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The structural and electronic parameters of the dication of antimicrobial drug decamethoxinum and a set of model
ammonium dications with various size of alkyl substituents at quaternary nitrogens were determined by means of AM1
quantum mechanical calculations. It is shown that the most favourable conformation of the decamethoxinum dication in
the absence of water solvent is an extended one with side substituents in the trans-position with respect to the central
chain and intramolecular solvation of ammonium groups by carboxyl oxygens. The positions of two centers of charge
distribution in the decamethoxinum dication are close to the location of quaternary nitrogens while the analysis of the
set of model dications revealed a strong dependence of the positions of such centers on type and size of the alkyl
substituents. Possible correlations of the molecular parameters and the biological activity of ammonium salts are
discussed.
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A class of salts of diquaternary ammonium compounds embraces the substances the distinctive feature of
which is the presence of two quaternary nitrogens in the structure of their dications. At the same time the
possibility of practically unlimited variation and combination of types of the substituents at quaternary nitrogens
offers a variety of compounds with a wide spectrum of chemical properties and biological action, including
poisons and antidotes, chemotherapeutic antimicrobial and anticancer agents, miorelaxants, herbicides, dyes, and
many others. In this connection investigation of the relations between the structure of substituents at quaternary
nitrogens and the physico-chemical properties of bisquaternary compounds is of great interest for elucidation of
possible mechanisms of their biological action.

The cationic surface active compounds based on quaternary and bisquaternary salts possess antimicrobial
properties and some of them, such as decamethoxinum developed in Ukraine, are used as medicines [1-3]. In this
type of compounds the substituents provide surface active properties and facilitate the adjustment of the drug to
its molecular receptors in the bacterial cell [3]. The nature of these receptors, however, is not yet entirely known.
The obvious interaction of surfactants with cell membranes does not explain all the effects of bisquaternary
agents, and more complicated mechanisms of intrusion of the drugs in the cell metabolism and biopolymers
functioning may be involved [3]. In this connection a knowledge of structure, conformational mobility, charge
distribution in the dications of the drugs is necessary for evaluation of the possibility of their interactions with
biologically important molecules,

Such data are also vital for interpretation of the results of experimental, in particular, spectroscopic, studies
of these compounds. Recently in the frames of mass spectrometric technique an approach was developed, which
allows to estimate experimentally the energy of coulomb repulsion in multiply charged molecules [4, 5].
Awareness of actual charge distribution over the atoms of ionic species is required in these experiments.

The aim of the present work was to perform quantum chemical calculations of structural and electronic
parameters of a number of diquaternary compounds which vary in type and length of substituents at quaternary
nitrogens, and to estimate intramolecular repulsion energy in the dications. The objects of the study were a
dication of decamethoxinum, an antimicrobial drug widely applied in composition of relevant medicines the
formula of which is as follows
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and a set of model dications with variable length of central inter-nitrogen and side alkyl substituents.

THEORETICAL METHODS

Calculations of structural and electronic parameters of the above listed quaternary ammonium dications were
performed in the frames of semiempirical AM1 procedure using the MOPAC 6 program package [6]. A good
agreement between the dipole moment values determined using charges on atoms, obtained by the AM1 technique
and measured experimentally for a large row of organic compounds proved the validity of application of the
present method for evaluation of charge distributions [6].

Intramolecular coulombic repulsion energy U between two charged parts of the dications was calculated
using formula (1)

v-x3u,-gr.l L : 0

which accounts the interactions between each pair of charges ¢; and ¢, located on atoms i and j, taken from two
symmetrical halves of the dication, and the interatomic distances r; between the corresponding pairs of atoms
(c is a constant being 1.439 nm/eV in CI units [5]). Knowledge of the total coulomb energy allowed to estimate
the distance rw142 between two geometrical centers of weight (w1, w2) of the charge distribution in the ion:

cqrq:
Frtws = s 2)
U

RESULTS AND DISCUSSION

The geometry fully optimized in the AM1 calculations geometry and the charges on atoms of the dication of
decamethoxinum are presented in Fig. 1 a, b. The optimal conformation of the central polymethylene chain
-(CH,)10 - (with no influence of a solvent) of the dication is completely extended. The length of the organic
dication in this extended conformation is 2.75 nm, the distance between two quaternary nitrogens ry is 1.39 nm.

