x,y) = x¥. Also, Tg = 1 when G has no edges. By the above
mathematical notations, we have:

1 ifEGQ =9

XT(Guv,x,y) if uv is a bridge edge
TGxy) = o .

VI(G-¢,x,y) if e is a loop,

T(G-uv,x,y) +T(Gu, x, y) otherwise

In this paper, we derive the formula for computing the Tutte polynomial
of the Nanostar Dendrimer Ns[n], Figure 1.

Figure 1. Nanostar dendrimer Ns[2].

MAIN RESULTS

Suppose G is an undirected graph with the vertex set V(G) and the
edge set E(G). The vertices v and u of V(G), are in relation o (vau), if there
is a path in G connecting u and v. Each vertex is a path of length zero; so a
is a reflexive relation. Moreover, we can easily prove that a is both symmetric
and transitive. Thus a is an equivalence relation on V(G), and its equivalence
classes are called the connected components of G. Then the Tutte polynomial
is defined as,

T(G, X, y) = ZACE (x _ I)C(A)*C(E) (y _ 1)(:(A)+\A|7|V| ,

where, ¢(A) denotes the number of connected components of the graph of
the vertex set V and the edge set A.
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N:\/
2 P s

N

Figure 2. Denderimer D[2].

5\

For example, let G be a tree with n vertices, then T(G, x, y) = x" 1

because all the edges in a tree are bridges. The dendrimer D[n] in Figure 2

n+l
is a tree with 2x3™'-1 vertices, thus T(D[n], x, y) = x> 7.
The Figure 1 has been constructed by joining six Ns[0] units to the
hexagons in the outer layers, as detailed in Figures 3 and 4.

Figure 3. Ns[0] and Ns[0]-H4+Cs. Figure 4. Ns[1].

x—1
Proof. By using the formula of Tutte polynomial, we have:

6_
Lemma 1. Let H be a hexagon. Then T(D[H],x,y) :£x xﬂ/}

T(DH], x, y) = x” +T(D[C;], %, y)
= x’ +x' +T(D[C,], X, )
=x’ +x'+x +T(D[C,], X, y)
X6 —X

= + .
x—1 Y
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To compute the Tutte polynomial of Ns[n], we proceed inductively
but at first, we compute T(Ns[O0], x, y) in the following

6 3
Lemma 2. T(Ns[0], x, y) = [x lx + yJ x.
Proof. Suppose H;, H, and H3 are hexagons in Ns[0]; then
T(Ns[0], x, y) = xT(Ns[0] - H,, x, y)+T(Ns[0]-H, +C;, x, y)
x” T(Ns[0]-H,, x, y)+x*T(Ns[0]-H,, x, y)+
T(Ns[0]-H, +C,, x,y)
x*T(Ns[0] - H,, x, y)+x"'T(Ns[0]-H,, x, y)+
x’ T(Ns[0] - H,, x, y+T(Ns[0]-H, +C;, X, y)

6
o lx +y |T(Ns[0]— H,,x, ),

where Ns[0]-H; + C; is constructed from Ns[0] by removing H; and replacing
Ci. As we did in the above,

6
X

T(Ns[O], x, y)= ( _1x + y] T(Ns[0]- H, — H,,x, y).

6

3
Thus, T(NS[0], X, y) = [x _1x + yj T(Ns[0]- H, — H, — H,,x,).This

implies that

T(Ns[0], x, y) = (xx —_1x +yj X3,

6 12
Lemma 3. T(Ns[1], X, y) = x”(qu y] .

Proof. By a similar proof as Lemma 2, we can see that

T(Ns[1], %, y) = (x 1x + yj XT(Ns[0], x, ).

6 _ 12
Thus, T(Ns[1], X, y) = x”[x lx+y) .
x_

6 9%x2"—6
x n+1 X — X
Theorem 4. T(Ns[n], x,y )= x4 V7 ( " + yj :
X J—
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Proof. Suppose b[n] and h[n] denote the number of bridges and hexagons of
Ns[n], respectively. It is easy to see that b[n] =2 x 4™" + 7 and h[n] = 9% 2" - 6.
Thus b[n] = b[n-1] + 6 x 4" bridges and h[n] = h[n-1]+9% 2" hexagons.
Now, by using the definition of Tutte polynomial for bridges and hexagons
of Ns[n] - Ns[n-1], and lemma 2, we have

n—1

6
—X

T(Ns[n], x, y) =x** [x | +yj T(Ns[n—1], x,).

For solving this recursive sequence, we write

9x2 " !
»  T(Ns[m], x, n [ x0—x
Hm:Z ( [ ] y) :Hm:2X6 ) +y ’
T(NS [m_l]a Xay)

x—1

This implies that

6 9x2 " —18
al lx +yj T(Ns[1], x, ).

T(Ns[n], x, y) =x>*" (

Therefore by Lemma 3,

6 9x2" -6
T(Ns[n], x, y) =x>*"" (x lx +yj .
x—

This completes the proof.
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COMPUTING WIENER AND BALABAN INDICES OF
DENDRIMERS BY AN ALGEBRAIC APPROACH

ALI REZA ASHRAFI**, HOSSEIN SHABANI?, MIRCEA V. DIUDEA®

ABSTRACT. The Balaban index J is one of the oldest topological indices
introduced by the Romanian chemist, A. T. Balaban. The chemical meaning
of this topological index was investigated in several research papers. The
aim of this paper is to introduce a new algebraic method for computing
Wiener and Balaban indices of dendrimers.

Keywords: Dendrimer, Balaban index.

INTRODUCTION

A topological index for a graph G is a number invariant under the
automorphism group of G . These numbers have been proposed for the
characterization of chemical structures. The Wiener index, one of the oldest
descriptors, was proposed by H. Wiener [1]. This topological index is defined
as the sum of all distances in the hydrogen-depleted graph representing the
skeleton of a molecule [2].

For a connected and simple (molecular) graph G, let V' (G) be a finite
non-empty set of vertices/atoms and E(G) the set of edges/bonds. The distance
between the vertices x and y, d(x,y), is defined as the length of a minimal
path connecting x and y . The summation of all distances between a fixed
vertex x and all other vertices of G, is denoted by d(x) .

The Balaban index is a topological index introduced by Balaban about

30 years ago [3,4]. It is defined as J(G) :Ll Z[d(u)ai(v)]_o'5 , Where
Urle=yy

p=m—n+1 is called the cyclomatic number of G , with m being the number

of edges and n the number of vertices of G . The Balaban index is one of the

widely used topological indices for QSAR and QSPR studies, see [5-10] for
details.

@ Institute for Nanoscience and Nanotechnology, University of Kashan, Kashan, I. R. Iran, Email:
ashrafi@kashanu.ac.ir
b Faculty of Chemistry and Chemical Engineering, “Babes-Bolyai” University,400028 Cluj, Romania
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Two groups of problems for the topological indices associated to a
graph can be distinguished. One is to ask the dependence of the index to
the graph and the other is the calculation of these indices efficiently. For the
Wiener index, the greatest progress in solving the above problems was
reported for trees and hexagonal systems in [11-13]. Another method is to
use the Group Theory, in particular the automorphism group of the graph
under consideration [14].

Throughout this paper, our notations are standard and taken mainly
from the standard books of graph theory as like as [15]. In this paper we continue
our earlier works [16-22] on computing topological indices of dendrimers and
derive a formula for the Balaban index of an infinite class of dendrimers. We
encourage the reader to consult papers [23-27] for mathematical properties
of the Balaban index, as well as basic computational techniques.

o

/\
O N DN NN

NN AN AN N N AN AN AN AN AN N

19 20 21 2

Figure 1. The molecular graph of a dendrimer with 52 vertices.

RESULTS AND DISCUSSION

In the recent years, some topological indices such as the Balaban
index has attracted the interest of many chemists, mathematicians and computer
scientists and has motivated a large number of research papers involving
extremal properties and applications. In this section, we apply an algebraic
procedure to obtain formula for computing the Balaban index of an infinite
class of dendrimers, Figure 1. For this purpose we need some concepts.

Let G be a connected graph and let v be a vertex of G. The
eccentricity e(G) of v is the distance to a vertex farthest from v. So,
e(v)=max{d(u,v):ueV}. The centre of G we call all vertices with the
minimum eccentricity.

Suppose H and K are two groups and K acts on the set Q. The
wreath product of H ~ K is defined as the set of all ordered pairs (f,k) where

ke K and f:Q — H is a function, such that (f,k)(f,,k,)=(g,kk,) and
g(i)= f,(i) f,(i""). Observe if Q, H and K arefinite then | H ~ K |=| H || K |.
Let's begin by making an isomorphic copy H, of H for each ke K . Now
we can let K act on the right as an automorphism of direct product of all of
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these H, by defining (a,).g=q,, € H,, where geK and g, €H,. So
H~K=&, ;KxH.
Proposition. In the graph G, if Aut(G) acts on V(G) and the orbits of this

1 k
action are V,, V,, ... , V, then W(G):EZ|Vi|d(xi) where x, V.. If
i=l
Aut(G) acts on E(G) and the orbits of this action are E,, E,, ..., E,
k
E,
then J(G)= m £ where x,_x; € E,.

p+153 \/d(xi—l)d(xi)

Proof. It is sufficient to show that if a € Aut(G) then d(u) =d(a(u)) thatis
evident.

Define D[k] as the dendrimer molecule depicted in Figure 2. We
label the vertices of D[k] by 0, 1, ..., 2 x (3= 1). If an edge ij (i<j)is
shown by ; then the edges of D[k] can be labelled by 1, 2, ..., 2 x (3 - 1). So,

the number of vertices and edges of D[k] are 1 + 2 x (3* — 1) and 2x(3* — 1),
respectively.

k
k

. x
%
%
k=2 .
k=3 %
k=4
X

Figure 2. The Dendrimer Molecule D[4].

Theorem. The automorphism group of D[k] is isomorphic to the wreath
product S; ~ S, where S, acton Q={1.2,...,.2x (3" -1)}.

