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ABSTRACT

Acyloxy nitroso compounds as new HNO donors can hydrolyze to ni-
troxyl, a nitrogen monoxide with distinct chemistry and biology. Many
acyloxynitroso compounds, illustrate abright brilliant blue color because
of their n—z* electronic transition. In the present work, we are attempting
to study the bonding natures of acyloxynitroso compounds by using
density functional theory at the B3LYP level. Calculations of quantum
chemical were performed with 6-31G (d, p) basis set implemented in
Gaussian09 program. Obtained geometries from calculations of density
functional theory were used to carry out Natural bond orbital analysis. In
this analysis, stabilization energy related to the delocalization trend of
electrons from donor to acceptor orbitals, was calculated. If the stabiliza-
tion energy E® between a donor bonding orbital and an acceptor orbital
isbig, then there isa powerful interaction between them. The great stabi-
lizing efficacy is due to the strong orbital interactions between the lone
pair orbitalsof O (8) and = antibonding C.-O,,. Theredistribution of elec-
tron density in various bonding and antibonding orbitals and E@ ener-
gies have been calculated by natural bond orbital analysis using DFT
method to give clear evidence of stabilization originating from the
hyperconjugation of different intramolecular interactions.
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INTRODUCTION

HNO isaserioushiologica agent andisappropri-
ate for treatment of heart failure®?. Also Nitroxyl
(HNO) can react with heme of proteinsthat thesere-
actions probably interfere biol ogical actionsof hemo-
globin®. Nitroxyl must be generated from donorsdue
toitsfast dimerizationto nitrousoxide®. Acyloxy nitroso

compoundsas new type of HNO donorsthat hasbeen
introduced by Sha et al. which release HNO®. The
privilege of these HNO donorsis controlling of the
HNO releaserate. Acyloxy nitroso compounds hydro-
lyzetonitroxyl (HNO), anitrogen monoxidewith suit-
ablechemica and biological properties®. Another speci-
fications of these group of niroso compoundsistheir
blue color that is achieved due to n —r* electronic
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trangition of theN-O bond["#. thisproperty of Acyloxy
nitroso compounds mention that the comparatively low
energy LUMO isaffilated with thisbond and issensi-
tiveto nucleophilic attack®.

Anandan et d. investigated molecular structureand
conformational stability of 5-nitrosofuran and 5-nitro-
furan moleculesusing abinitio and density functiona
theory methodd®®l. Theoretical study of many S
Nitroso-thiophenol shasbeen carried out usng B3PW91
and B3LY Plevelsby Xiao-Hong et a™. Natural bond
orbital (NBO) analysis of several N-nitroso-N, N-
dimethyl phenylureabiol ogicd compundshavebeenin-
vestigated withDFT in MeCN solution by Zhou Zhang
and et d*?. Jacqueminwith TD-DFT calculationson
various nitroso dyesindicated transitions n to **3.
Theoretical studieson N-nitrosocarbamates, aclassof
ambient nucleophileshavebeen performed by VIadimir
Benini*4. Sincesofar any theoretica dataand analysis
of the nature of the bonding on the structure of
acyloxynitroso compounds hasbeen published. Inthis
work, wearetrying to study the bonding natures and
transitions of someacyl oxy nitroso compoundsbased
on natura bond orbital (NBO) analysisby using den-
sity functional theory at the B3LY Plevel of theory in
both gasand water phases.
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Figurel: Sructuresof acyloxynitroso compounds

COMPUTATIONAL METHODS

All geometry optimizationswerefully carried out
without any symmetry restrictions, in both gasand wa-
ter phases, usingthe B3LY Ptheoretical method™>7,
Thequantum chemica caculationswereperformed with
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the 6-31G basis set fulfilled in the Gaussian09 pro-
gram*®, Theresulting geometrieswerethen confronted
asminimaby frequency cd culations. Also, the compu-
tation of the second order perturbation of interaction
energy a theoptimised geometriesfor severd of acyloxy
nitroso compounds was carried out using the NBO
andyss.

