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The review analyzes issues related to the reactivity of nucleophiles and the manifestation of the
a-effect in substitution processes at electron-deficient centers. The fundamental aspects of this phe-
nomenon, as well as the possibilities and prospects of using a-nucleophiles in systems for the highly
efficient degradation of substrates - ecotoxicants of various natures, are discussed. In the first part of the
review such aspects were observed: inorganic a-nucleophiles as the most effective class of reagents for
the decomposition of organic phosphorus compounds, hydroxylamine, its N-alkyl derivatives, oximes,
and hydroxamic acids, reactivity of the HOO™ anion in the processes of acyl group transfer, reactivity of
oximate ions, inorganic a-nucleophiles as the basis of formulations for the degradation of neurotoxins,
vesicants, and organophosphorus pesticides, design of inhibited acetylcholinesterase reactivators based
on hydroxylamine derivatives, ways of structural modification of a-nucleophiles and systems based on
them. The data on the reactivity of typical inorganic a-nucleophiles in the cleavage of acyl-containing
substrates, including phosphorus acid esters, which provide abnormally high reaction rates in com-
parison with other supernucleophiles, are analyzed. Various types of such a-nucleophiles, features of
their structure and reactivity are considered. It was shown that an important feature of hydroxylamine,
oximes, and hydroxamic acids is the presence of a fragment with adjacent O and N (-N - O - H) atoms
containing one or more lone electron pairs, which determines their belonging to the class of a-nucleo-
philes. It has been shown that a many of factors can be responsible for the manifestation of the a-effect
and its magnitude, the main of which is the destabilization of the ground state of the nucleophile due
to repulsion of lone electron pairs, stabilization of the transition state, the unusual thermodynamic
stability of reaction products, solvation effects of the solvent, type of hybridization of the electrophilic
center, etc.

Key words: functionalized surfactants, a-nucleophiles, micellar systems, hydroxylamine, oximes,
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INTRODUCTION. The first publication re-
lated to the phenomenon, which later became
known as the a-effect, dates to 1947. Only
15 years later, Edwards and Pearson [1], having
analyzed and generalized a significant amount
of experimental material, introduced this term
into physical organic chemistry. In its most
general form, the essence of the a-effect can
be represented as an abnormally high nucleop-
hilic reactivity of a number of compounds,
which cannot be predicted from the Bronsted
dependence for “normal” oxygen-containing
nucleophilic reagents (arylate and alcoholate
ions). It was in [1] that compounds contain-
ing an electronegative atom with one or more
lone pairs of electrons near the nucleophilic
center (in the a-position) were isolated from
the group of nucleophiles and were called
a-nucleophiles (supernucleophiles). Their ba-
sic structure is schematically presented below:

X-Y

Typical a-nucleophiles include hypochlo-
rite, hydroperoxide anions, hydroxylamine
and its derivatives (oxymate, hydroxamate,
amidoximate ions), etc. [1, 2, 6, 9, 10, 12-15].
There are two equivalent approaches to assess-
ing the magnitude of the a-effect: as the ratio of
the rate constantsk__ /k_ _or as the difference
lgk -lgk (k_ _ andk__are, respectively,
rate constants characterizing the reactivity of
an a-nucleophile and a “normal” nucleophile)
at pK “™¢ = pK ™*. Usually, on the Brensted de-
pendence, in reactions with electrophilic sub-
strates, the points for such typical a-nucleop-
hiles as ClO-and HOO" ions deviate upwards
by 2-3 logarithmic units [1, 2, 6, 9, 10, 15, 16].
In this regard, when creating reagents that ef-
fectively break down ecotoxicants (mainly es-

ters of phosphorus and sulfur acids), the main
efforts of researchers were focused on studying
the nature of the a-effect [1, 2, 6,9, 10, 12-15],
which remains one of the intriguing problems
of modern physical organic chemistry.

Numerous studies of the anomalously high
reactivity of a-nucleophiles indicate that there
is hardly a single reason for the realization of
the a-effect. At present, it is believed that a-ef-
fect can be responsible for: a) destabilization of
the ground state of a nucleophile due to the re-
pulsion of lone electron pairs [17], b) stabiliza-
tion of the transition state [18, 19], ¢) unusual
thermodynamic stability of the reaction prod-
ucts [20-23] and d) differentiating solvation ef-
tects of the solvent [10, 24-27]. The magnitude
of the a-effect can be influenced by a number
of factors, including the nature of solvent [10,
24-28], the sensitivity of the standard series
reactivity (“normal” anionic nucleophiles) to
basicity (B_ ) [8-20, 23], type of hybridization
of the electrophilic center [16, 24, 29, 30].