Proof. Fix a vertex x, as root and assume that a € Aut(D[k]). Then for
vertex v in level i, Figure 2, a(v) is also in level i, since v and a(v)
have the same eccentricity. Consider the action of S, on {1,2,...,2x (3" 1)} .
Therefore Aut(D[k]) is isomorphic to the wreath product of group S, via

the permutation group S, . l
Corollary 1. The orbits of Aut(D[k]) under its natural action on V(D[k])

are V,={0}, V. ={1,2.3,4}, ..., V, = {14+2x (3" =1),...2x 3" = 1)}

139



ALI REZA ASHRAFI, HOSSEIN SHABANI, MIRCEA V. DIUDEA

Let x;eV,, 0<i<k. In each orbit d(v)=d(x;) when v is a fixed
element of V. Define:

a(t,s)=1+0)3"+2+0)3 +B+6).3 +--+(s+1)3".

Then obviously a(t,s) =1/4[1—-2t + (2s + 2t —1).3°] . Therefore,

d(xl.)=a(i,k)+a(0,k—i)+Z’:[i—j+2a(i—j,k—j)]

=0
To simplify above equation, we compute d(x,). We claim that
k+1

)37
2
We now compute the Wiener and Balaban indices of D[k]. The
Wiener index of a graph G is half of the summation of all d(v) over all
vertices of G . From the orbits of the action of Aut(D[k]) on V(D[k]), one

d(x)=1 +(2k—§).3" +(2x3M0+ (3

k

can see that W (G) :%(Z[4x3”d(xi)]+d(xo)) So the Wiener index of
i=l

D[k] is given by the following formula:

W(Dlk]) = 1 ! (4+16k + (144k* +16k)3"

4 (32k* =12k +1)3%* + (24k —4)3* + 4
+ (416K —16k> — 40k + 5)3%* + (384k* — 80k — 44k> + 14k —1)3%)

Corollary 2. The orbits of the action of Aut(D[k]) on E(D[k]) are
E ={1234), .., E, ={1+2x3""=1),....2x(3" -1} .

Since D[k] is atree, u(D[k])=0 and next,

. k 4x3"!
J(DIk) =2x(3" -1)) ——e
i=1 d(xi_l )d(x,)
To simplify above equation, we first compute d(x, ,)d(x,). We have:
45

d(x.)d(x)=(1-73"+4k3" + 7.3”‘ —14k3% 4+ 4k23%) +
(4.3" —14.3% +8k3%)i + (4.37)i" + (6.3 ~18.3" +1243%)3"
F12.3%)37 4 (%7,3%)3—21‘

Define: f(i,k)=d(x,_)d(x)=a+ i+ A" +y3" + 83" +u3™, where,
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a=a(k)=1-73"+4k3" + ‘f 3% —14k3% + 4K73*
[ =pB(k)=43"-14.3" +8k3**

A=A(k)=43*

vy =y(k)=6.3"—18.3" +12k3*

o=058(k)=12.3*"

7

2
M= ﬂ(k)—j

Therefore,
k 31 1

J(D[k]) = 8(3"—1)2\/1,(1—

In the following table, the Balaban index J(D[k]) is computed, for

some k.

Table 1. The Balaban index of D[k], k < 20.

J(D[k])

JDK]) |k J(D[k]) k J(D[k])

3.023715783

150.3527448 |11 17983.21943 16| 2.896950741x10°

12.85128466

958.8910307 |13| 1.344850778x10° [18| 2.297691366x10"

k
6
6.365606476 | 7 | 374.3679197 |12 48967.03417 17| 8.142315294x10°
8
9

27.51789936

2509.007693 [14| 3.720218719x10° |19| 6.506856261x10"

B WIN|—~| X

62.72145108

0| 6673.758448 |15| 1.035416212x10° [20| 1.848495377x10°

—

CONCLUSIONS

In this paper an algebraic method for computing Balaban index of

dendrimers is presented. By this method the Wiener and Balaban indices of
an infinite class of dendrimers are calculated. It is possible to extend our
method for a general tree. These indices can be used in QSAR/QSPR studies.

PoDd~

REFERENCES

H. Wiener, J. Am. Chem. Soc., 1947, 69, 17.

H. Hosoya, Bull. Chem. Soc. Jpn., 1971, 4, 2332.
A.T. Balaban, Chem. Phys. Lett., 1982, 89, 399.
A.T. Balaban, Pure Appl. Chem., 1983, 55, 199.

141



142

o

10.

11.
12.

13.

14.
15.

16.
17.
18.

19.

20.
21.
22.

23.
24.
25.
26.
27.

ALI REZA ASHRAFI, HOSSEIN SHABANI, MIRCEA V. DIUDEA

A.T. Balaban, MATCH Commun. Math. Comput. Chem., 1986, 21, 115.
A.T. Balaban, P. Filip, MATCH Commun. Math. Comput. Chem., 1984, 16, 163.

A.T. Balaban, N. lonescu-Pallas, T.S. Balaban, MATCH Commun. Math.
Comput. Chem., 1985, 17, 121.

A.T. Balaban, P.V. Khadikar, C.T. Supuran, A. Thakur and M. Thakur, Bioorg.
Med. Chem., 2005, 15, 3966.

T.S. Balaban, A.T. Balaban and D. Bonchev, J. Mol. Struct. (Theochem), 2001,
535, 81.

J. Devillers, A.T. Balaban, “Topological Indices and Related Descriptors in
QSAR and QSPR”, Gordon & Breach, Amsterdam, 1999.

A.A. Dobryanin, R. Entringer, I. Gutman, Acta Appl. Math., 2001, 66, 211.

A.A. Dobryanin, I. Gutman, S. Klavzar, P. Zigert, Acta Appl. Math., 2002, 72,
247.

A.A. Dobryanin, I. Gutmant, Univ. Berogr. Publ. Elektrotehn. Fak. Ser. Mat., 1997,
8, 106.

M.R. Darafsheh, Acta. Appl. Math., in press.

F. Buckley, F. Harary, “Distance in Graphs”, Addison-Wesley, Reading, MA,
1990.

A.R. Ashrafi, M. Mirzargar, Util. Math., 2008, 77, 249.
A. Karbasioun, A.R. Ashrafi, Macedonian J. Chem. Chem. Eng., 2009, 28, 49.

A. Karbasioun, A.R. Ashrafi, M.V. Diudea, MATCH Commun. Math. Comput.
Chem., 2010, 63, 239.

A.R. Ashrafi, A. Karbasioun, M.V. Diudea, MATCH Commun. Math. Comput.
Chem., 2011, 65, 193..

A.R. Ashrafi, H. Saati, J. Comput. Theoret. Nanosci., 2008, 5, 681.
A.R. Ashrafi, M. Mirzargar, Indian J. Chem., 2008, 47A, 535.

M.V. Diudea, A.E. Vizitiu, M. Mirzargar, A.R. Ashrafi, Carpath. J. Math., 2010,
26, 59.

A. Iranmanesh, A.R. Ashrafi, J. Comput. Theoret. Nanosci., 2007, 4, 514.
H. Dong, X. Guo, MATCH Commun. Math. Comput. Chem., 2010, 63, 799.
M. Eliasi, B. Taeri, J. Comput. Theor. Nanosci., 2007, 4, 1174.

B. Zhou, N. Trinajstic, Croat. Chem. Acta, 2008, 87, 319.

B. Zhou, N. Trinajstic, Croat. Chem. Acta, 2009, 82, 537.



STUDIA UBB. CHEMIA, LV, 4, 2010

ON DIAMETER OF TUC,Cs(S)[P,Q] LATTICE TITLE

MOHAMMAD A. IRANMANESH *®, A. ADAMZADEH °

ABSTRACT. In this paper we consider a TUC4C8(S)[p,q] nanotube lattice

where 4= kp and we compute its diameter.

Keywords: TUC4C8 (S)[p,q] Nanotube lattice, Diameter of graph, Dual graph

INTRODUCTION

Let G be a molecular graph with V' (G) and E(G) being the set of
atoms/vertices and bonds/edges, respectively. The distance between vertices
u and v of G is denoted by d(u,v) and it is defined as the number of edges

in a path with minimal length connecting the vertices uandv.

A topological index is a numerical quantity derived in an unambiguous
manner from the structural graph of a molecule and it is a graph invariant.

The Wiener index of a graph represents the sum of all distances in
the graph. Another index, the Padmakar-lvan (Pl) index, is defined as
PI(G) = I [n,, (el&) + n,, (e|&)], where (n,..#|&) is the number of edges
of G lying closer to u than to v, and {n,,.e|&) is the number of edges of G
lying closer to v than to u and summation goes over all edges of G. Also, the

Szeged index of a graph G is defined as Sz(G) = Z n(e| G) n,(e|G),

ec E(T)
where n,(e | G) is the number of elements in

N(e|G)={xe V(G)|d(u,x)<d(v,x)}and e={u,v}e E(G)

For & =TUC;Ca(5)[mg] nanotubes (Figure1) the Wiener 1w,
Padmakar-lvan Ff and Szeged 5z indices are topological indices that have
been computed in refs. [1-5].

One important application for graphs is to model computer networks
or parallel processor connections. There are many properties of such networks
that can be obtained by studying the characteristics of the graph models.

For example, how do we send a message from one computer to another by
using the least amount of intermediate nodes? This question is answered

@ Corresponding Author

b Department of Mathematics, Yazd University, Yazd, P.O. Box 89195-741, |.R.IRAN,
Iranmanesh@yazduni.ac.ir

¢ Islamic Azad University Branch of Najaf abad, adamzadeh@iaun.ac.ir
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by finding a shortest path in the graph. We may also wish to know what is
the largest number of communication links required for any two nodes to
talk with each other; this is equivalent to find the diameter of the graph.

S

Figure 1: & = TU{ L (5)[p.5] Nanotube
Let & =TUC,C(5)[m.q] lattice (Figure 2) be a trivalent decoration
made by alternating squares C,and octagons C; . In [4] the diameter of a zig-

zag polyhex lattice have been computed; in this paper the formula for the
diameter of a & = FTEC, Lo 51 ¢] lattice will be derived.

Figure 2: TUL,L; lattice

RESULTS AND DISCUSSION

In this section we compute the diameter of the graph
G =TUC,C:(5)[p.a] where g =kpand k, p are positive integers.
Definition 1. In & =TUC,C058)[p.q] withp =g any vertices of degree 2
and all vertices of degree 3 which are adjacent to a vertex of degree 2 is
called boundary vertices (see Figure 3); a vertex which is not a boundary

vertex is called an interior vertex. The set of all boundary vertices of G are
denoted by E(&).