Natural bond orbital (NBO) analysisemanated as
atechniquefor studying hybridisation, covaent and non-
covaent effectsin polyatomic wavefunctiong¥. NBO
anaysisisbased on amethod for optimally transform-
ing agiven wavefunctioninto alocalised form, corre-
sponding to the one-centre (lone pairs) and two-centre
(bonds) dementsof thechemist’s Lewis structure illus-
tration. INNBO analysis, theinput atomic orbital basis
set isconverted with natural atomic orbitalsand hy-
bridsto naturd bond orbitals. NBO andyssemphasi ses
onintermolecular orbitd interactionsespecially charge
transfer in complexes. Thisis performed by cheeking
dl feasbleinteractionsbetween empty acceptorandfilled
donor NBOsand estimation their energetic Significance
by second-order perturbation approach. Lonepair elec-
tron and antibonding interaction can be quantitatively
depicted intermsof theNBO method that isinterpreted
viathesecond order perturbation interaction energy (E
@)2023 E@ showsthe approximati on of the off-diago-
nal NBO Fock matrix elements. For each acceptor
NBO (j) and donor NBO (i), the stabilisation energy
Intercommuni cated with € ectron del ocdli sation between
the acceptor and the donor isdefined as:

@ - _, Fy)°
E e £ — & @
Wheree, and ¢ are diametric elements (orbital ener-
gies), q, isthedonor orbital occupation and F(ij) isthe
off-diametric NBO Fock matrix el ement!2429,

RESULTSAND DISCUSSION

The optimized structuresand conformationa sta-
bility obtained by the DFT method for acycloxy nitroso
compounds have been studied. The substitution of R
group and replacement of carbonwith oxygen littleaf-
fectsthe bond length and angles of acycloxy nitroso
compounds. TABLE 1 indicatesthe cal culated quan-
tum chemical parameterswhich arereevant tothemo-
lecular eectronic structureof themolecules, including

A udéan Journal



PCAIJ, 9(8) 2014

Nosrat Madadi Mahani et al.

263

—= Pyl Paper

TABLE 1: Calculated ionization ener gy, |, electroaffinity ener gy, A, gap ener gy, AE, hardness, n (in Hartreg), dipole moment,
p (in Debye) for thegasphaseat B3LY P/6-31G (d) level of theory

No. 1 2 3 4 5
HOMO -0.1804 -0.2984 -0.3118 -0.1849 -0.2728
LUMO 0.1372 0.1106 0.1121 0.1298 0.1240
Dipole Moment 2.5884 2.8560 2.3153 2.3940 2.3536
lonization Energy 0.1804 0.2984 0.3118 0.1849 0.2728
Electron Affinity Energy -0.1372 -0.1106 -0.1121 -0.1298 -0.1240
Softness 6.2966 4.8890 4.7175 6.3532 5.0395
Hardness 0.1588 0.2045 0.2119 0.1574 0.1984
Gap energy -0.3176 -0.4090 -0.4239 -0.3148 -0.3968

TABLE 2: Second-order interaction energies(E®@, kcal/mol) and partial electron transfer (Q) between donor and acceptor
or bitalsin acyloxy nitroso compounds, at B3LY P/6-31G (d) level of theory (gasphase)

No. Donor Acceptor E®@ (kcal/mol) E()-E(i)(a.u) F(i.j)(a.u) Q(me)
o(Co-Hae) o*(Cy-N7) 3.97 0.82 0.052 0.1920
o(Cy-Cs) 6*(C-Og) 3.69 0.84 0.050 0.1977

. LP(0s % (Co-Oa) 44.96 0.34 0.11 0.2014
LP(2)Oy4 6* (0g-Co) 30.97 0.61 0.124 0.1959
LP(2)Ou 6*(Cy-Cho) 17.02 0.64 0.095 0.1925
o(C2-H16) c*(C1-N7) 4.92 0.76 0.055 0.1971
o(C2-C5) c*(C1-08) 3.92 0.69 0.047 0.1952
LP(2)08 m* (C9-014) 19.38 0.62 0.098 0.1995

