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Theoretical investigation of
some O-nitrosyl carboxylate

biologic molecules — A
natural bond orbital study

Ruizhou ZHANG1, Zhenguo LI2,

Xiaohong LI (✉)1 and Xianzhou ZHANG3

Theoretical study of several O-nitrosyl carboxylate
compounds have been performed using quantum
computational ab initio RHF and density functional
B3LYP and B3PW91 methods with 6-31G** basis set.
Geometries obtained from DFT calculations were used
to perform the natural bond orbital (NBO) analysis. It
is noted that weakness in the O3-N2 bond is due to nO1

! σ�
O3-N2

delocalization and is responsible for the longer

O3-N2 bond lengths in O-nitrosyl carboxylate com-
pounds. It is also noted that decreased occupancy of the
localized σO3-N2

orbital in the idealized Lewis structure,
or increased occupancy of σ�

O3-N2
of the non-Lewis

orbital, and their subsequent impact on molecular
stability and geometry (bond lengths) are related with
the resulting p character of the corresponding sulfur
natural hybrid orbital (NHO) of σO3-N2

bond orbital. In
addition, the charge transfer energy decreases with the
increase of the Hammett constants of subsitutent
groups.

Keywords natural bond orbital (NBO), O-nitrosyl car-
boxylate compounds, second order delocalization energies,
natural hybrid

1 Introduction

Nitric oxide (NO) is one of the smallest known biologically
active messenger molecules and plays key roles in regulating
many important physiologic functions in living bodies [1–4].
To understand the physiologic activities of NO as a biologic

second messenger, it is obviously essential to have some
knowledge of the chemical fundamentals that govern those
functions at the molecular level. Since NO is such a small
diatomic molecule and is expected not to be too strongly
affected by steric or molecule shape-dependent recognition
factors that large molecules often encounter, the binding force
of NO with a particular active site can therefore be represented
by the bond energy of the Y-NO type, where Y represents the
atom in a carrier to which NO is directly attached. In other
words, the Y-NO bond energy should play a key role in
directing NO to migrate. However, due to a lack of the means
for effectively separating the interference of the secondary
bond rupture in gas-phase measurement, no bond information
for relatively large organic molecules has been provided in
literature. This has spurred us to initiate research on the Y-NO
bond energies of molecules in solution. (Note that most NO-
related chemical and biologic reactions occur in the
condensed phase).

As a unique class of such NO-carrying vehicles, O-nitrosyl
carboxylate compounds are generally believed to take a most
active part in many biologic functions of nitric oxide,
especially in the processes of NO-storage, transport, and
delivery [5]. Casado et al. [6] showed that nitrosation of the
amino group in amino acids proceeded via the initial
formation of nitrosyl carboxylate (-COONO), followed by
an intramolecular NO migration from oxygen to nitrogen. The
use of nitrite compounds as NO donors in many chemical and
biologic reaction systems has also long been recognized [7,8].
It is therefore believed that the quantitative measures of the O-
NO bond information in the present study may serve as a
guide for selecting efficient NO donor compounds and for a
more insightful understanding of relevant NO-involving
reactions.

Recently we have reported the best method to compute the
bond dissociation energies of the O-NO bond in O-nitrosyl
carboxylate compounds [9]. However, our library survey
showed that there are no published experimental or theoretical
data on the structure of some O-nitrosyl carboxylate
compounds. In addition, to the best of our knowledge, we
have not seen the analysis of bond natures of some O-nitrosyl
carboxylate compounds.

In the present work, we attempted to study the thermo-
dynamic stabilities and bonding natures of some O-nitrosyl
carboxylate compounds using RHF and density functional
theory at the B3LYP and B3PW91 level of theory throughout
with the 6-31G** basis set implemented in the Gaussian03
program suite [10]. Geometries obtained from DFT calcula-
tions were then used to perform the natural bond orbital
(NBO) analysis briefly describing the basic idea of the natural
atomic orbitals (NAO) and NBOs analysis as the use of one
electron density matrix to define the shape of the atomic
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orbitals in the molecular environment, and were used to drive
molecular bonds from electron density between atoms.
Finally, the relative stabilities and the nature of the central
bonds in some O-nitrosyl carboxylate compounds were
systematically and quantitatively investigated by the NBO
analysis method.