Lemma 1. Let d = d(G)be the diameter of ¢. Then for any v—w path of
lengthd , we have {v,w}e B(G).

The Proof is given by Lemma 2 [4].
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Lemma 2. Suppose B, and B, are the sets of left side and right side boundary

vertices of G, respectively. If we sort the vertices of these sets from up to down
such that B, = {u,,u,,...,u,}and B, = {v,v,,...,v,}, then d(u,,v,) =d(G) .

Proof. We consider the inner dual of & = TUCC=(5 [ g], (Figure 3)

1Ly Uy

W

Y
<M

Lty Ly

Figure 3: TUC,Cg(S) lattice and its dual graph

Since
d{u,t) = d(u,u),
i w L2 .0

and
dfu, ) 5 d(u,r)
im],2 ...0

Then by symmetry of G we conclude that &€&} = d@fuy, 13, ) = diug, ).

Theorem 1. Let & = TUC,C(5)[p.gl, where ¢g=p and p,q are positive
integers. Then we have d(G)=5p—1.

Proof. The proof is by induction onp. In casep = 1, & is an octagon with
diameter 4 and the theorem is obviously true. Suppose that the theorem is
true for the case @ = ¢ =n —1 and consider a TUC,Cs(S) [p,q] lattice of size
nxn. By Lemma 2, we have d{G] = df{u;,1;, ). If we delete the last two rows
and columns it is easy to see that d@fuy, ¥, } = diuy, v,—1) + d(w,—1,7, ). Hence,

d(G)=[5(n-1)-2]+6=5p—1.

Theorem 2. Let, G = TUC;(:(5)[n.q), where ¢ =kp and p,q are positive

integers. Then we have d(G)=(4k+1)p—1.

Proof. We prove the theorem by induction with respect to k. As we have seen for
Theorem 1, the assertion is true for & = 1. Let & > 1 and suppose that the
theorem is true forg = kp . Now consider a ¢ = TUC, (051w ¢, lattice with

g=(k+1)p. We may assume that the lattice contains k& +1 blocks
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E, E;, .. Bysq Of & =TUC,Co(5)[p g] lattice each of size(px p). Obviously
it is enough to find the length of shortest path from vertex u,, to vertex
¥ (pe1iipel)

By symmetry of ¢ =TUCC(50[me] lattice, we conclude that
d{G) = diuy, Prp) + @ (Pp ¥ (gatipeny) = Sy, i) + 45 + 2.
Hence d(G)=(4k+1)p—1.

EXAMPLES

In this section, we give some examples in the following tables. The
diameter calculations were done by the TOPO-CLUJ software package [6].
In Table 1 we consider some special cases where i = 1, while in Table 2,
we consider cases for ik = 1.

Table 1. Some cases of d{5) with & = 1.

pld(E) | 5p—-1
219 5(2)—-1=9%9
3|14 5(3)—-1=14
4[19 | s5(a)—1=19
Table 2. Some cases of d(G ) with &k = 1,
k|lp|a d(%) plek+1)—1
(distance matrix) | (Theorem 2)
236 26 3(8+1)-1=26
339 38 3(12+1)-1=38
3412 51 4(12+1)-1=51
4 |3 |12 50 3(16+1)-1=50
4416 67 4(16+1)1=67
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EVALUATION OF THE AROMATIC CHARACTER OF
A*-HETEROBENZENES USING THE MAGNETIC CRITERION

RALUCA O. POP?, MIHAI MEDELEANU®, MIRCEA MRACEC®

ABSTRACT. The aromaticity of the heterobenzenes containing 15-group
elements, namely the six-membered homocycles g)\?’-X)s (X=CH, N, P, As) and
the six-membered alternant heterocycles (A3-X- AN-Y); (X, Y=CH, N, P, As) is
investigated using magnetic and geometric criteria at B3LYP/6-31G (d,p)
level.

The NMR isotropic shielding values of a molecule of H;, placed at a
distance of 2.5A above the center of the heterobenzenes were computed
using the GIAO method at 6-31G(d,p) level. The results are compared with
the negative values of the absolute magnetic shielding, computed at the center
of ring (NICS index), at B3LYP/6-31G (d,p) level. An angle-based index is used
as geometric criterion for the evaluation of the aromatic character.

Keywords: heterobenzenes, aromaticity, shielding increments, angle-based index

INTRODUCTION

The benzene ring, with its delocalized 6 Tr-electrons, planar geometry,
bond lengths equalization and ability of sustaining a diatropic ring current
remains the key-molecule for the evaluation of the aromatic character [1].
There are also known hetero-analogues of benzene, compounds obtained by
replacing one or many CH groups with isovalent atoms that show similar
properties with the above-mentioned ones (an example is the pyridine). Hetero-
analogues of benzene with dicoordinated trivalent atoms of 15 group (N, P, As)
of type (A*-X-A>-Y); (where X, Y = CH, N, P, As - Figure 1) have been investigated
in order to evaluate their possible aromatic character. Our previous papers [2, 3]
reported studies regarding the stability of homo- and heterobenzenes containing
15 group atoms, estimated by their heat of formation computations [2] and
also an evaluation of the aromatic character of the heterobenzenes series by
means of geometric, magnetic and chemical reactivity criteria [3].
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Concerning the use of the magnetic criteria to evaluate the aromaticity,
one of the most used indices is NICS (Nucleus Independent Chemical Shift) [4],
computed at the center of the molecule (NICS(0)) or at 1A distance above
the molecule’s geometric center. Recent work of Martin et al. [5, 6] report
the use of computed NMR shielding effects on a molecular probe (a diatomic
hydrogen molecule, placed at a 2-2.5 A above the geometric center of the ring)
in order to evaluate the aromatic character of fused hydrocarbons. The same
methodology was applied to the heterobenzenes of series (A\*-X-A*-Y); (where
X, Y =CH, N, P, As) and the shielding values of different heterobenzenes on
the diatomic hydrogen probe (placed at 2.5 A above the center of molecule)
were compared with NICS(2.5) values. Moving the H; probe along x and y
coordinates of the geometric center of the rings (step size 0.5 A, three steps in
each direction) leads to a complete evaluation of the shielding/deshielding
effects.

X
B
X\Y/X
X,Y:CH, N, P, As
Figure 1. General formula of the heterobenzenes ()\3—X—)\3—Y)3

RESULTS AND DISCUSSION

In a previous paper [3] we reported the evaluation of the aromatic
character of the same heterobenzenes series using bond length- and bond
order-based indices. No concluding results were obtained, mostly due to
the D3, and Dg, symmetry of the compounds that strongly influences the
values of bond length- and bond order-based indices. A possible method
for avoiding such situation is the use of geometric angle-based indices.

Doerksen et al. [7, 8] mentioned two indices based on alternance of
the angles, namely AVGNEXT and ADIFFPC and they assigned the maximum
value (100) to benzene ring and the minimum value (0) to a six-membered cycle
with alternant angles of 110° and 130°, respectively. For the heterobenzene
series of this study, the minimum value will correspond to a six-membered
cycle with alternant angles of 100° and 135°, respectively.

AVGNEXT:IOO{I—LEH—HHJ} (1)

35n 4

ADIFFPC =100\ 1-———3(8,., -6} (2)
1837.54< ™
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Table 1. Angle-based geometric indices, using geometries
optimized at ab initio level (HF/6-31G)

Heterobenzene AVGNEXT ADIFFPC
CeHe 100 100
(CH—)\f-N)g 71.4 90.1
(CH-A’—P)s 221 38.7
(CHf)\J-As)3 17 1 31.3
.,()‘J‘N,)ﬁ 100 100
(A’—N-A“—P)s 38.0 61.6
()\J-N;)\J-As)g 411 65.3
) ()\’—I?)s 100 100
(A“—R-AJ—As)g 97 1 99.9
(N>-As)s 100 100

As it can be seen, the maximum value of both indices is obtained for
the homocycles (A*-X)s but, even in this case, the angle-based geometric
index is influenced by the symmetry of molecules.

NICS(2.5) values and shielding increments Ao were computed for the
heterobenzenes series (A>-X-A%-Y); (where X, Y = CH, N, P, As) at B3LYP/6-31G
level (Table 2).

Table 2. NICS (2.5) (ppm) and shielding increments Ac (ppm)
computed at ab initio level (B3LYP/6-31G)

Heterobenzene NICS 2.5 (ppm) Ao (ppm)
CsHs -0.2935 0.974
(CH-A’-N); -2.7228 3.707
(CH-A*-P), -3.6526 4.439
(CH-A*-As); -3.8539 4478
(AN*-N)g -2.9665 4.353
(A>-N-A*-P), -1.6690 2.647
(N>-N-A*-As), -2.0210 2.362
(AN*-P)s -5.7005 6.151
(N>-P-A*-As), -6.7035 6.447
(N>-As)s -18.6155 7.203

A qualitative comparison of NICS(2.5) index and shielding increments Ao
values shows a very similar trend. Higher values (even greater than for the
benzene ring) are recorded for the heterobenzenes (A\>-P)s, (A*-P-A*-As),,
(N>-As)s and predict a pronounced aromatic character. Our prewous study [3]
regarding the estimation of aromaticity of the heterobenzenes series using the
magnetic (NICS(0) and NICS(1)) and reactivity-based criteria showed similar
results; the highest NICS values belong to the heterobenzenes having the
closest geometry to the benzene nng equallzatlon of bond lengths and bond
angles), namely: (\>-N)s, (A>-P)s, (A*-P-A%-As); and (A*-As).
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The same explanation seems to be appropriate for the values obtained
for the shielding increments. The results presented in Table 1 show that all the
heteroanalogues of benzene have positive shielding increments, revealing
a possible aromatic character in all of the cases. The largest values of both
NICS(2.5) index and Ac are obtained in case of heterobenzenes (A>-P)s,
(A3-P-A>-As); and (A*-As)s.

Shielding increments have also been computed at three different
steps in x and y directions (0.5 A, 1.0 A, 1.5 A); the results are presented in
Table 3 and Table 4.