The methyl substituents at quaternary nitrogens (N3 1, N44, here and further the atom labeling is as in Fig. 1)
occur in opposite directions in relation to the chain axis and the menthyl rings in decamethoxinum are in #rans-
position in relation to the chain as well. It should be mentioned that, along with the structure featured in Fig. 1,
there is a number of close energy minima for the positions of menthyl rings and their own conformers. Heat of
formation of such conformers differs from that of the most favourable structure (71.96 kcal/mole) by 1-3
kcal/mole. The ionization potential of doubly charged species is comparatively high and comprises 14.09 eV.

Another interesting feature of the structure of the dication of decamethoxinum is that the positively charged
quaternary groups are «solvated» by carboxyl oxygens. For example, the distance between Q57 and C33 or C34
of the methyl groups at N31 is 0.27 nm, the value of which is comparable with the average length of hydrogen
bonds. The analogous effect was reported in the literature, for example, for a cyclic antibiotic gramicidin S, in
which structure neutral [7] or charged due to protonation [8] amino groups on the ends of side chains of two
ornitine residues were solvated by carboxyl oxygens of the polypeptide backbone. An intramolecular solvation
may contribute to the stabilization of decamethoxinum dication.

Analysis of the atomic charge distribution shows that a partial charge on quaternary nitrogens themselves is
rather small, being 0.044 of electron unit. The positive charge of the dications is distributed over the hydrogens,
mainly those at four carbons adjacent to a quaternary nitrogen and some hydrogens in the central polymethylene
chain (Fig. 1).

An assessment of the distributions of the positive charge over four radicals connected with a quaternary
nitrogen in one of the two symmetrical halves of the decamethoxinum dication is presented in Fig. 2. One can see
that about 83% of one-electron charge is concentrated on a fragment which could be conventionally called as the
first coordination sphere of a quaternary nitrogen. This involves the nearest-to-nitrogen two methyl and two
methylene groups, including C1, C32 and C33, C34 for N31 or C10, C45 and C46, C47 for N44, and hydrogens
connected with them. The rest of the charge is shifted to the other atoms of the central and terminal radicals.

Thus, in the decamethoxinum dication (as in some other calculated bisquaternary ammonium structures [9])
the «excess» charge has no point localization but is smeared over the ion. Since four substituents at each
quaternary nitrogen differ significantly in their structure and size, the charge distribution is not symmetrical, which
is to say that it is not valid to assume a priori that the geometrical center of charge distribution (w1 or w2)
coincides with the position of a quaternary nitrogen.

As it was mentioned in the Introduction, theoretical determination of charge distribution and geometrical
positions of w1, w2 is of interest not only for evaluation of biological properties of the dications, but for inter-
pretation of some experimental results on their molecular parameters. In particular, one of the mass spectrometric
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Fig. 1. Optimized in AM1 calculations geometry of the dication of decamethoxinum with indication of charae;s oln atccl).rir;s
. of C, 0, N (a) and H (b). (Radii of spheres in (a) are conventional and do not correspond to van-der-Waals radu).
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Fig. 2. The scheme of distribution of positive, one electron in absolute value, charge over functional groups
of one-half of the decamethoxinum dications. «Excess» charge on each hydrocarbon group was calculated as
a difference between the absolute values of a sum of charges on the hydrogens minus the charge on the carbon.