2 Computational methods

All geometry optimizations were fully carried out without any
symmetry limitation using RHF, B3LYP, B3PW91 methods
[11–15]. All calculations were performed with 6-31G** basis
set implemented in G03 program. The resulting geometries
were then verified as minima by frequency calculations.

NBO analysis was then performed by the NBO 3.1 program
[16] included in GAUSSIAN 03 package of programs at RHF,
B3LYP and B3PW91 level of theory. In this context, a study
of hyperconjugative interactions has been completed. Hyper-
conjugation may be given as a stabilizing effect that arises
from an overlap between an occupied orbital with another
neighboring electron deficient orbital when these orbitals are
properly oriented. This noncovalent bonding-antibonding
interaction can be quantitatively described in terms of the
NBO approach that is expressed by means of the second-order

perturbation interaction energy ðEð2ÞÞ [17–20]. This energy
represents the estimate of the off-diagonal NBO Fock matrix
elements. It can be deduced from the second-order perturba-
tion approach [21]

Eð2Þ ¼ ΔEij ¼ qi
Fði,jÞ2
εj – εi

(1)

where qi is the ith donor orbital occupancy, εi and εj are

diagonal elements (orbital energies), and Fði,jÞ is the off-
diagonal NBO Fock matrix element.

3 Results and discussion

3.1 Geometry optimization

The selected O-nitrosyl carboxylate compounds are listed in
Fig. 1. All of the optimized structural characteristics
calculated for the selected compounds in the ground state at
the RHF, B3LYP and B3PW91 levels of theory are reported in
Table 1. 6-31G** basis set is used.

As can be seen from Table 1, the two DFT methods used in
this study have resulted in very similar values for the related
bond lengths and angles. However, their results are slightly
different from those obtained by RHF method. The bond
lengths calculated by RHF method are the shortest among the
three computational methods, while the bond angles calcu-
lated are the largest among the selected methods except the
O3-C4-O5 bond angle. For the selected compounds, the
longest bond length is calculated by B3LYP method. From
Table 1, it is also noted that CH3COO-NO has the longest N2-
O3 bond length, while 4-H-PH-COO-NO has the shortest N2-
O3 bond length.

An interesting point observed in the selected molecules was
the change of the bond length and angle with the Hammett
constants of substituent group on HCOONO. The Hammett
constants [22] of CH3, C2H5, (CH3)2CH and phenyl groups
are – 0.17, – 0.15, – 0.11 and – 0.01, respectively. It is noted
that the N2-O3 bond length and the O3-C4-O5 bond angle
decrease with the augment of Hammett constants, while the
C4-O5 bond length increases with the increase of Hammett

Figure 1 The selected O-nitrosyl carboxylate compounds
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constants. The listed dihedral angles are either 0° or 180° at
RHF/6-31G**, B3LYP/6-31G** and B3PW91/6-31G** level
except the O5-C4-C6-C7 dihedral angle of (CH3)2CHCOO-
NO, which indicates that the atoms are in a plane.