Table 3. Shielding increments Ao (ppm) computed in three different points
along the x axis (B3LYP/6-31G level)

Heterobenzene A0 (=05 (PPM) AC (x=1.0 (PPM) AC (x=15 (PPM)

CeHs 0.974 0.938 0.896
(CH-A*-N); 3.444 2.789 2.056
(CH-A*-P), 4.147 3.385 2.463
(CH-A*-As), 4.173 3.381 2.446
(N>-N)g 4.076 3.373 2.520
(A°-N-A*-P); 2.513 2.162 1.678
(A°-N-A*-As), 2.232 1.902 1.467
(N-P)s 5.925 5.325 4.509
(N-P-A>-As); 6.215 5.600 4.778
(N*-As)g 6.690 6.315 5.453

Table 4. Shielding increments Ac (ppm) computed at three different points
along the y axis (B3LYP/6-31G level)

Heterobenzene AC (=05 (PPM) AC (y=1.0) (PPM) Ao (=15 (PPM)

CeHs 1.009 0.936 0.898
(CH-A%-N), 3.445 2.804 2.065
(CH-A%-P); 4.158 3.456 2.573
(CH-A*-As); 4.188 3.472 2.601
(A-N)g 4.076 3.375 2.521
(N>-N-A°-P)3 2.505 2.119 1.579
(A>-N-A>-As), 2.224 1.867 1.391
(N-P)s 5.925 5.308 4.395
(N>-P-A°-As); 6.219 5.591 4.670
(A>-As)s 6.961 6.300 5.323

The results presented in Table 2 and Table 3 show insignificant
differences between the values of the shielding increments computed along
x and y axes and this a possible consequence of the symmetry of the studied
heterobenzenes.
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CONCLUSIONS

Computations of AVGNEXT and ADIFFPC indices lead to maximum
values for the benzene ring, as well as for the homocycles (A>-X)s. The results
prove the difficulties that appear in quantifying the aromatic character of the
heterobenzene series (A>-X-A®-Y); by using the geometric criterion. In the
absence of any experimental data, it is difficult to make statements regarding
the identical values obtained for the geometric indices in case of benzene,
hexazine (known as unstable compound) and hexaphosphabenzene and
hexaarsabenzene.

Using the magnetic criterion for evaluating the aromaticity, the results
of NICS(2.5) index presented in Table 2 show negative values in case of all the
heterobenzenes, thus predicting an aromatic character for all these compounds.
As in the case of the angle-based geometric index, higher negative values of
NICS index were obtained for the heteroanalogs of benzene (A*-P)g, (A-P-A*-As)s,
(A*-As)e. A similar situation is the one of the shielding increments Ag, that also
predict a strong aromatic character of the heterobenzenes (A*-P)s, (A\-P-A>-As),,
(A*-As)s (Table 2). The very close values of the shielding increments computed
in three different points along x and y axes also prove that the results may
be a consequence of the geometry of the heterobenzenes series, especially of
their symmetry.

COMPUTATIONAL SECTION

The heterobenzenes series have been first optimized at semi-empirical
level (PM3 method) using MOPAC2009 program [9], then optimization at ab
initio level (HF/6-31G) using Gaussian 03 package [10], has been performed.
The geometries of all heteroanalogues of benzene are planar. NICS(2.5)
indices have been computed at a 2.5 A distance above the geometric center
of each ring, using the GIAO method [g] at B3LYP/6-31G level. Computations
of the shielding effects on the molecular probe of H, have also been performed
at B3LYP/6-31G level, first at 2.5 A above the geometric center of each ring
and then at three different points along the x and y axis of the center of the
molecule (0.5 A, 1.0 A and 1.5 A in each direction). The shielding increments
(Ao) were obtained by subtracting the shielding value corresponding to one of
the H atoms of the H, probe alone (26.77 ppm) [5] from the shielding value of
the closest H atom of the H, molecule relative to the heterobenzene plane.
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FUNCTIONALIZATION OF CARBON NANOTUBES

MELINDA E. FUSTOS", ERIKA TASNADI",
GABRIEL KATONA®, MIRCEA V.DIUDEA®

ABSTRACT. The functionalization of single-walled carbon nanotubes (SWCNTSs)
is a timely topic in contemporary nanostructures literature. It is believed
that modifications of SWCNTSs properties could open the way towards real
nanotechnology applications. In the present paper chemical functionalization
of SWCNTs was performed to obtain first the carboxyl-functionalized species
and then various synthetic approaches were investigated to obtain the target
product (triethylene-glycol-functionalized SWCNTSs), which can be used as a
linker with medical purposes. The intermediate and final reaction products
have been characterized by FT-IR spectroscopy, TEM analysis and micro-
RAMAN spectroscopy.

Keywords: nanotechnology, carbon nanotubes, functionalization

INTRODUCTION

The concept of nanotechnology embraces applied science and
technology. This field of study keeps developing day by day offering us
information about the behavior of nanoparticles and their unique electrical,
optical and magnetic properties [1]. Its practical use has many facets. This
paper deals with the functionalization of SWCNT in order to increase their
capacity of transporting therapeutic agents through cell membranes.

Carbon nanotubes can be classified in tree classes: single walled
(SWCNT), double walled (DWCNT) and multiwalled (MWCNT) carbon
nanotubes. They only consist of sp? hybridized carbon atoms (like the graphite),
witch confer them a unique strength and toughness [2].

Depending on conditions, SWCNTs can form aggregates or they can
exist as isolated tubes. Their ends can be opened or closed (the closing cap
includes pentagons, also).

All SWCNTSs can be represented by a pair of numbers, the so called
chirality index (n, m) [3]. If n=m the tube is of armchair type, if one of the
numbers is zero, then it is a zig-zag nanotube, and if n#m#0 the tube is
chiral (Figure 1).

* Faculty of Chemistry and Chemical Engineering, “Babes-Bolyai” University, Arany Janos Str.
11, 400084, Cluj, Romania
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Figure 1. The tree types of SWCNTs (a — armchair; b — zig-zag; ¢ - chiral)

Carbon nanotubes have incredible properties, such as hardness,
thermal and electrical conductivity (all armchair nanotubes, 2/3 of the zig-
zag type and 1/3 of the chiral ones are metallic, and the remaining ones are
semi-conductors). Their tensile strength is 75 times higher than that of the
steel, while their density is 6 times lower. Carbon nanotubes (CNT) are very
light materials, bearing a density as low as 1.33-1.4 g/cm®. Another excellent
physical property of CNT is their elasticity which helps them regain their
original form after bending®. CNT are not miscible with any kind of solution;
they only make suspensions. They can be synthesized in various ways, such
as: chemical vapor deposition, arc discharge, laser ablation etc. [4-7].

RESULTS AND DISCUSSION

In the proposed synthesis the intermediates and the product were
characterized by IR and microRaman spectroscopy, respectively and TEM
microscopy as well. By using the IR spectroscopy allowed one to follow the
reaction steps and verify the intermediates the reaction product, respectively.

The first intermediate, SWCNT-COOH, was characterization by IR
analysis as shown in Figure 2. This spectrum proves the presence of the
carbonyl group (-C=0) at 1655 cm™, the carboxyl group (~-COOH) group
can be observed at 1395 cm™ and 3137 cm™ and the carbon-oxygen bond
(-C-O) shows a peak at 1066 cm™.

The IR spectrum of the second intermediate (SWCNT-COCI) (Figure 3)
proves the presence of the group C=0 of the chloride acid at 1705 cm"
while the peak corresponding to the hydroxyl group from COOH (1395 cm’
and 3137 cm™) disappeared.
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Figure 2. IR spectrum of SWCNT-COOH
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Figure 3. IR spectra of SWCNT-COCI

The IR spectrum of the final product is presented in Figure 4.
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Figure 4. IR spectrum of SWNT-CO-0O-(CH;),-O-(CH,),-O-(CH;),-OH
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The IR spectrum of the target product shows a peak at 1107 cm ! which
proves the presence of an ether bond (C-O-C), another peak at 1400 cm™ of the
—CH, group from the tryethylene-glycol. The peak at 1705 cm™, corresponding
to the C=0 bond from the chloride acid, (Figure 3) was mlssmg but a peak at
3137 cm™, for the —OH group from the products chain end appeared.

The TEM microscopy images are shown in Figure 5: in comparison
to the non-functionalized SWCNTs (5.a), the —COOH groups attached to the
nanotubes are clearly seen in 6.b and 6.c (the final product).

¢ — zoom of 100000x
Figure 5. a — SWCNT; b — SWCNT-COOH; ¢ - SWNT-CO-[O-(CHy),]s-OH

The microRaman spectroscopy is a very sensitive tool, which allows
one to observe fine structural modifications. From the spectrum represented in
Figure 6 (a, b and c) we can see two important peaks at 1585 cm’ the so called
G-band (a lower intensity band) and at 3186 cm™ a higher |ntenS|ty band. The G
band for non-functlonallzed SWCNT was recorded at 1583 cm , for SWCNT-
COOH at 1582 cm™ while in the case of final product at 1587 cm’™.

a. b. C.
Figure 6. a — SWCNT; b — SWCNT-COOH; ¢ - SWNT-CO-[O-(CHy,),]5-OH
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Because in all three no any significant deviations were seen, especially
at the G band, we can conclude that, during the functionalization processes,
the carbon nanotubes did nof suffer any structural modifications.

CONCLUSIONS

Based on the IR, TEM and microRaman analysis, we proved the
synthesis of the intermediates and the final product, that will be used in further
biological studies, with the purpose of transporting therapeutic agents through
cell membranes into the desired cells.

EXPERIMENTAL SECTION

The experimental part of this study was elaborated relying on the
literature data available so far, the reaction parameters and reactive quantities
being optimized according to available materials and resources. The experiment
has multiple steps, represented in Figure 7.

H-SQa/HNOs

ultrahang 8h SOCIL/DMF

[ ——

20% os NaOH reflux 70 °C 22h

Figure 7. Experiment steps

The first step consists in the functionalization of SWCNTs by energic
oxidation, with a mixture of H,SO4/HNO;. The obtained carbonyl functionalized
SWCNTSs were then reacted with SOCI, resulting the acid chloride functionalized
species. As a last reaction step, the above obtained functionalized SWCNTs
were reacted with triethylene-glycol in order to obtain the desired product:
triethylene-glycol-functionalized SWCNTSs.