As was demonstrated [10, 24-28], the role
of the solvent is extremely significant here.
Bunsel et al. [24] showed that in nucleophilic
substitution reactions involving p-nitrophenyl
acetate and related esters, the magnitude of the
a-effect strongly depends on the composition
of the solvent. The existence of the a-effect in
the gas phase was questioned from the begin-
ning [25, 26], however, later works [31] made it
possible to demonstrate convincingly that the
a-effect in the gas phase nevertheless manifests
itself.

The B value [18,20-23] and the basicity of
the a-nucleophile [1, 4, 9, 10, 12, 27] also affect
the magnitude of the a-effect. The a-effect is
small or absent for reactions with low values of
B,.. [1-4, 9, 10-12, 27] or for reactions involv-
ing highly basic a-nucleophiles [27, 31].
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The type of hybridization of the electro-
philic center can play a dominant role in the
magnitude of the a-effect. Thus, small (or
practically absent) a-effect usually occurs for
reactions at the sp’-hybridized carbon atom
[24, 29], while in reactions at the sp*-hybrid-
ized carbon atom the reaction rate with partic-
ipation of a-nucleophiles usually increases in ~
50-100 times [24]. At the same time, the mag-
nitude of the a-effect is extremely high for re-
actions in the sp-hybridized carbon atom. For
example, HOO™ ion is (2 - 6)'10* times more
reactive than, HO™ anion with respect to the
sp-hybridized carbon atom of benzonitriles in
50% aqueous ethanol and water [24, 28].

The result of the study of the abnormal-
ly high reactivity of a-nucleophiles was not
only the expansion of ideas about the factors
influencing the rate of reactions, but also the
discovery of a fairly wide field of practical ap-
plication of these compounds as the basis of
formulations for the effective destruction of
ecotoxicants [4, 5, 7,9, 12].

1. Inorganic a-nucleophiles - the most effec-
tive class of reagents for the decomposition of
organic phosphorus compounds (OPC)

Analysis of data on the reactivity of typical
inorganic a-nucleophiles in the processes of
degradation of acyl-containing substrates [1-7,
9, 12-14, 34-36], including esters of phospho-
rus acids [4-7, 9, 12-14, 34-36], indicates that
inorganic anions - H NO-, HOO, ClO-, BrO-,
HCO,, CO,* - provide abnormally high reac-
tion rates as compared to other supernucleo-

philes. A special place among them belongs to
hydroperoxide anion, since it is on its basis that
highly effective “green” systems can be created
for the decomposition of ecotoxicants.

In the considered reaction series, the value
of the a-effect for the hydroperoxide ion, de-
fined as the k,"°/ k,"" ratio, reaches 10 + 10°
times, however, it should be even higher, since
the acid ionization constant of hydrogen per-
oxide (~ 11,5 - 11,6 [37]) is approximately 4
unitslower than thebasicity of H O (15.74 [38]),
and therefore the nucleophilicity of HOO" (in
the absence of the a-effect), calculated on the
basis of the Bronsted dependence, should be
10> - 10° times lower than the nucleophilici-
ty of HO". In this case, the magnitude of the
a-effect will be ~ 10° - 10° times’.

The nature of the ester’s acyl group has lit-
tle effect on the a-effect magnitude of the hy-
droperoxide ion. In the case of a carbonyl car-
bon atom, the change in the electrophilicity of
the electron-deficient center under the influ-
ence of the electronic effects of the acyl group
is satisfactorily compensated in the values of
k"% 1 k" ratio. For some acyl-contain-
ing substrates such compensation is not ob-
served, but the magnitude of the a-effect is
significantly higher. It should be noted that
for them, the change in k" / k" ratio is
to a greater extent associated with the low-
er rates of alkaline hydrolysis than would be
expected. A detailed study of nucleophilic
reactions with the participation of hydroper-
oxide ion and 4-nitro- and 4-methylbenzo-
ates demonstrated the important role of the
nature of the leaving group [33].With fair-
ly easy leaving groups, the a-effect is clearly

' The use of the k,"°°7/k,"" ratio to estimate the magnitude of the a-effect is also due to the fact that, for most
substrates, there are no experimental data for standard reaction series (interaction with arylate and alcoholate ions).
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manifested. With more complicatedly leaving , . yIX + ClO

groups it sharply decreases, and in the case of
decomposition of 2-fluoroethyl and methyl
ethers it has a minimum value. Such a strong
dependence of the magnitude of the a-effect
on the substrate structure was interpreted by
the authors of [33] by differences in the po-
sition of the transition state on the reaction
coordinate in accordance with Hammond’s
postulate (Fig. 1).

r\ ,«"lO"'.