techniques, described in details elsewhere [4, 5] allows direct experimental determination of coulomb repulsion
energy U on the basis of measurement of the kinetic energy released during fragmentation of a doubly charged ion
to two singly charged fragments. This technique was designed to provide a tool for determination of the confor-
mation of ionized chain molecules in the gas phase, as the distance between the charged sites can be easily
calculated using the experimental U value in Eq. 2. Obviously, the coincidence of the experimentally determined
Ta1wz value with a maximum possible value for a given molecule means its extended conformation, while smaller
rwiwz Vvalues evidence the bend structure. It is also obvious, that in the case of complicated molecules the
measured r value corresponds to the distance between the centers of charge distribution w1, w2, which, in
general, can be shifted from the positions of heteroatoms (such as a quaternary nitrogen) due to the mentioned
above asymmetry of the charge distribution. The necessity of accounting of such a shift has not been paid proper
attention up to now. Its effect, however, can be noticeable. For example, an interesting fact was encountered in
our recent mass spectrometric measurements by the above technique [10] of coulomb repulsion it two species -
decamethoxinum itself and its doubly charged fragment

o CHs CH, o -
I & I e | Il
H-0-C-CHz-N -(CHg)io- N-CH,-C-0-H ,
] |
CHs CH;,

which differs from the intact dication by the lack of two side menthyl rings (@ symbol denotes delocalization of a
unit charge). In the assumption that the overwhelming part of the charge is concentrated in the first coordination
sphere and geometrically centered on quaternary nitrogens, no difference in U values for the two similar structures
must be observed. In practice, however, the measured coulomb energy for the above fragment appeared to by in
about 0.2 eV larger than that for the whole decamethoxinum dication.

Calculations of U value by using in Eq. 1 the actual charge values and the intercharge distances determined
in the present AM1 studies for the most extended conformation of the both dications, all atoms of the molecules
being taken into account, showed that U= 1.07 eV for decamethoxinum is.indeed smaller than U= 1.12 eV for
the fragment, and there is a good qualitative agreement between the experimentally and theoretically determined
values. Thus, while the distance between the quaternary nitrogens in the two dications is the same (rv.n =1.39nm),
the calculated distances between the centers of charge distributions differ; being 1.34 nm and 1.28 nm in deca-
methoxinum and its fragment, respectively. This means that the smaller intercharge distance in the fragment is due
to different charge distribution, but not due to its presumable bent conformation. The value of coulomb energy in
decamethoxinum is lower as compared to that in its smaller fragment because about 6% of each «excess» charge
is shifted to more distant from the center menthyl radicals.

The above described effect points to the necessity of accounting the influence of type and size of substituents
at quaternary nitrogens on position of the center of charge distribution in the bisquaternary ions. To establish
some general rules of such an influence, the of charge distribution and coulomb energy were calculated for a
number of model dications of the following type
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In the above structures the dependence of charge distribution on n and m values, that is the size of the central
Reentr and side Rgq, radicals, marked in the next scheme, was analysed:

?H; ?Ha 2+
Rside e ’? _—— Rcentr """ Ei\l e Rside
CH; CHs .__i

The main results are as follows. Firstly, the variations in n and m values show, that roughly 25+5% of a unit
charge is distributed over each of the four substituents (see Fig. 2 as example), that is the deviation from one
fourth share per radical varies within no more than +5% in the dependence of the size of the radicals.

Secondly, the dependence of charge distribution in the central substituent Reee oOnR its length, that is the
number of methylene groups n in the polymethylene chain (CH,), , was analyzed for a set of dications
H{CH;3); - N - (CHy), - N- ((3113)3}2+ with Ry = const = CH; . In Fig. 3 schematic representation of charge
distribution on carbons and hydrogens in a set of central chains with even n values is shown (the structures with
odd n values gave qualitatively similar results). For comparison the data for a neutral extended polymethylene
chain are presented in the same plots. Calculations for hydrocarbons (CHz)s - (CHy)y ~ (CH;)s with n up to 12
show that a -(CHa),- chain has equal charges on all carbons (-0.158) and hydrogens (0.079x2H), which compen-
sate each other. It can be seen that in the case of dications the highest charges are located on the hydrogens of the
first three methylene groups next to nitrogen (Fig. 3b). The shorter the chain, the relatively higher charges are on
the hydrogens. The tendency for a decrease of the partial charge per hydrogen from a terminus to the center of the
chain is nonlinear. For longer chains the charges on the hydrogens of the central links decrease noticeably, but
they do not reach the value characteristic of pure polymethylene even for a chain as long as of 16 groups.
In contrast to hydrogens, the charges on carbons (Fig. 3 a), showing peculiarities for the atoms in o and J
positions in relation to nitrogen, reach neat hydrocarbon values for chains with n> 4