2 LP(2014 o*(08-C9) 42.37 0.35 0.109 0.1990
LP(2)014 6*(C9-C10) 32.05 0.35 0.094 0.2024
o(C2-H16) 6*(C1-N7) 3.93 0.82 0.051 0.1976
o(C2-C5) o*(C1-08) 353 0.81 0.049 0.1899
LP(2)08 m* (C9-014) 17.25 0.28 0.062 0.2004

3 LP(2014 o*(08-C9) 44.08 0.36 0.113 0.1982
LP(2)014 6*(C9-C10) 29.39 0.37 0.093 0.2005
o(C2-H16) 6*(C1-N7) 4.05 0.82 0.052 0.1958
o(C2-C5) c*(C1-08) 3.92 0.80 0.050 0.2000
LP(2)08 m* (C9-014) 15.30 0.61 0.086 0.2012

4 LP(2014 o*(08-C9) 44.68 0.34 0.110 0.2002
LP (2)014 6*(C9-C10) 31.05 0.61 0.124 0.1964
o(C2-H16) c*(C1-N7) 3.92 0.80 0.050 0.2001
o(C2-C5) o*(C1-08) 3.72 0.71 0.046 0.1990
LP(2)08 m* (C9-014) 15.36 0.61 0.087 0.1974

5 LP(2014 o*(08-C9) 44.25 0.34 0.110 0.1983
LP (2)014 5*(C9-C10) 30.45 0.62 0.121 0.2056

ionisation potentid (1), dectronaffinity (A), dipolemo-
ment (w), gap energy and hardness (). | and A values
were computed by means of Koopmans’ theorem!?.
Thistheorem gppointsarel ationship between LUMO
and HOMOwith thedectron affinity and theionisation
potentia , respectively. Although thereisnot anominal

argument of Koopmanstheorem by DFT method, its
validity isusualy admitted. Thereceived amountsof |
and A were used for the cal cul ation of the el ectronega
tivity x and global hardness 11 in each of the molecules.
According tothe TABLE 1 the highest values of |=-
E show the trend of 3>2>5>4>1. The calcula-

HOMO
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TABLE 3: Second-order interaction energies(E®@, kcal/mol) and partial electron transfer (Q) between donor and acceptor
orbitalsin acyloxy nitroso compounds, at B3LY P/6-31G (d) level of theory (water phase)

No. Donor Acceptor E®@ (kcal/mol) E()-E(i)(a.u) F(i,j)(a.u) Q(me)
6(Co-Hae) 6*(C;-N-) 3.75 0.84 0.05 0.2009
o(C2-Cs) 6*(C1-Og) 4.10 0.81 0.052 0.1959

. LP(0s ¥ (Cg-Ona) 45.38 0.34 0.111 0.1997
LP(2)Ow o* (Og-Cy) 30.70 0.62 0.124 0.1974
LP(2)Ow 6*(Co-Co) 16.51 0.65 0.094 0.1937
o(C2-H16) o*(C1-N7) 413 0.54 0.042 0.2016
o(C2-C5) o*(C1-08) 4.23 0.77 0.051 0.1997
LP(2)08 * (C9-014) 17.33 0.59 0.091 0.1969

2 LP(2014 o*(08-C9) 43.88 0.34 0.106 0.2117
LP(2)014 o*(C9-C10) 35.52 0.62 0.133 0.1985
o(C2-H16) o*(C1-N7) 3.77 0.55 0.041 0.1967
o(C2-C5) o*(C1-08) 3.81 0.75 0.048 0.1978
LP(2)08 * (C9-014) 50.44 0.33 0.116 0.1972

3 LP(2014 o* (08-C9) 32.75 0.65 0.132 0.1948
LP(2)0O14 o*(C9-C10) 25.35 0.57 0.108 0.1976
o(C2-H16) o*(C1-N7) 3.95 0.85 0.052 0.1980
o(C2-C5) o*(C1-08) 4.16 0.81 0.053 0.19132
LP(2)08 m* (C9-014) 45.66 0.34 0.11 0.2046