3.2 Character of NHO on the selected compounds

A natural atomic orbitals (NAO) is defined as a valence-shell
atomic orbital derived from the diagonalization of the
localized block of the full density matrix of a given molecule,
associated with basis functions χiðAÞ on that atom, and
fulfilling the simultaneous requirement of ortho-normality and
maximum occupancy. Although in an isolated atom, NAOs
coincide simply with natural orbitals, in polyatomic molecule
(in contrast to natural orbitals that become delocalized over all
nuclear centers); the NAOs mostly retain one-center character.
Consequently, NAOs are considered optimal for describing
the molecular electron density around one-center in polya-
tomic molecules. Also, a NHO result from a symmetrically
orthogonalized directed hybrid orbital derived through unitary
transformation of NAO centered on a particular atom. Finally,
according to the simple bond orbital picture, a natural bond
orbital (NBO) is defined as an orbital formed from NHOs.
Therefore, for a localized r-bond between atoms A and B, the
NBO is defined as:

�AB ¼ cAhA þ cBhB (2)

where hA and hB are the natural hybrids centered on atoms A
and B, respectively. The NBOs closely correspond to the
picture of localized bonds and lone pairs as basic units of
molecular structure, and therefore it will be possible to
interpret conveniently ab initio wave functions in terms of the
classical Lewis structure concepts by transforming these
functions to the NBO forms [23].

In Table 2, we present the resulting natural atomic hybrids
hA on some atoms with the polarization coefficient cA for each
hybrid (in parentheses) in the corresponding NBO. The
inspection of the results reported in Table 2 reveals that:

● The p characters of oxygen NHO�N2-O3
and nitrogen

NHO�N2-O3
bond orbitals decrease with increasing Hammett

constants of substituent group on HCOONO.
● The p characters of oxygen NHO�O1-N2

and nitrogen

NHO�O1-N2
bond orbitals don not change with increasing

Hammett constants of substituent group on HCOONO.
● The decreasing p characters on oxygen NHO�N2-O3

and

nitrogen NHO�N2-O3
bond orbitals result in a shortening of the

O3-N2 bond.
● Small and nearly equal values of the calculated d

contribution of O3 atom show that 3d orbitals have little
importance in bonding of the aliphatic O-nitrosyl carboxylate
compounds.

The NBO [23] analysis shows that there is a strong
hyperconjugative interaction nO1

! ��
O3-N2

in the compounds

studied (Table 3). For example, the second order energy ðEð2ÞÞ
for CH3COO-NO is 63.26 kcal/mol at B3LYP level. This
interaction weakens the O3-N2 bond and elongates the O3-N2

bond length in the selected O-nitrosyl carboxylate com-
pounds. In addition, it is found that these compounds are
characterized by strong nO3

! ��
N2¼O1

delocalization, which

induces partial π character. From Table 3, it is noted that Eð2Þ

decreases with increasing Hammett constant of substituent
group, which results in shortening of the O3-N2 bond. The
second order delocalization energies for CH3COONO,
CH3CH2COONO, (CH3)2CHCOONO, 4-H-PHCOONO at
B3LYP level are 63.26, 63.00, 62.72, 62.07 kcal/mol,
respectively. And the O3-N2 bond lengths are 1.5258,
1.5247, 1.5234, 1.5229Å, respectively. The above analysis
indicates that the weakness in the O3-N2 bond is due to nO1

!
��
O3-N2

delocalization and is responsible for the longer O3-N2

bond lengths, thereby contributing to the nitro oxide releasing
ability in the selected O-nitrosyl carboxylate compounds,
though the O3-N2 bond has partial double bond and character.

In the NBO analysis [23], the direction of a hybrid is
specified in terms of the polar and azimuthal angles of the
vector describing its p-component. The hybrid direction is
then compared with the direction of the line of centers
between the two nuclei to determine the bending of the bond,
expressed as the deviation angle (Dev, in degrees) between
these two directions. In our present study, for nO1

! ��
O3-N2

of

CH3COONO, N2 NHO of O3-N2 bond is bent away from the
line of O3-N2 centers by 5.0 (which is the biggest deviation
angle in the molecule), whereas O3 NHO is bent away from
the line of O3-N2 centers by 2.2. The information is often
useful in anticipating the direction of geometry changes
resulting from geometry optimization. For CH3CH2COONO,
(CH3)2CHCOONO, and 4-H-PHCOONO, N2 NHO and O3

NHO of O3-N2 bond are bent away from the line of O3-N2

centers by 5.0 and 2.3, 4.9 and 2.2, 4.9 and 2.1, respectively.