Reaction coordinate

Fig. 1. The energy profile of the interaction of
a-nucleophile with substrates containing easily
(solid line) and complicatedly (dashed line) leaving
groups; O - speed determining the transition state

Hypohalogenated acids (HHalO) - a unique
class of reagents; depending on the acidity of
the medium, solutions of these acids contain
HHalO, hypohalogenite anion (HalO".) or
HHalO / HalO". In this case, hypohalogenite
ions are typical a-nucleophiles [1-7, 9, 12, 13],
and their conjugated acids are effective ox-
idants. The attack of the hypochlorite ion on
the electron-deficient centers of the substrates
leads to the formation of acylhypohalogenites,
which rapidly hydrolyze to the corresponding
acids (Fig. 2).

oW AcylOCT + X

H,O | fast

AcylOH + CIO”

0 (|f O
Il Alk oAlk. ! .
- -C— - “p—; P— ;Ts- other
Aeyl = AK=C=2 ook ™ ° 0AKK”
X =F; 'O—@—NOZ other.

Fig. 2. Reaction of hypochlorite ion with a num-
ber of substrates

Consequently, in these reactions ClO™ acts
as a nucleophilic catalyst [39]. Although the
magnitude of the a-effect is less than that for
the HOO™ ion, nevertheless, taking into ac-
count the difference in the basicities of hydrop-
eroxide and hypochlorite ions, which reaches
~ 10 times (pK "“° = 7,2 + 7,4 [12, 40]), hypo-
chlorite ion should be classified as one of the
most effective a-nucleophiles.

2. Hydroxylamine, its N-alkyl derivatives,
oximes and hydroxamic acids

Hydroxylamine derivatives have found
wide application in various fields of chemistry,
including as cleaving agents in the destruction
of ecotoxicants and, first of all, organophos-
phorus compounds [4, 10, 12, 19, 35, 43-46].
The structure of typical representatives of this
class of substances is shown in fig. 3.

HO—NH, R, 0o o
R—/< R1—<

HO—NHR NOH — OH N — OH

HO—NRR, R2 H R

Fig. 3. Hydroxylamine and its N-alkyl derivatives
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An important feature of hydroxylamine,
oximes and hydroxamic acids is the presence
of a fragment with adjacent O and N atoms
(-N-O-H) containing one or more lone pairs
of electrons, which determines their belonging
to the class of a-nucleophiles [4, 10, 12, 19, 35,
43-46].

In hydroxylamines (ambident nucleop-
hiles), in nucleophilic substitution reactions at
electrophilic centers, both nitrogen and oxy-
gen atoms can act as attacking atoms (left side
of fig. 4) [43, 44, 47).

a negatively charged atom of the second period
(an oxygen atom); (ii) there are no substituents
near the nucleophilic center that provide ster-
ic obstacles to the attack on the electrophilic
center of the substrate; (iii) the nucleophile
contains a catalytically active group capable of
exerting a stabilizing effect on the transition
state of the reaction. Finally, in the hydroxy-
lamine molecule there is an electronegative
nitrogen atom with a lone pair of electrons in
the a-position to the reaction center, which
can destabilize the initial state of the reagent

and stabilize the transition

+
H+ HsN—OH state of the reaction. Indeed,
% the authors of [12] were able
1 . .
___________________ : to demonstrate convincing-
: S : Ke uili i - : 1 1
P, NH,OH | quilib  HN—O P, | ly that the ?nmfnc form (?f
! Ony N (T O PP T +  hydroxylamine is responsi-
: e ble for a significant increase
: Nu ' Kaz  H*[| Ka2 :
. : a S in the rate of transfer of the
: : H* H,N—O0 ——» P, acyl group in alkaline media.
: P ! This point of view was fur-