4 Lp(2014 o*(08-C9) 30.79 0.62 0.124 0.1980
LP(2)014 o*(C9-C10) 16.46 0.65 0.094 0.1931
o(C2-H16) o*(C1-N7) 3.96 0.55 0.042 0.1969
o(C2-C5) o*(C1-08) 3.87 0.81 0.05 0.1999
LP(2)08 * (C9-014) 17.47 0.59 0.092 0.1942

5 LP(2014 o* (08-C9) 44.09 0.34 0.109 0.2012
LP(2)0O14 o*(C9-C10) 35.62 0.61 0.133 0.1959

tions show that molecule 3 had thehighest HOMO lev-
els. Higher vauesof E . arelikely toindicate poten-
tid of themoleculeto forgive e ectronsto the appropri-
ate acceptor mol ecul e of low unoccupied molecular
orbita energy. R=C (CH,), substitutionincreased the
dipolemoment of molecule 1 and R=CF, decreasediit.
S0, these groups can advance the pol arity and sol ubil-
ity of theacyl oxy nitraso compoundin thebiochemistry
surroundings. Consideration of the gap energies of
nitroso compoundsdisplay that the CF3and C (CH,),
groups caused the greatest decreasein the gap energy.

Natura bonding orbitals(NBO) caculationswere
performed using the Gaussian 09 packagewith DFT
method at B3LY Plevel until understand various sec-
ond-order interactions between the occupied orbitals
and the unoccupied orbitalsof system, whichisacrite-
rion of hyperconjugation or intermolecular

delocalisation. NBO analysissuppliesthe most accu-
rate possible natural Lewisstructure, becauseall or-
bital informationisnumera chosentoincludethehigh-
est feasible percent of the el ectron density. Animpor-
tant characteristic of the NBO method isthat it givesus
information about interactionsin both virtua orbital and
filled spacesthat could appointed the analysis of inter
andintra-molecul ar interactions. Theinteractionscause
in absence of occupation from thelocalised NBO of
theidedised Lewisstructureinto an nonoccupied non-
Lewisorbital. IntheNBO analysis, the genera alter-
ationto NBOsleadsto orbitalsthat are unoccupiedin
thenomind Lewisgructure. Asaresult, thefilled NBOs
of thenatural Lewisstructure arewell adapted to de-
scribe cova enceeffectsin these compunds. Sincethe
non-coval ent del ocalization factorsareintercommuni-
cated withinteractions between filled and unfilled or-
bitals. Itisnormal to explainthem asbeing of donor to
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acceptor chargetransfer, or generalized Lewisacid-
Lewisbasetype. Antibonding display unused valence
shell capacity and pal ming fractions of theatomic va-
lence spacethat areformally unsaturated by covalent
bond formation.

Wesak occupancies of theva enceantibondingsig-
nal irreducibledeparturesfrom anidealized localized
Lewispicture, namdy del ocdization effects. Thereupon,
inthe NBO analysis, the donor—acceptor (bonding—
antibonding) interactions aretaken into consideration
by examining al possibleinteractions between donors
Lewis-type NBOs. The stabilisation energy, E@, sup-
pliesaquantitative standard of thestability of theinter-
action between an €l ectron donor and thereceptor. With
higher thevalues of E@, stronger interactionsare be-
tween the el ectron donor orbital i and receptor orbital
J, that isto say, i has a more tendency to enable an
electrontoj and thegradeof e ectrondeocalisationis
greater. NBO analysis relies on the role of
interarmol ecul ar i nteractionsin the acycloxy nitroso
compounds. According to the vaues of stabilisation
energy inTABLE 2, inmost compounds, theantibonding
orbitalsof the acceptor caninteract with thelonepair
of O (8) and O (14) of theacycloxy nitroso compounds
asthedonor orbital. The datadisplay that the cal cu-
lated stabilisation energy, E@, for the acycl oxy nitroso
compoundsisnormally dueto theinteraction of the
antibonding orbitalswith thelonepair e ectronsof O
(8) and O (14). Thegreatest E®@ values appear inthe
LP(2)O,—r* (C,-O,,) interaction. Thisdesignates
that themodality of thisinteractionisthe O (8) atom of
offeringitslonepair electronston* (C,-O,,).