The importance of this study relies on the fact that these kind of
functionalized SWCNTs have medical use, also.
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The first step of the synthesis, as we mentioned above, was the
synthesis of carboxyl functionalized SWCNTs and was performed according to
C. Lynam et. al®. The procedure was the following: 20 mg of SWCNTs were
suspended in a mixture of H,SO,/HNO; (ratio 3:1) in a well dried flask and
left in an ultrasonic bath for 8 hours. After this reaction time the obtained
mixture was diluted with bi-distilled water afterwards being neutralized with
a 20% NaOH solution to pH 7. Later, the solution was filtered through PTFE
membrane and the product dried.

The SWCNT-COOH intermediate, weighted 8 mg, was further
suspended in a freshly distilled mixture of SOCI/DMF (ratio 20:1) in a well dried
flask’. This time the ultrasonic bath lasted for 20 minutes. Afterwards the mixture
was refluxed in a stiring oil bath for 22 hours at 70°C. After cooling down, the
mixture was distilled (to half of its volume), this way the remaining undesired
SOCI, being removed. To make sure that all of the SOCI, was removed, the
mixture was washed through with dioxane. The next step was rotavaporizing
the mixture and than drying it for 48 hours under vacuum dryer.

The last step was the obtaining of the final product: triethylene-glycol-
functionalized SWCNT s (SWCNT-CO-0O-(CH,),-O-(CH,),-O-(CH,),-OH)). First
we attached to the SWCNT-COCI a six ringed 1,6-diol in order to position
the hydroxyl group from the end of the chain further away from the carbon
nanotubes. 4 mg SWCNT-COCI was suspended in a mixture of 40 uL
triethylene-glycol and 1,5 mL 1,4-dioxane in a previously well dried flask.
This was followed by sonication for 10 minutes and then refluxed for 52 hours
at 110°C, under stirring on an oil bath. After cooling down, the mixture was
filtered under vacuum and washed with 3x5 mL of THF (tetrahydrofuran) in
order to remove the remaining triethylene-glycol, then dried for 24 hours in
a vacuum dryer.

Instruments Used

The ultrasonic bath used for the dispersion of SWCNTs: TRANSSONIC
460/H, ELMA AUSTRIA, 100W, 40 kHz. To remove the remaining unwanted
solvents we used the ROTAVAPOR P BUCHI. The IR spectra of the |ntermed|ates
was performed with a Fourler IR spectroscope (spectral range 7500-370 cm’
rezolution > 0.5 cm™, Michelson type interferometer, DLATGS detector)
The analyzed samples were mixed with KBr and pressed into the form of a
transparent tablete by hydraulic pressing.

For the electronmicroscopic illustration of the intermediates and of
the final product, a transmission electron microscopy TEM was used (Hitachi
Automatic TEM H7650, accelerating voltage 40-120 kV, zoom 200x-600000x).

For microRaman spectra, a FRA 106/S module was attached to the
Fourier IR spectroscope, and to the module a microscope (Nikon ECLIPSE
E400 — spectral range 3600-70 cm’ for Stokes lines and 2000-100 cm™ for
the anti-Stokes lines, resolution > 1 cm™, Nd:YAG laser, ultrasensitive D418-T
Ge detector) was linked with an optical W|re

158



FUNCTIONALIZATION OF CARBON NANOTUBES

Chemicals Used

The starting material was SWCNT synthesized by Chengu Organic
Chemicals Co. Ltd, with the following characteristics: diameter 1-2 nm, lenght
~ 30 um, purity > 90 tf%, special surface size (SSA) > 380 m?/g, electrical
conductivity > 10%s/cm, production method CVD (chemical vapor deposition).

Reagents: 98% sulfuric acid (H,SO,4, Mw = 98.08 g/mol, ps = 1.84g/cm'3),
70% nitric acid (HNO3;, Mw = 39.997g/mol, ps, = 2.1g/cm?), sodium hydroxyd
(NaOH), tionil chloride (SOCIl,, Mw = 118.97g/mol, p; = 1.638g/cm®), N,N-
dimethyl-formamide (DMF, Mw = 73.09g/mol, p; = 0.944g/cm?), tryethylene-
glycol (CeH1404, Mw =150.17g/mol, ps :1,1g/cm3), tetrahyrofuran (THF, C4HgO,
Mw = 72.11g/mol , p; = 0.8892g/cm?®).
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APPLICATION OF NUMERICAL METHODS IN THE
TECHNOLOGY OF HYDROXYAPATITE

VALENTINA ROXANA DEJEU?, SILVIA TOADER®,
BARABAS REKA? PAUL-SERBAN AGACHI®

ABSTRACT. Hydroxyapatite precipitation process involves the formation in
the first phase of a solid-phase with amorphous structure (amorphous calcium
phosphate), which in time turns into hydroxyapatite. Polynomial spline
interpolation is a numerical method useful in mathematical modeling of this
phase transformation process. By this method, experimental data are
interpolated to obtain cubic spline polynomial function which can approximate
reasonably well the experimental values of the degree of conversion at any
pH between 8.5 + 12. A very good agreement between the experimental
and numerical results confirms the validity of the numerical procedure.

Keywords: hydroxyapatite, phase transformation, numerical methods, cubic
spline function

INTRODUCTION

Numerical methods are used to determine approximate solutions of
complex problems and use only simple arithmetic operations [1]. One of the
simplest methods of approximation is interpolation and involves choosing
a function data, which has a predetermined finite number of points (A):

Xy,X,X,,...,X, chosen from its domain of definition. There is more than one

class of interpolation functions, such as rational functions for rational interpolation,
spline functions (polynomial or exponential) for spline interpolation, interpolation
trigonometric functions for periodic functions [2]. The most suitable class of
interpolation function is that where one can find an element closer to the
function that interpolates [3]. This category includes cubic spline functions.
Cubic spline function for function f and the above division (which are known

values f(x;,) = f,, i =1,...,n) satisfies the following three properties:
- ltis a "segmental polynomial", meaning that each interval (x, ,,x;)
is a polynomial S,(x) of degree 3
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- two neighboring polynomials S.(x) and S, ,(x) have the following

properties:
S.(x,,)=f(x_,);forany i=1,..,n (1)
S (x)=8",,(x,), forany i=1,..,n-1 (2)
General expresions for two adjacent cubic fuctions §,(x) and S,,,(x)
are:
SxX)=a-a,(x)+p-b;(x)+y-c,(x)+0-d,(x) (3)
S =pa,,()+y-b,,(xX)+6-¢, (x)+7-d;,,(x) (4)
where:

(xi - x)z(x — X )
(xi X )2
) = _(x_ Xici )z(xi - x)
bi( : (xi X )2 ©
(‘xi — x)2[2(x —Xia )+ (‘xi —Xig )]
(‘xi - x571)3
X) = (x_ Xioi )2[2 X — x)+ (xi — X )]
di( : (xi X )3 . ©

Properties (1) and (2) become:
Si(xi—l) =y = f(xifl); Si('xi) =0= Si+1 ('xi) = f(xi) 9)

a;(x) =

¢ (X) =

S/(x) =i (x)= B (10)
S;(x.) =@ (11)

To solve mathematical problems (scientific calculations), advanced
software systems such as Matlab, Mathematica, or Mathcad are used [2,4,5].

It is generally acknowledged that in the crystallization of calcium
phosphate first occurs the formation of a precursor phase (amorphous calcium
phosphate) which is subsequently dissolved or restructured as the precipitation
reaction occurs and turns into hydroxyapatite [6.7]. Transformation kinetics of
amorphous calcium phosphate into hydroxyapatite, which can be described
by a first order reaction law, is only a function of the solution pH at constant
temperature [8.9]. Solution transformation depends on the conditions that
regulate both amorphous calcium phosphate dissolution and formation of the
first nuclei of hydroxyapatite [10]. In a recent study [11,12], the experimental
results concerning the influence of pH and temperature on the transformation
of amorphous calcium phosphate into hydroxyapatite have been presented.
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From the kinetic data, the values of the rate constant and activation
energy at pH 8.5, 9.1, 9.7, 10.2, 11.3, 12 were calculated. Based on the values
obtained for activation energy, it has been established that the transformation
of amorphous calcium phosphate into hydroxyapatite can be described by a
combined macrokinetic mechanism: transfer-mass conversion. The mathematical
model of the process was established and the constant values from the
mathematical model equation were determined [11.12]. Simulations were
made based on the proposed model and the results show a good agreement
with the experimental data values, which confirms the validity of the model.
Starting from these results, in the present work a method that can be used
to determine quickly and easily the values for degree of conversion (77) in

different experimental conditions is presented. A comparison between the
numerical results and analytical results indicates that predictions obtained with
the new technique are closer to the analytical solutions.

RESULTS AND DISCUSSION

The interpolation of experimental data in order to obtain spline
interpolation function was performed with Mathcad 15. The experimental
data presented in a previous communication [11.12] were used in the present

study. Thus, for two temperatures 7,” = 20 °C and T,’ = 50 °C, the spline S(¢)

was determined, which is a function of one variable and approximates
function 7 experimentally determined. Figures 1 and 2 show the spline function

at various pH values:

T T T
a(t) J
s = =

<

1x10* 2x10 *

3x10 ¢
e GO GO 69 9 ),

Figure 1. Graphic representation of the degree of transformation of amorphous
phase in hydroxyapatite using spline function at 20 °%C and 6 pH values.
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1 1
)

1x10* 2x10 3x10*

s (0) G (@) DY) D) (D)

Figure 2. Graphic representation of the degree of transformation of amorphous
phase in hydroxyapatite using spline function at 50 °C and 6 pH values

The analysis of the graphs obtained show that the interpolation spline
nodes (t,Tl) have no large variations between nodes, so they model correctly
the process of phase transformation.

Because function 7, varies with respect to time and pH, the interpolation
of the function of two variables n(t,pH) on domain containing (t,pH)

experimentally determined at a fixed temperature T = 20 °C was made. The
result is shown in Figure 3:

1

Figure 3. Function F (interpolation spline)

To determine the values of function 77 at fixed time and pH, the surface

is divided with a plan that corresponds to ordinate pH point selected. The
section curve of the plan with the spline surface F(t, pH) is the same with the

one obtained for one variable function 7 (in plan) at that temperature and pH.
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So, the 3D cubic spline interpolation of function 7(z, pH) enables
the determination of approximate values for function 7 for any other value
from time and pH interpolation range at fixed temperature T.