S = substrate
P4, P2 = reaction products

Fig. 4. Scheme of the reactivity of hydroxylamines

In aqueous solutions, depending on the
acidity of the medium, hydroxylamine (like
its N-alkyl derivatives) can exist in the form of
four particles - NH,OH, *NH,O", NH,O~ and
*NH,OH, the first three of which are potential
nucleophilic reagents (fig. 4). Nevertheless, it
was considered generally accepted that in re-
actions involving acid halides and esters of car-
boxylic, phosphoric and phosphate acids, hy-
droxylamine interacts with these substrates in
the neutral form [48]. However, if we proceed
from the definition of the a-effect [1, 2], the hy-
droxylamine anion meets all the requirements
for a-nucleophiles: (i) a nucleophilic center is

https://ucj.org.ua

ther confirmed by studies of

reactions of bis (2,4-dinitro-

phenyl)-phosphate [43, 44],

2,4-dinitrophenyl  diethyl
phosphate with anionic forms of hydroxy-
lamine, N-methylhydroxylamine and N, N-di-
methylhydroxylamine, which appeared as typ-
ical a-nucleophiles [35].

Even more unusual is the kinetic behavior
of the neutral form of hydroxylamine in re-
actions of acyl group transfer. Points on the
corresponding graphs for NH OH in reactions
with 4-nitrophenyl ether of diethylphosphoric
acid (NPDEP), 4-nitrophenyl ether of dieth-
ylphosphonic acid (NPDEPS), 4-nitrophenyl
ether of toluene sulfonic acid (NPTS) and p-ni-
tro-phenylacetate (NPA) significantly positive-
ly deviate not only from the standard reaction
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series (A =1g kzNHZOH -lg kK7 = 9.0 (NPA),
A = 6.0 (NPTS), A = 6.0 (NPDEP), A = 6.1
(NPDEPS)), but also on the Bronsted depend-
ence for a-nucleophiles (A = 3.4 (NPA), A =
1.6 (NPTS), A = 1.6 (NPDEP) [12]. Obviously,
the neutral form of hydroxylamine exhibits an
abnormally high reactivity even among inor-
ganic a-nucleophiles and reacts with the stud-
ied substrates as a hypothetical a-nucleophile
with cpK =1 -5.

If we evaluate the value of the a-effect of the
neutral form of hydroxylamine by the ratio and
take into account that the basicity of the oxy-
gen atom in NH OH is unlikely to exceed that
for water, then the differences in basicities are
~ 16 orders of magnitude, and the a-effect for
NH,OH is one of the most important among
inorganic a-nucleophiles.

The data on the reactivity of the neutral
form of hydroxylamine indicate that the mech-
anism of transfer of the acyl group on NH,OH
is fundamentally different from that for inor-
ganic a-nucleophiles. However, there is still
no common point of view on the mechanism
of acylation of hydroxylamine. Based on the
analysis of kinetic isotope effects, the following
mechanism of the reaction of hydroxylamine
with NPA was proposed [47]. At the first equi-
librium stage, subject to basic assistance from
the amino group of hydroxylamine, a tetrahe-
dral intermediate adduct (I) is rapidly formed.
Then, at the rate of the determining stage, un-
der the influence of total acidic catalysis, inter-
mediate (I) slowly decomposes with the forma-
tion of O-acetylhydroxylamine. The considered
mechanism of O-acylation remains controver-
sial, since it cannot explain either the behavior
of N, N-dialkylhydroxylamines in this reaction,
or the existence of a single Bronsted depend-
ence for the interaction of hydroxylamine and

its N-alkyl- and N, N-dialkyl derivatives with
NPA. Apparently, the transition states (II - IV)
are more preferable in comparison with (I),
and a necessary and sufficient condition for
this is the participation only of the hydrogen
atom of the OH group of hydroxylamine in the
formation of a hydrogen bond [12].

+ JH., + _H.
A~n:_ O AN
NCH H™ i
0—C 0---C- -OAr
N\
/ OAr
I II
+ H. H
H\ ” \O H + el N
N ' ~NnN~
HTN HoN
O"‘Si\“OA’ O- - -R---OAr
o /\
111 v

The appearance in the transition states of
the anion-like form of hydroxylamine and the
presence of a general basic and general acidic
assistance should reduce the free energy bar-
rier of the reaction and, therefore, ensure high
rates of transfer of the acyl group not only to
hydroxylamine, but also to its N-alkyl- and N,
N-dialkyl derivatives.