3.3 Donor-acceptor (bond-antibond) interactions

In the NBO analysis [23], in order to compute the span of the
valence space, each valence bonding NBO ð�ABÞ, must in
turn, be paired with a corresponding valence antibonding
NBO ð��

ABÞ:
��
AB ¼ cAhA – cBhB (3)

Namely, the Lewis � -type (donor) NBOs are complemented
by the non-Lewis �� -type (acceptor) NBOs that are formally
empty in an idealized Lewis structure picture. Readily, the
general transformation to NBOs leads to orbitals that are
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unoccupied in the formal Lewis structure. As a result, the
filled NBOs of the natural Lewis structure are well adapted to
describing covalency effects in molecules. Since the non-
covalent delocalization effects are associated with � ! ��

interactions between filled (donor) and unfilled (acceptor)
orbitals, it is natural to describe them as being of donor-
acceptor, charge transfer, or generalized “Lewis base-Lewis
acid” type. The antibonds represent unused valence-shell
capacity and spanning portions of the atomic valence space
that are formally unsaturated by covalent bond formation.
Weak occupancies of the valence antibonds signal irreducible
departures from an idealized localized Lewis picture, i.e., true
“delocalization effects”.

As a result, in the NBO analysis, the donor–acceptor
(bond–antibond) interactions are taken into consideration by
examining possible interactions between ‘filled’ (donor)
Lewis-type NBOs and ‘empty’ (acceptor) non-Lewis NBOs
and then estimating their energies by second-order perturba-
tion theory. These interactions (or energetic stabilizations) are
referred to as “delocalization” corrections to the zeroth - order
natural Lewis structure. Here, the interaction energies that
exceed 0.5 kcal/mol are considered.

The most important interaction between “filled” (donor)
Lewis-type NBOs and “empty” (acceptor) non-Lewis NBOs

is reported in Table 4. The results of NBO analysis collected in
Table 4 show that the lp(O3) participate as donors and the
BD*(O1-N2) antibond as acceptors [lp(O3)! BD*(O1-N2)],
with charge transfer energy values as: 20.78, 20.95, 21.04,
21.09 kcal/mol for CH3COONO, CH3CH2COONO,
(CH3)2CHCOONO, 4-H-PHCOONO at B3LYP level, respec-
tively. This shows that the charge transfer energy increases
with the increase of the Hammet constants of subsitutent
groups. This interaction is the most important interaction in
the O-nitrosyl carboxylate compounds. The amount of
destabilization energy calculated within the NBO approach
does not greatly differ in the compounds examined, thus it can
be inferred that the strength of the O-NO bond changes only
slightly in the different compounds, which is consistent with
our calculated results [24] and the experimental results
[25].

Table 5 shows calculated natural orbital occupancy
(number of electron, or “natural population” of the orbitals).
It is noted that for �O3-N2

bond orbital, the maximum

occupancy is obtained for CH3CH2COO-NO (1.98633); for
��
O3-N2

bond orbital, the maximum occupancy is obtained for

CH3COO-NO (0.22033). As we described above, small
occupancies of the antibond orbitals correspond, in Hartree-
Fock theory, to irreducible departure from the idealized Lewis
picture and thus to small non-covalent corrections to the
picture of localized covalent bonds.

Decreased occupancy of the localized �O3-N2
orbital in the

idealized Lewis structure, or increased occupancy of ��
O3-N2

of

the non-Lewis orbital, and their subsequent impact on
molecular stability and geometry (bond lengths) are also
related with the resulting p character of the corresponding
oxygen NHO of �O3-N2

bond orbital.