Aspredicted for nitroso compounds, theelectronic
excitation responsiblefor thecolor presentsatypica n
— 1* character associated to asmall oscillator force.
Many acyloxy nitroso compounds, normally demon-
strate abrilliant bright blue color dueto their n— n*
eectronictrangtion. Thisinteractionisthemost impor-
tant interaction intheacyl oxy nitroso compounds. The
polarized continuum model (PCM) developed by
Tomas and coworkers??was employed. InthisPCM
moddl, theatomicradii of the spheresused to build the
molecular cavity were adjusted by introducing chemi-
ca consderation such ashybridization, formal charge,
and thefirst neighbor inductive effect. Theeffect of the
escaped el ectronic charge outside the cavity was cor-
rected for with an additiona set of chargeson the cav-
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ity surface, distributed according to thesol ute el ectronic
density in each point of the surface. In water gas, LP
(2) 08 » n* (C,-O,,) and LP (2) 014 —c*(O,-C)
interactionshavethegreatest of E@va ueswhichthefirst
trangitionin many acyl oxy nitroso compounds, typicaly
demongtrateabrilliant bright blue color duetotheirn
—m* eectronictrangtion.

CONCLUSIONS

Acyloxy nitroso compoundsrelease HNO through
hydrolysisand nitroxyl (HNO) hasemerged asaunique
nitrogen monoxidedemondrating different chemistry and
biology. The optimized structural, energetical param-
etersdetermined by the DFT method for acyl oxy nitroso
compounds. Also NBO analysiswas performed that
stronginteraction LP (2)O,— n* (C,-O,,) typically
demonstrate abrilliant bright blue color duetotheir n’!
7* electronic trangition.

ACKNOWLEDGEMENTS

We gratefully thank the Payame Noor University
of Iran.
REFERENCES

[1] J.C.Irvine, R.H.Ritchie, J.L.Favaloro,
K.L.Andrews, R.E.Widdop, B.K.Kemp-Harper;
Trends Pharmacol .Sci., 29, 601 (2008).
N.Paolocci, M.l.Jackson, B.E.Lopez, K.Miranda,
C.GTocchetti, D.A.Wink, A.J.Hobbs, J.M.Fukuto;
Pharmacol.Ther., 113, 442 (2007).

T.W.Miller, M.M.Cherney, A.J.Lee,
N.E.Francoleon, PJ.Farmer, S.B.King, A.J.Hobbs,
K.M.Miranda, J.N.Burstyn, J.M.Fukuto;
J.Biol.Chem., 284, 21788 (2009).
C.G.Tocchetti, B.A.Stanley, C.I.Murray,
V.Sivakumaran, S.Donzdlli, D.Mancardi, PPagliaro,
W.D.Gao, J.van Eyk, D.A.Kass, D.A.Wink,
N.Paolocci; Antioxid.Redox Signal, 14, 1687
(2011).

J.C.Irvine, J.L.Favaloro, B.K.Kemp-Harper; Hy-
pertension, 41, 1301 (2003).

X.Sha, T.S.Isbell, R.PPatel, C.S.Day, S.B.King;
JAm.Chem.Soc., 128, 9687 (2006).
M.E.Shoman, J.F.DuMond, T.S.Isbell,
J.H.Crawford, A.Brandon, J. Honovar, D.A.Vitturi,
C.R.White, R.PPatel, S.B.King; J.Med.Chem., 54,

[2]

(3]

[4]

[5]
[6]
[7]

Hn Tndéan g%wumé



266 Study of the molecular properties and natural bond orbital analysis

PCAIJ, 9(8) 2014

FPull Paper =

1059 (2011).