Thirdly, several sets of dications [CHj - (CHp)y - N (CHs), - Reener - (CHs); N= (CHy)y, - CH; 1%
with constant length of the central chain and varying length of the side radicals (m =0, 1, 2, 3) were considered.
Again, the hydrogens of the closest to nitrogen methylene groups have the largest charge. In contrast to the
central chain, the positive charges on CH, groups in the side chain decrease down to the values characteristic of
pure hydrocarbons at m =8,

From the above data it follows that the influence of the excess charge, that is the deviations from the charge
distribution characteristic of a similar neutral polymethylene chain, extends for a distance as large as 0.5-0.6 nm
(which corresponds to 2-3 methylene groups) from the position of quaternary nitrogen in the directions both of
the central and side substituents.

One more interesting peculiarity was observed: a variation in the length of the side radicals does not affect
the distribution of charges in the inter-nitrogen central chain, which remains the same as in Fig. 3 for correspond-
ing n. Two methyl groups and nitrogen lose only several percent of charge with increase of the length of the
fourth alkyl radical. The most substantial loss in favour of other links of the R4, radical bares hydrogens of the
methylene group next to nitrogen in the fourth side radical. The shift of some share of the charge along the side
chain away from nitrogen decreases the total charge in the first coordination sphere of the nitrogen, which must
reduce the coulomb repulsion energy and enhance the stability of the dication.

In Fig. 4 comparison of the coulomb repulsion energy and the intercharge distances calculated in two
different assumptions for a set of dications with Ry, = const and R variable is presented. In the first case an
approximation, traditionally believed to be sufficient, was applied: two unit charges were considered to be
centered on the sites of two quaternary nitrogens. In the second case the distribution of charges on all atoms of
the molecule was accounted in Eq. 1 and the intercharge distances were calculated using Eq. 2. Noticeable
deviations of two sets of data which change their sign in the dependence on n was observed. In comparison with
the simplified point-charge model, the account of real charge distribution shows that the dications with smaller
central chains appear to be more stable due to the shift of the center of charge distribution to the side radicals,
while in the dications with larger R the center of distribution is shifted to the inter-nitrogen substituent, which
cause some destabilization. The «switching» point where the center of charge distribution coincides with the
position of nitrogen, was observed at n = 6. As to quantitative values, the most significant difference by about
0.85 eV between the U values calculated in the two assumptions was revealed for n =2 (Fig. 5). The same data
demonstrated that an error in estimation of intercharge distances due to the use of too rough approximations may
reach 10-15%.
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Fig. 3. Schematic representation of the distributions of the charges on atoms of carbon (a) and hydrogen
(b) in the dependence of the number of atoms n in the central polymethylene chain - (CHy)- of dications
[(CH3)s - N - (CHy)o - N- (CHs)s]* (n=2, 4, 6,8, 10, 12). Straight base lines represent the equal charges
on C and H atoms in the «infinitey linear polymethylene chain.

Although the alkyl part of the side chain of decamethoxinum is presented not by a linear chain, but by a
cyclic menthyl ring, the effect of this type of substituent is similar to that of the chain of the same number of
carbons. As it was shown above, the side menthyl radicals which «pump» some share of charge from the first
coordination sphere increase the stability of the decamethoxinum dication by ~5% as compared with its analog
with only one CH, group in the side radicals.