In Table 2, for CH3COONO, CH3CH2COONO,
(CH3)2CHCOONO, 4-H-PHCOONO at B3LYP level, the p
characters of oxygen �O3-N2

in selected compounds are 6.13,

6.10, 6.06, 6.00, respectively. Similarly, the O-NO bond
length is 1.5258, 1.5247, 1.5234, 1.5229 Å, respectively.
Therefore, the results suggest that the O3-N2 bond lengths of
these compounds are in essence controlled by the p character
of these hybrid orbitals and also by the nature of the O3-N2

bond.

Table 4 The second order perturbation energies E(2)/(kcal$mol–1) corresponding to the most important charge transfer interactions (donor!
acceptor) in the compounds studied using B3LYP/6-31G** method

Don.NBO Acc.NBO E(2)/(kcal$mol–1)

CH3COO-NO CH3CH2COO-NO 4-H-PHCOONO (CH3)2CHCOO-NO

lpO3
a) BD*(O1-N2) 20.78 20.95 21.09 21.04

lpN2 BD*(C4-O3) 0.76 0.79 0.81 0.80

lpO5 BD*(C4-C6) 18.74 19.07 17.93 17.96

a) lp stands for lone-pair.

Table 3 Second order delocalization energies E(2)/(kcal$mol–1) in the
selected compounds at various levels

Compounds RHF/6-31G** B3LYP/6-31G** B3PW91/6-31G**

CH3COO-NO

nO1
! ��O3 –N2

57.46 63.26 60.89

nO3
! ��N2¼O1

35.11 20.78 22.52

CH3CH2COO-NO

nO1
! ��O3 –N2

57.13 63.00 60.59

nO3
! ��N2¼O1

35.46 20.95 22.74

4-H-PHCOONO

nO1
! ��O3 –N2

57.46 62.07 60.74

nO3
! ��N2¼O1

35.28 21.09 22.78

(CH3)2CHCOO-NO

nO1
! ��O3 –N2

56.99 62.72 60.22

nO3
! ��N2¼O1

35.58 21.04 22.87
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3.4 Natural population analysis

The natural population analysis (NPA) was evaluated in terms
of natural atomic orbital occupancies [26,27]. Table 6 reveals
the molecular charge distribution on the skeletal atoms for
selected O-nitrosyl carboxylate compounds. Generally, it is
noted that the strong negative partial charges on the skeletal
atoms (especially O1, O3, O5) for the selected compounds
decrease with increasing Hammett constant of substituent
groups, while the positive partial charges on the skeletal atoms
(especially N2, C4) for the selected compounds increase with
the increasing Hammett constant of substituent groups. These
partial charge distributions on the skeletal atoms show that the
electrostatic repulsion or attraction between atoms can
contribute significantly to the intra- and intermolecular
interaction.

4 Conclusions

In the present study, natural bond orbital population analysis
of several O-nitrosyl carboxylate compounds have been
performed using quantum computational ab initio RHF and
density functional B3LYP and B3PW91 methods with 6-
31G** basis set. According to our results, following
conclusions can be obtained for the selected O-nitrosyl

carboxylate compounds studied:
1) The N2-O3 bond length and the O3-C4-O5 bond angle

decrease with the augment of Hammett constants, while the
C4-O5 bond length increase with the increase of Hammett
constants.

2) The p characters of oxygen NHO�N2-O3
and nitrogen

NHO�N2-O3
bond orbitals decrease with increasing Hammett

constants of substituent group on HCOONO, which results in
shortening of the O3-N2 bond.

3) There is a strong hyperconjugative interaction nO1
!

��
O3-N2

in the compounds studied and the weakness in the O3-

N2 bond is due to nO1
! ��

O3-N2
delocalization and is

responsible for the longer O3-N2 bond lengths, thereby
contributing to the nitro oxide releasing ability in selected
compounds, though the O3-N2 bond has partial double bond
and character.

4) The charge transfer energy Eð2Þ decreases with
increasing Hammett constant of substituent group, which
results in shortening of the O3-N2 bond.

5) The electrostatic repulsion or attraction between atoms
can contribute significantly to the intra- and intermolecular
interaction.
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