CONCLUSIONS

In this paper we showed the possibility of using numerical methods in
the technology of hydroxyapatite preparation. Compared with the mathematical
model obtained in previously published works, this method is much simpler
and allows the rapid determination of the degree of conversion values 77,

which in mathematical modeling of the process have a great importance. The
advantage of mathematical formulation of the process is the reduction of the
number of experiments, providing the ability to determine the values of function
n atany time and in the pH range of interpolation.

Elaboration of experimental data obtained through spline functions is a
new issue to the modeling domain when using the "black box" method.
Polynomial spline interpolation method allows a rapid determination of
conversion at any time and pH in the range of interpolation. It is necessary to
continue the research in this field in order to determine the coefficients in
polynomial equation of the spline functions. Therefore, using these functions in
solving engineering problems, automation, management and optimization of
processes would be more effective.
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IMPLICATIONS OF SENSE/ANTISENSE
NUCLEIC-ACID CODONS ON AMINO-ACID COUNTS

VLADIMIR R. ROSENFELD*, DOUGLAS J. KLEIN*

ABSTRACT. We study the amino-acid content of protein sequence factors
translated from codonic palindromes of nucleotide sequences, which have
each half comprised from an integer number of codons. Alternatively, our
study may be viewed to seek consequences if sense & antisense translations
for proteins originate with the two (complementary) strands of RNA.

Under either of these presuppositions, we conclude: the total number
of aspartic-acid, asparagine, tyrosine, and histidine residues produced equals
the total number of isoleucine, methionine, and valine residues produced.
Further, we find a suite of inequalities on amino acid counts. Our results provide
a rigorous consequence to a relation considered by Zull et al. Further, a “parity
rule” of Chargaff et al. gives some support for a sense/antisense presumption.

Keywords: nucleotide sequence, codonic palindrome, translation, parity rule,
complementation

INTRODUCTION

Nucleotide sequences of DNA (desoxyribonucleic acid) and RNA
(ribonucleic acid) are constructed from four types of nucleotides denoted by
characters A, C, G, and either T (for DNA) or U (for RNA). DNA consists of
two complementary strands, with these four characters matched into two
complementary pairs: A& Tand C & G.

Here, we investigate the consequences of protein translation from both
sense & antisense directions along nucleotide sequences. This might [1, 2],
sometimes, arise from oppositely oriented translation along strands from
complementary DNA strands. Or it can arise from a single RNA strand which
is a “codonic” palindrome. It is natural to interrelate amino acids as to whether
they have inverted nucleotide codons, and, indeed, such has already been done
by Zull & coworkers [3, 4]. From this interrelation (conveniently expressible
as a “graph”, of vertices representing amino acids, and edges representing the
relation), consequences then are sought. Zull & Smith [3] questioned whether
3 portions of this graph correspond to 3 classes of amino acids manifesting
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different secondary protein structure (o-helix, B-sheet, or random). This could
only be a statistical correlation, as many amino acids occur in 2 or 3 types of
secondary protein structures (though with different frequencies), and, indeed,
Zull & Smith found only a (very) weak correlation. We developed a different
type of consequence which however is rigorous, under either the condition
of sense/antisense translation of complementary RNA strands or translation
from a “codonic” palindrome. We found equal net weights for the frequencies of
occurrence of amino acids in two subclasses comprising one of the (bipartite)
fragments of the codon inversion graph. Either Chargaffs proposal [5] of forward
(sense) & reverse (antisense) translations nucleic acid sequences or Zull's
idea of codonic palindromes leads to a general sense/antisense reading of
individual codons.

Given a nucleotide sequence, a later disjoint sequence is termed an
inverted repeat if it consists of the complements of the first sequence in reverse
order. The initial sequence and the later inverse repeat are together termed ([6],
p. 76) a complementary palindrome — elsewhere often termed simply a
“palindrome”. Sometimes, the direct sequence and its inverted repeat both
consist of an integer number of codons. Such a pair of palindromic sequences
(or subsequences) consisting exactly of an integer number of codons is
called a codonic palindrome. We represent the situation when there are s
codons in each of RNA sequence by

818y * *835-183s" @35 G351 " "@27A1 T, (1)

where a; & a;* are two complementary nucleotides (say, C & G) of the nucleotide
alphabet A ={A, C, G, U}. Note: the “codonic” condition on this (complementary)
palindrome means the direct & inverted sequences each comprise an integer
number of codons.

A more general notion allows “concatenation” of different codonic
fragments of a codonic palindrome. The codons of a codoinic palindrome
may be moved around to be placed in different positions, still preserving all
codons, just in a different order. We term such a reassemblage a codonic
palindromic conglomerate.

This allows consecutive codonic-palindromic loops (such as occur
with introns), and this also accounts for nested loops (i. e., loops of smaller size
inserted into contour sequences of loops of larger size), it allows even multiply
nested loops. We may imagine: at the first hypothetic stage, starting from a
single giant codonic palindrome, with direct sequence t and inverted repeat
u, each of which are to be broken up into codon subsequences, say as
(t1, &, . . ., ty) and (Us, Us, - . ., Uq), with possibly different numbers of different-
lengthed subsequences t; & u; from t & u; and at the second step, putting these
different subsequences back together in an arbitrary order. The superpalindrome
need not be biologically realized but rather just the intermixed codonic
palindromic conglomerates.
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Granted these ideas, we develop some formalism in the next section,
so as to identify notable consequences on the numbers of amino acids
formed within different selected groups, under the assumption that the RNA
is a codonic palindromic conglomerate. Most of the formal discussion is not
needed to understand the final biological consequences, which come in
Propositions 4, 5, & 6.

FORMAL RESULTS

To manipulate nucleotide sequences, one may use three commuting
operators: a standing for complementation (as indicated by (*) in (1)) of
nucleotides in a string; B for inversion of the string, and the composition
y = aB = Ba. We can formally rewrite (1) using y:

aay - azsqass V(@182 *835.183s)- (2)

Let B = {b4, by, . . ., bys} be the set of 21 amino acids (where the
21st amino acid terminologically corresponds to the triple of stop codons).
For a nonempty subset S ¢ B of amino acids, denote by C(S) the set of all
codons for the amino acids from S. And let yC(S) denote the result of action of
the operator y on each codon in C(S).

We investigate the consequences of a pair of subsets S; and S, of
amino acids, for which yC(S;) = C(S,), or equivalently yC(S,) = C(S,), since
y isidempotent (i. e., y? = 1), as also are a and .

Lemma 1. Let T; & T, be two sets of amino acids such that C(T1) = yC(T2).
Let a =ajay - "@ss.j@3s* Azs a@ss.1™ * r@x*as* (a, a*e A;1<i<3s23)bea
codonic palindrome. Moreover, let |; (res. ) (j = 1, 2) be the total number of
occurrences of codons belonging to C(T)) in

asay - "ags-1@ss (res. ass*ass.1™ - raz*as®). Thenl; =r, & ri = 1.

Proof. Since a = ty(f), with t = a1ay - azs1ass & y(t) = azs*ass1™ - -ax*a*, the
numbers of “direct” and inverted codons in a are equal. Also, by
construction, C(T1) and C(T,) are sets of mutually inverted codons, whence
we immediately arrive at the proof.

Note: for any codon t representing a respective amino acid b; the
corresponding codon u = y(f) always represents a distinct amino acid b;.
Therefore, y induces a binary relation on the set B of all amino acids which
can be represented thereon by a simple graph I, where amino acids b; & b;
are adjacent (linked by an edge) if there exist a codon t of the former and a
codon u of the latter which are interchanged by y (u = y(t) & t = y(u)). Important
here are the connected components (maximal connected subgraphs of IN).
We immediately use these considerations in the following
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Lemma 2. Let T; &T, be two sets of amino acids with C(T;) = yC(T>). Then, for
any U; < T;corresponding to a connected component of I, either U, is entirely

in T, or else entirely external to T, (i. e., either U; N T, = U; or U, N T, = D).

Proof. Associate to the union T, = T; U T, a graph H whose vertex set is
T,, and two vertices i & j are adjacent in H if there exist codons #; & {; such
that ; = y(t). Now, attach exactly one self-loop to every vertex of H to obtain
a derivative graph H having the same connectivity components. Clearly, H
is an equivalence relation on T, where any pair of vertices i and j are equivalent
iff these belong to one connected component. Indeed, three conditions are
satisfied: (i) reflexivity, as guaranteed by ‘self-connectivity’ of every vertex having
an attached self-loop; (ii) symmetry, since t= y(t) < & = y(t); and (iii) transitivity,
as follows from the connectivity within a component. Evidently, in our hypothesis,
U, is a single equivalence class of vertices of T,, while T, is the union of a
number of equivalence classes of vertices thereof. Since two equivalence
classes of objects either coincide or share no element, U, is either included
as one such class in T, or intersects with no equivalence class of vertices
comprising T,. This completes the proof.

Corollary 2.1. Let T; &T, be two sets with T; # T, and C(T;) = yC(T).
Then, if T; & T, are minimal, they are disjoint.

Proof. This uses reasoning similar to Lemma 2. Namely, minimal sets T;
and T, are both equivalence classes of T, = T; U T,. Since Ty # T,, we
immediately arrive at the proof.

Corollary 2.2. Let a = a;ay - "ass1@3s° G3s"A3s1™ * "@2*as* (a, a*e A ;1<i<3s23)
be a codonic palindrome. Moreover, let n; (j =1, 2) be the total number
of occurrences of codons belonging to C(T)) in a= ajay - -a@ss.s@ss (res.
a*=azs*ass.s™ - ra*a;*). Then ny = n,.

Proof. Note that n; =/, + r; (j =1, 2). By virtue of the equalities /y = r, and
ry = I, demonstrated in Lemma 1, the proof is immediate.

Proposition 3. In a codonic palindromic conglomerate, there are equal amounts
ny and n, of amino acids from respective minimal subsets T, and T,, as in
Corollary 2.1.

Proof. The initial codonic superpalindrome has n;=n,, by Corollary 2.2. But

breaking up into codons and rearranging all the various codons does not

change the numbers of the different codons, so that one still has ny = n,.
Next, we frame these results more biologically.