It should be marked that some of the above model dications are miorelaxants, that is they have the mecha-
nism of action different from that of decamethoxinum. In contrast to these compounds a chain of heteroatoms
COO is included to the side chains of decamethoxinum and related drugs, such as ethonium. This atomic group,
obviously, has its effects on intermolecular interactions and methabolism of the antimicrobial drugs.

The previous discussion concerned the charge distribution in the most extended conformation of the dicat-
ions, which appeared to be the most favourable in the gas phase. To analyse possible reasons of this favourability,
several conformers of decamethoxinum were calculated using fixing of at least one «kink» in the polymethylene
chain. The change of conformation did not affect the general pattern of charge distribution determined above for
the linear dication, except of some changes in charges on hydrogens at the carbons directly participating in the
«kink». The coulomb energy calculated for the structure with one kink in the middle of the central chain appeared
to be 1.18 eV, which is grater as compared to the extended conformation due to shortening of distances between
all charged atoms. The distance Fuiwa2 = 1.22 nm calculated with account of all atoms was close to ryy = 1.24 nm
for this conformation.
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Fig. 4. The coulomb energy and the intercharge distances for a set of dications in the extended conformation
with Rgge = const = CHs and the number of -(CHa)- groups in Reenyr varied from 2 to 10, calculated in two
assumptions: 1) point unit charges are centered on quaternary nitrogens (rninz , Uiz ); 2) charge
distribution over all atoms of the dication is accounted (rwiwz , Uwi-w2 ).

From the above at least three reasons for stabilization of extended conformation of the central polymethylene
chain of decamethoxinum follow. Firstly, any bend of the chain provokes repulsion between partially positive
hydrogens; secondly, kinks distort the symmetry of charge distribution in the chain (that is deviations from the
symmetrical plots in Fig. 2); thirdly, the coulomb repulsion increases upon shortening of the distance between the
centers of charge distribution. It should be noted that all the considerations presented are valid for the isolated
molecules (ions) in the gas phase, and the interactions with the solvent may have relevant effects on this type of
amphyfilic compounds. However, some biologically important processes such as interaction of the surfactants
with cell membranes, proceed in a deficit of water molecules, in which case the data on molecular parameters in
the absence of the polar solvent may be appropriate.

It has been earlier determined that the spectrum of antimicrobail action of bisquaternary cationic surfactants
depends on size of side substituents R4, and inter-nitrogen distance ryy which is connected with the size and
conformational mobility of Re.r [11, 12]. The data reported here show that the differences in charge distribution
and charge density over the dication may be responsible for the binding of a particular drug to a specific receptor.
It is established that two unit charges have no point localization but are smeared over the organic ion. The first
coordination sphere of each quaternary nitrogen has a mean radius of 0.214 nm, and only 83% of a unit charge is
distributed over its surface. This may suggest that not a point negative charge, but an extended zone of negative
slectrostatic potential is necessary for a more firm coordination of the quaternary group with the surface of its
wirtual receptor; spatial distribution of charge and a particular the value of charge density may provide specific
r=cognition of a definite receptor [13]. The energy of interaction of the species with delocalized charges with
other molecules must be smaller in comparison with the ions with localized «point» charges as well.
Delocalization of charge increases the area of the positively charged surface of the dication, in particular, on
zccount of the hydrocarbon substituents, which decreases their lipofility as compared with the pure hydrocarbon
species of the same size.

CONCLUSIONS

The structural and electronic parameters of the dication of antimicrobial drug decamethoxinum were
Zetermined by the AMI1 quantum chemical method. It was shown that the most favourable conformation of the
Zzcamethoxinum dication in the isolated state is extended (which was confirmed by mass spectrometric data [10]).
Two positive charges of the ion are distributed over the hydrogens of alkyl substituents at quaternary nitrogens,
which reduces the intramolecular coulombic repulsion in comparison with the virtual point-charge species and
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thus stabilize the dication. The positions of two centers of charge distribution in the dication, however, are close
to the location of quaternary nitrogens (fyiwz = 1.34 nm vs 1y = 1.39 nm); the calculated intramolecular
coulomb repulsion energy comprises 1.07 eV. Solvation of quaternary groups by carboxyl oxygens stabilize the
structure as well.