[8] JFDuMond, S.B.King; Antioxid. Redox Signdl, 1,
14(9), 1637 (2011).

[9] J.F.DuMond, M.W.Wright,
J.Inorg.Biochem., 118, 140 (2013).

[10] K.Anandan, P.Kolandaivel, R.Kumaresan,
B.G.Gowenlock; J.Mol.Struct.(Theochem), 639,
213 (2003).

[11] L.Xiao-Hong, T.Zheng-Xin, X.Z.Zhang;
J.Moal.Struct.(Theochem) 900, 50 (2009).

[12] R.Z.Zhang, L.Xiao-Hong, X.Y.Gong, X.Zhang;
J.Solution Chem., 41, 828 (2012).

[13] D.Jacquemin, E.A.Perpete; Chem. Phys.Lett., 420,
529 (2006).

[14] V.Benin; JMol.Struct.(Theochem), 764, 21 (2006).

[15] C.Lee, W.Yang, R.GParr; Phys.Rev.B, 37, 785
(1988).

[16] A.D.Becke; J.Chem.Phys., 97, 9173 (1992).

[17] A.D.Becke; J.Chem.Phys., 98, 5648 (1993).

[18] M.J.Frisch, GW.Trucks, H.B.Schlegel,
G.E.Scuseria, M.A.Robb, J.R.Cheeseman,
G Scalmani, V.Barone, B.Mennucci, GA.Petersson,
H.Nakatsuji, M.Caricato, X.Li, H.P.Hratchian,
A.F.1zmaylov, J.Bloino, G.Zheng, J.L.Sonnenberg,
M.Hada, M.Ehara, K.Toyota, R.Fukuda,
J.Hasegawa, M.Ishida, T.Nakajima, Y.Honda,
O.Kitao, H.Nakai, T.Vreven, J.A.Montgomery,
Jr.J.E.Perata, F.Ogliaro, M.Bearpark, J.J.Heyd,
E.Brothers, K.N.Kudin, V.N.Staroverov,
R.Kobayashi, J.Normand, K.Raghavachari,
A.Rendell, J.C.Burant, S.S.lyengar, J.Tomasi,
M.Cossi, N.Rega, J.M . Millam, M Klene, J.E.Knox,
J.B.Cross, V.Bakken, C.Adamo, J.Jaramillo,
R.Gomperts, R.E.Stratmann, O.Yazyev, A.J.Austin,
R.Cammi, C.Pomelli, J.W.Ochterski, R.L.Martin,
K.Morokuma, V.G.Zakrzewski, G.A.Voth,
P.Salvador, J.J.Dannenberg, S.Dapprich,
A.D.Daniels, O.Farkas, J.B.Foresman, J.V.Ortiz,
J.Cioslowski, D.J.Fox; Gaussian, Inc., Wallingford
CT (2009).

S.B.King;

[19] A.E.Reed, R.B.Weinstock,
J.Chem.Phys., 83, 735 (1985).

[20] A.E.Reed, FWeinhold; J.Chem.Phys., 78, 4066
(1983).

[21] J.PFoster, FWeinhold; JAm.Chem.Soc., 102, 7211
(1980).

[22] J.Chocholousova,  V.Spirko,
Phys.Chem.Chem.Phys., 6, 37 (2004).

[23] A.E.Reed, L.A.Curtiss, FWeinhold; Chem.Rev.,
88, 899 (1988).

[24] E.D.Glendening, C.R.Landis, FWeinhold; WIRES
Comput. Mol.Sci., 2, 1 (2012).

[25] M.Cossi, V.Barone, R.Cammi, J.Tomasi;
J.Chem.Phys.Lett., 255, 327 (1996).

[26] V.Barone, M.Cossi, J.Tomasi; J.Chem.Phys., 107,
3210 (1997).

[27] B.Mennucci, J.Tomasi; J.Chem.Phys., 106, 5151
(1997).

F.Weinhold;

P.Hobza;

Physical CHEMISTRY oo
A udéan Journal