AMINO-ACID COUNTS

The relation y which acts on a nucleic acid string to reverse & complement
it leads to a relation between amino acids: if an amino acid has codon
u=aqazas, then, it is related or linked to the amino acid with y(u)=usu.*u, ™
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This overall y-relation is conveniently represented as a graph I” where an edge
occurs between the amino acids of codons u & y(u). Using the standard codons
(e. g., asin Ch. 13 of [7]), the graph I appears in Fig. 1 — also given by Zull et al.
[4]. But now (following the results of our preceeding section) we seek a minimal
pair of subsets S; & S, of amino acids for which yC(S+) = C(S,), and yC(S,) =
C(Sy), since y2 =1. It turns out that in I there is a pair of such sets: S;={D, N, T,
H} & S; = {l, M, V}, where D, N, T, H, I, M, V denote aspartic acid, asparagine,
tyrosine, histidine, isoleucine, methionine, and valine, consecutively. One sees
that our sets S; & S, are mutually interconnected while being completely
disconnected from the remaining vertices. The corresponding codon sets are
C(S1) = {GAU, GAC; AAU, AAC; UAU, UAC; CAU, CAC} and C(S,) = {AUU,
AUC, AUA; AUG; GUU, GUC, GUA, GUG]}. Application of the operator yto
C(S4) gives yC(Sy) = {AUC, GUC, AUU, GUU, AUA, GUA, AUG, GUG}, which
is just C(S;). Hence, also yC(S,) = C(S4). This is the only pair of minimal
distinct sets S; & S, of amino acids having the described property in I (to
transform quantitatively into each other under the operator y). The remnant
set S; = B\ S; U S; of amino acids gives a minimal set C(S3) of codons closed
under the action of y.

Figure 1: The graph I of y-relations of amino acids; the left bipartite component
displays the sets S; (the 4-site part: Hys, Tyr, Asn, Asp) and S, (the 3-site part:
Met, Val, lle), while the right component displays the set S; .

A codonic palindromic conglomerate merely conditions codons to
occur in complementary pairs. Thence, allowing several codonic palindromes
nested, or multiply nested, or interlinked in all kinds of ways. Instances of such
objects can occur in introns. Recall that the mRNA of eukaryotes is obtained
through splicing from pre-mRNA (precursor mRNA), which is similar to a portion
of a strand of DNA. During splicing, relatively long factors called introns are
removed from a pre-mRNA sequence. Most introns are 80 to 400 base pairs in
size; though there also exist huge introns of length >10,000. While introns do not
themselves participate in producing amino acids, it is of note that the intronic
loops even of a very high degree are covered in the conditions of Proposition 3,
where n; = n, is achieved. More explicitly for (T; &T, of Proposition 3 realized as)
S & S, in Fig. 1, with #x being the number of amino acid moieties X produced,
we arrive at a primary biological result:
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Proposition 4. In protein factors translated from codonic palindromic
conglomerates, such as occur with various stem loops, numbers of amino-
acid residues are related

#Asp + #Asn + #Tyr + #His = #lle + #Met + #Val.

But, granted our codonic palindromic conglomerates, there are further
(weaker) consequences, concerning inequalities on amino acid numbers. In
particular, we have:

Proposition 5. In protein factors translated from codonic palindromic
conglomerates, there are inequalities on the numbers of different amino acids:

#Met < #His;
#His < #Met + #Val;
#lle < #Tyr + #Asn + #Asp;
#Tyr + #Asn + #Asp < #lle + #Val,
#GIn < #Leu;
#Trp < #Pro;
#Ter < #lLeu + #Ser;
#Pro < #Trp + #Arg + #Gly;
#Ser < #Ter + #Arg + #Gly + #Ala + #Thr
#Cys <#Ala + #Thr,
#Ala + #Thr <#S er + #Arg + #Gly + #Cys;
#Leu + #Phe < #Gin + #Lys + #Glu + #Ter,
#GIn + #Lys + #Glu < #Phe + #Leu;
#GIn + #Lys + #Ter + #Glu < #Leu + #Phe + #Ser;
#Trp + #Arg + #Gly + #Cys < #Pro + #S er + #Ala + #Thr,
#Pro + #Ser + #Cys < #Trp + #Ter + #Arg + #GIn + #Ala + #Thr,

where the number #Ter of “stops” is conveniently identified to the number
of different proteins.

Proof. Our proof begins with a transformation of G of Fig. 1 into a symmetric
digraph I where each edge of G is converted into a pair of opposite directed
arcs between the same two vertices (as originally connected by the replaced
edge). We attach to every arc i j of I" a weight a; equal to the total multiplicity of
all codons representing amino acid i which are transformed by the operator y
into codons of amino acid j. Next, we use a (common mathematical) definition
that a subset / of vertices of G is independent if no two vertices of | are
adjacent in G. Any independent subset / of amino acids (nontransformable one
into another by y) determines the set J = N(/) of all amino acids adjacent to
members of /. Evidently, the operator y transforms all codons of amino acids from
I'into codons representing amino acids from J, but the converse is true if no two
amino acids of J are adjacent in I (or Fig. 1). In general, there holds a (nonstrict)
inequality interrelating the total numbers of codons of / transformed into
codons of J and of codons of J itself, taking into account other possible
transformations of codons of N(/) — not into codons of /. Thus, we deduce
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for the total numbers of codons in / and J that |C(/)| < |C(J)|. Hence, particular
proofs for all cases considered in Proposition 3 follow, with different choices
of independent / & neighbors J = N(/) corresponding to the left & right sets
of amino acids in each of these inequalities.

Presumably, these statements are most important when at least most of
the RNA (or DNA) is comprised from codonic palindromic conglomerations.
But, perhaps, most significantly Propositions 4 and 5 hold under the sense/
antisense circumstance proposal in [1] & [2], [5] and explored in [3] & [4]. That is:

Proposition 6. /f in place of the condition of codonic palindromic conglomerates
in Propositions 4 & 5, the protein factors are translated from RNA, obtained from
both (sense & antisense) DNA strands, then the conclusions 4 & 5 still hold.

Proof. The two corresponding RNA strands may be viewed as a single codonic
palindrome, say each of the strands being separated from one another by a
hypothetical “stop” codon. Thence, Propositions 4 & 5 apply.

DISCUSSION

Comparison of proportions of amino acids as indicated by Propositions
4 & 5 are perhaps of practical interest. Clearly, 4 & 5 are most relevant
when all or at least a major part of the RNA (or DNA) is comprised from codonic
palindromes — in as much as the various indicated amino acids may be coded
for in different amounts by the portion of the nucleotide chain outside the
codonic palindromes. Chargaff & coworkers’ “parity rule” [5, 8-10] is in
general a little weaker than the hypothesis of 4 & 5, but still is supportive of
it, for some selected species. Most significantly, our results on amino-acid
counts apply fully if the sense/antisense hypothesis of [1, 2] is met. As such, our
Proposition 6 offers a strong test of the occurrence of sense/antisense
translations — such as we imagine though not a general occurrence, could
be the situation for selected species.

Further, note that a “parity rule” of Chargaff and coworkers [5] suggests
that, in a wide class of single strands of DNA, the numbers of A&T nucleotides
match as also do the numbers of C&G nucleotides. (This seems to occur [8]
especially for eubacterial and chloroplast DNA.) That is, granted the satisfaction
of this Chargaff’s rule, single DNA strands have met (in our formal nomenclature)
a first condition for the whole DNA molecule to be a codonic palindromic
conglomerate. A strengthening of this rule to say that complementary nucleotides
fully “condense” into complementary
codons would then imply our result for a single strand of DNA.

Again, our ideas are related to Zull and coworkers [3, 4], though
they look at the possibility of the graphic structure of Fig. 1 to be statistically
manifested in secondary protein structures, whereas what we focus on is
what might be termed “0O-ary” structure (of amino acid counts). A further
point is that our results (of Propositions 4, 5, 6) are robust to certain rare
complications involving the rare alternative translation of a “stop” to some
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other rare amino acid — and this may be seen not to hurt any of the inequalities
in 5. For instance, the “stop” codon UGA can in certain mitochondria code
for tryptophan and for selenocystein in certain Archaea. Also, this occurs
because [12] the second stop codon UAG can code for pyrrolysine in
Archaea and bacteria.

Besides, the (standard) mode of forming RNA loops, another hypothetic
possibility might be imagined to form “reverse loops” (i. e., helixlike loops)
interconnecting between a directed sequence and a second sequence of
nucleotides which, though complemented from the first sequence, is not
reversed in direction along the strand. If such is imagined: namely, to occur
(as has indeed been entertained as a possibility by Chargaff et al. [10]), one
could then inquire about the numbers of different amino acids which arise from
two so-related sequences. That is, one would inquire about the interrelated
amino acids, considering our complementation operator a as interrelating the
two nucleotide sequences — conglomerated or not. Then, the same sort of
results found in our formal section apply, with y replaced by a, now with

reference to the a-graph of Fig. 2.
()
o
0 )

15

Figure 2: The graph of a-relations of amino acids.

With many bipartite components in this graph, this would evidently
lead to a multiplicity of interrelations amongst numbers of various amino
acids. For instance, this would imply that the amounts of glycine & and
proline are the same (and also the amounts of lysine & phenylalanine) —
seemingly, these equalities (and more) do not occur, so that the pairing
between a direct sequence and a second sequence in a strand in the same
direction, evidently, does not occur. The apparent reason must be that, e. g.,
the pairing between C & G occurs only when the two nucleotides in making
contact are oppositely oriented along a nucleotide chain, whence we might

in fact distinguish the possibilities by C &G for nucleotides oriented in one

“symparallel” direction along the chain, and C&Gin the other direction

along the chain — so that pairing occurs between antiparallel [10] C&G (or
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between G &C), but not between “symparallel” C&G (or C&G). A
similar comment applies for A & U (or T). That is, the conformational structure
of each nucleotide is evidently different along the two different directions of
a chain. Overall this evidently accounts for the fact that nucleotide sequences
always form copies in antiparallel directions, rather than symparallel directions
(with complementation). This, seemingly, is an evolutionarily selected (or)
condition for faithful transcription.