Theoretical calculations for a set of model dications with varied size of inter-nitrogen and side substituents
allowed some general conclusions to be made concerning structural and electronic parameters of bisquaternary
compounds:

- in quaternary ammonium ions the charge has no point localization but is distributed over the substituent radicals
at quaternary nitrogens;

- the influence of the «excess» charge extends for a distance as long as 0.5-0.6 nm from the position of a
quaternary nitroger;

- in the case where four radicals are of different length and structure, roughly one fourth (£5%) of the one
electron charge occurs at each radical, but the geometrical center of weight of the charge distribution does not
obligatory coincide with the position of quaternary nitrogen and can be shifted to one of the substituents;

- larger side radicals «pump» the charge from the nearest to nitrogen CH, group and thus reduce the coulomb
repulsion in the bisquaternary ions due to the decrease of charge in the first coordination sphere; the presence of
heteroatoms (groups) in the side chain could influence this effect;

- the distribution of charges in the central inter-nitrogen chain, on the contrary, seems to be insensitive to the
changes in other radicals and remains the same at a given -(CH,),- length.

Information on the structure and charge distribution in the decamethoxinum dication can be used in further
evaluation of its interactions with its virtual molecular receptors in a microbial celi.
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KBAHTOBOXIMIYHE JOCJUKEHHSI TIKATIOHY BEKAMETOKCHHY
TA HOAIBHUX NIKATIOHIB
M.B.Kocepnu, B.A.Hammnceka, C.I.Crenanss, B.C.llleaxoscnkuii, B.B.Opaos, ¥0.IL.Baaroit
Qusuxo-mexiuhuil incmuntym wusviux memnepamyp in. 5.1 Bepxina HAH Yrpainu,
Xapxie, 310164, np. Jlenina, 47, e-mail: mvkosevich@jlt.kharkov.ua

Crpyktypri Ta enexTponHi mapamerpu AiKaTioHy NpOTHMIKpOGHOIO Hpenapary JASKAMETOKCHHY Ta DSy
MOJIENbHUX aMOHIEBHX JKATIOHIB 3 PI3HAM PO3MIPOM ANKiNBHHX pajikamis 0pU 4ETBEPTHHHOMY a30Ti Oyim
BCTAHOBJIEHI 32 JONOMOTOK KBAHTOBO-XiMiuHOro wmetony AMI. Ilokasamo, mo HaiGiIbI BHIiHA
KOH(POPMALis MIKATIOHY HEKAMETOKCHHY y BiNCYTHOCTI pPO3YMHHMKA-BOMH € BUTATHYTOI0, & 3aCTYIHHUKH
PO3TAIIOBAHI Y TPAHC-TIONIOKEHHI BHOCHO HEHTPAILHOTO JIAHIOra, T2 MAE MiCIe CONBRATALIS AMOHIEBHX pyn
KkapGoxcunbHuME KuCHIMH. [TONOKEHHS IBYX LEHTPIB PO3MOMLLY 3apsiaa y NEKAMETOKCHHI OGIi3bKi Ji0 LEHTpIB
HETBEPTUHHUX a30TiB, y TOH HYac AK aH3 Cepii MONENbHUX AIKATIOHIB JO3BOJME BUSIBATH CHIIBHY 3aJI€XKHICTh
NO3UIIH TaKUX HEHTPIB BiX TUIY Ta POIMIPY ANKLILHHX 3acTynHuKiB. OOTOBOPIOIOTHCA MOMIHBI KOPENALL
MOJIEKYJISIPHEX ApaMeTpiB Ta 6i0NOTiYHOI aKTUBHOCTI AMOHIEBHX COJIEIt.
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