CONCLUSION

Beyond the presumption of sense/antisense reading of codons, our
exposition here arises from just very basic facts of molecular genetics. Under
such (sense/antisense) conditions, we have found novel biological consequences
enounced in Propositions 4, 5, and 6. Being rigorous consequences of these
conditions, the amino-acid count relations may be used as tests for either
Chargaff's sense/antisense hypothesis (in RNA) or for our codonic palindromic
conglomerate condition (whence, then, Zull's hypothesis). That is, if our amino-
acid conditions are not met, then this denies both Chargaff's and Zull's
hypotheses. Finally, we may mention two other recent works [13, 14] which
consider similar biological matters in a wider algebraic context.
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CYCLIC NUCLEOTIDE SEQUENCES
CODONICALLY INVARIANT UNDER FRAME SHIFTING

VLADIMIR R. ROSENFELD’, DOUGLAS J. KLEIN*

ABSTRACT. A shift of the frame in a polynucleotide sequence typically
alters the codon content of the sequence. This provokes a question as to
what sequence might be unaltered after shifting the frame. In fact, a linear
sequence cannot exactly be so conserved — but there might be a possibility
if it is a cyclic code subjected to a circular permutation, as we consider here.
The solution is strikingly simple: A cyclic sequence of different nucleotides
conserves a circular order of its codons under any shift of its frame if it has a
length A not divisible by 3 and is consecutively read k times, or it is composed
of k repeated copies of a factor h of length A, where « is divisible by 3, while A
is not. For example, the sequence atcgatcgatcg has a factor atcg of length
A = 4 is repeated k = 3 times. Translating this code without any shift gives
isoleucine, aspartic acid, arginine, and serine, consecutively, or IDRS for short.
The circular shift by 1 position results in SIDR, by 2 positions if produces RSID,
and (here) at last, the circular shift by 3 positions gives DRSI. Apparently, all
four translated codes of amino acids are the same relative to cyclic permutation.
We conclude here discussing the cyclically invariant codes by noting that
these can easily be enumerated using the famous Pdlya’s theorem.

Keywords: nucleotide sequence, codonic, frame shift, cyclically invariant,
permutable

INTRODUCTION

Nucleotide sequences of DNA (desoxyribonucleic acid) and RNA
(ribonucleic acid) are constructed from four types of nucleotides denoted by
the characters A, C, G, and either T or U, where options T or U are used in
cases of DNA or RNA, respectively. According to the complementarity of two
strands in DNA, these four characters comprise two complementary pairs:
A&T(orU)and C & G. See, e. g., Ch. 13in[1].

A cyclic shift of the frame in an RNA polynucleotide sequence, in
general, alters the resulted sequenced codon content, by which we mean
the net number of codons of each different type. This provokes questions
as to whether there are codes unaltered after shifting the frame, and, if so,
then what codes. Typically, a linear sequence of codons cannot exactly be

* Mathematical Chemistry Group, Department of Marine Sciences, Texas A&M University at
Galveston, 200 Seawolf Parkway, Galveston, TX 77553-1675, USA, rosenfev@tamug.edu,
vladimir _rosenfeld@yahoo.com, kleind@tamug.edu
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so conserved — except possibly in certain circumstances. As announced in
the title, cyclic sequences of nucleotides having this property do exist.
Cutting such a cyclic sequence at an arbitrary position produces a linear
factor f which then might be read as a sequence of codons. But with an

alternative cut, a shift of the frame by one or two nucleotide positions can
under suitable circumstances give the same codon content (i. e., the same
counts of acid type of codons -- and thence of each type of translated amino
acid). Still one might imagine another scenario where a cyclic RNA is read
without cutting, with the reading going round repeatedly — and this under
different circumstances can again lead to codon conservation. That is, our
considerations are connected with potential ways in which nature might
create a kind of ‘selfcorrecting code’ for amino-acid content, or even codon
sequences (up to cyclic permutation), such as to conserve the construction
of proteins which are synthesized through translation of codons to amino
acids. That is, regardless of the starting point, or reference frame choice for
codon translation, the same result would be realized for a codonically invariant
cyclic sequence. But also, instead of a cyclic RNA, one may also imagine a
linear one having a similarly constructed, periodic factor whose frame shift
produces the same circular shift of codons therein and thereby assures the
same (apparently circular) order of a translated amino acid sequence.

RESULTS AND DISCUSSION
We begin with a selfevident statement:

Lemma 0. A periodic cyclic sequence, of the length > 3, obtained by repetition

of just one nucleotide conserves a fixed codonic content which does not
alter under any shift of frame.

Note that both of DNA and RNA normally contain (long) stretches of
mononucleotide repeats; besides the conservation of codon content, they
may play an important role in base composition and genetic stability of a
gene and gene functions, etc.. However, it is not yet properly understood --
how nature keeps a fixed-frame reading of general-type codons to reproduce
many times the same polypeptide molecules, in organisms. Here, we apply
some combinatorial reasoning to comprehend certain details of this complex
natural phenomenon.

The first result of this paper is the following statement:

Lemma 1. Let f be a cyclic sequence of nucleotides with a length | /| not

divisible by 3 and with not all nucleotides being the same. Then, there is
conservation of a circular order of codons under any shift of frame if [ is

consecutively read k times, where « is divisible by 3.
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Proof: First, we address the case where the length of nucleotide sequence
is not a multiple of 3, say 3k £1, with & being a positive integer. First, choose

a cyclic sequence f of length | f |=3k +1. Starting from an arbitrary fixed point

of the cycle, we can traverse 3k characters, or k£ complete codons, and
have yet in reserve one spare nucleotide. Continuing cyclically, we utilize
this remnant nucleotide as the first. Whence, codons in the second portion
of k codons are all passed with the shift of nucleotides by one position to
the left, with respect to the distribution into codons in the first 3% -nucleotide
string. Now, we have two remnant nucleotides, from the right “end” of which
now constitute the first two nucleotides of the next codon. Making a third tour
now of k& more codons along the same sequence of nucleotides produces a
sequence of codons which stops at the same point where it was originally
begun. That is, we have overall traversed a sequence of 3k+1 complete
codons where all the three possible shifts of the frame have been realized —
meaning that the shifts have been made in a circular direction. Apparently,
much the same holds true for a factor of length 3k —1. This completes the
proof.
The next statement is related to the preceding one:

Lemma 2. Let f be a cyclic nucleotide sequence obtained by the « -fold

repetition of a factor h of a length | h|, let the nucleotides not all be the same,

and let the whole sequence be read just once. Then, there is conservation
of a circular order of codons under any shift of frame if x is a multiple of 3,
while | ] is not.

Proof: First, take a sequence f which is the x -fold repetition of a factor #

of a length | | not divisible by 3 and with x being a multiple of three, as in
conditions of Lemma 1. Since the tour around such a x -fold cycle is tantamount
to the « -fold rotation along a cycle of length / (obtained by cyclically closing a
factor h), the application of Lemma 1 gives here the proof of the statement.

It is convenient to merge both lemmas to state the following:

Proposition 3. Let f be cyclic sequence of nucleotides. Then, f conserves
a circular order of its codons under any shift of its frame if (0) all the nucleotides
are the same, (1) f has a length A not divisible by 3 and is consecutively read
x times, with k a multiple of 3, or (2) f is composed of k repeated copies of a
factor h of length A, where « is divisible by 3, while A is not.

As a case in point, consider the sequence atcgatcgatcg; here, the
factor atcg of length 4 =4 is repeated three times. Translating this code without
any shift gives isoleucine, aspartic acid, arginine, and serine, consecutively, or
IDRS for short. The circular shift by 1 position results in SIDR, by 2 positions
produces RSID, and (here) at last, the circular shift by 3 positions gives DRSI.
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Apparently, all the four translated codes of amino acids are the same relative
to some circular permutation. Besides codon conservation, the circumstances
of Proposition 3 lead to a further consequence:

Proposition 4. Let f be a cyclic sequence of different nucleotides satisfying
one of the conditions of Proposition 3. Then, the cyclic sequence g of amino
acids so translated from f is conserved under any cyclic shift of f (with g
defined only relative to circular order).

The Propositions 3 and 4 allow to conclude that a minimal linear factor
g of a nucleotide sequence which guarantees to produce, upon translation, the
respective factor of the amino acid ‘with accuracy to a circular permutation’ takes
the form g = acccb, where cis a factor of length | c |= 4 not divisible by 3; and
prefix a & suffix b factors of a total length |a|+|b|=2 (0=a;b=2)
correspond to the last and first, consecutive nucleotides of ¢, respectively. The
adjective “minimal” stands here to allow circular shifts by 1 or 2 positions. If a
(res. b) is alonger factor of ¢ and |a|+|b| 2> A, then g allows a (not minimal)
number |al|+|b| of circular permutations of the translated factor g.
Accordingly, one or two ‘sparse’ nucleotides form codons with 2 or 1 external
nucleotides, respectively. Codonic nucleotides of the factor g encode a
(periodic) factor of the respective amino acid sequence containing a not
necessary integer number of repeated translates of ccc. Combinatorially, just
this controls producing circular permutations in a protein domain.

One might also consider the enumeration of the types of sequences
of our Lemma 2, say, with the enumeration at fixed ¥ & A. That is, we
seek the number of equivalence classes of cyclic sequences, where two
such sequences are equivalent if one can be obtained from the other via a
cyclic permutation (i. e., a power of the permutation which cycles the
members one unit along the sequence, with the last member permuted to

the first). We let #, , be the number of such equivalence classes consisting
of k¥ segments each of length A, with x divisible by 3 and 4 not. Then:

Proposition 5. Let #_, be the number of equivalence classes of cyclic
(nucleotide) sequences having k segments of length A. Then, #, , =#, .

Proof: Each circular shift of an arbitrary (x, A1) -sequence by one position is
equivalent to asynchronous circular shift of every factor of length 4. Such a
factor, if considered in a cyclic fashion, represents a (1, 1) -sequence, so that
the number of distinct circular arrangements of nucleotides in both (fixed)
(k,4)- and (1, 1)-sequences is the same. Since this is true for any (x, 1) -
sequence separately, it holds true for the entire set S of all circularly
nonequivalent (x, A)-sequences with the set F' of their representative A -
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factors (which are all distinct). With this one-to-one correspondence
between the two sets, the proof is completed.

But now we note that #, , is solved by Polya’s enumeration theory [2].

Indeed, a problem somewhat like this is a standard enumeration in many
combinatorics texts: one ordinarily enumerates equivalence classes of
beads on a necklace, with equivalence being determined by the
dihedral group, rather than the cyclic group as here. The additional
“reflective” permutations of the dihedral group are absent in our case, since
our nucleotide “beads” have a direction (or orientation) along the sequence.
But further, we might clarify a point concerning sequences of types
(x,4) and (x