Jencks [40] proposed a different explanation
of the O-nucleophilic reactivity of the neutral
form of hydroxylamine, based on the possibil-
ity of the formation of a bipolar ion NH,*O"
(Fig. 4). Subsequently, the author considered
it unlikely that such particles in sufficient con-
centrations would be generated in solution
[15]. Nevertheless, Kirby et al., based on the
formation of products corresponding to the
O-attack of electron-deficient centers (phos-
phorus, carbon), crystallography data, and
quantum-chemical calculations, believe that
it is NH,*O™ form is responsible for the abnor-
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mally high nucleophilicity of hydroxylamine
in neutral media [35, 45, 46]. Nevertheless, at
the moment it is hardly possible to consider
as strictly proven the formation of NH,;*O™ —-
ions in aqueous solutions and the supposed re-
action mechanism.

In conclusion, it should be noted that hy-
droxylamine is a unique a-nucleophile, and its
neutral and anionic forms cause high transfer
rates of the acyl group in a wide pH range, with
which none of the known a-nucleophiles can
compete.

3. Reactivity of the HOO- anion in the process-
es of acyl group transfer

The anomalously high reactivity of the
HOO-" anion in the processes of acyl group
transfer is usually interpreted from the point
of view of the general acid catalysis [38, 40].
Stabilization of the V and VI transition states,
due to the formation of a hydrogen bond with
the equatorial oxygen atom of the acyl group,
will contribute to the rapid elimination of the
4-nitrophenolate ion.

H, H.
O/ \‘o O/ 0
- b
O---P---OR  0O---S:--
/\ AN
\Y% VI

The higher nucleophilicity of the HOO™ ion
as compared to the CH,COO" anion in reac-
tions with monoanionic forms of 4-nitrophenyl
sulfate szOO_ / kZCH‘COO_:: 30) [34] and 4-nitro-
phenylmethyl phosphate (k" / k “° = 50)
[50], as well as with triacetylethylenediamine
(k" 1k %)= 20) [51] is consistent with the
presence of a hydrogen bond in the transition
states of types I and II. However, in reactions

https://ucj.org.ua

with aryl esters of carboxylic acids, the impor-
tance of such an interaction is apparently small,
since the nucleophilicities of the ions HOO™ and
CH,COO- differ only by a factor of ~ 3. There-
fore, the presence or absence of general acid ca-
talysis is hardly the only factor controlling the
supernucleophilic properties of the HOO" ion.
Indeed, HOO™ ion reacts anomalously quickly
with alkyl halides [2, 6, 38], although this type
of catalysis does not play a significant role in the
reactions of alkyl group transfer. It is also unlike-
ly that the high rates of acid-catalyzed addition
of the HOO" ion to aldehydes are a consequence
of the formation of an intramolecular hydrogen
bond in these processes [52]. It is possible that an
important role in the reactivity of the HOO ion
is played by the stability of the reaction products
and the transition state, i.e. the nucleophilicity
of the HOO" ion is largely controlled by ther-
modynamic factors. Apparently, the possibility
of implementing intramolecular acid catalysis
and the relatively high thermodynamic stabili-
ty of the transition states are responsible for the
observed a-effect of the HOO" ion in the trans-
fer of the acyl group.

The manifestation of the a-effect in the reac-
tions of hypohalogenite ions with acyl-contain-
ing substrates can be explained by the formation
of a transition state at the rate of the determin-
ing stage, in which there is an interaction of the
oxygen of the acyl group with unoccupied d-or-
bitals of the hypohalogenite ion (VII) [38, 40].
In fact, hypohalogenite ions, being Lewis acids,
can provide the same assistance in acyl transfer
reactions as Bronsted acids. Nevertheless, as in
the case of the hydroperox-

ide anion, this factor is hard- Hal--- -0

ly the only one that provides O---P---OR
the a-effect of hypohalogen- / \

ite ions. VII
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Fig. 5. Bronsted dependences for the reaction of a-nucleophiles (®) and arylate ions (A ) with 4-nitro-
phenyl acetate (a); 4-nitrophenyl diethyl phosphonate (b); 4-nitrophenyl diethyl phosphate (c); 4-nitro-
phenyl tosylate (d) [12]; 2,4-dinitrophenyl diethyl phosphate (e) [35]>

> Attention is drawn to the behavior of the fluorine anion, which, exhibiting an abnormally high affinity for the
electron-deficient phosphorus atom, behaves in nucleophilic substitution reactions like an a-nucleophile. One of the
possible explanations for this phenomenon is the successful overlap of the orbitals and the high electron-negativity
of fluorine, which makes it possible to form a “one and a half” F P bond.
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4. Reactivity of oximate ions

The particular interest that has been shown
for many years to the study of the nucleophilic
reactivity of oxymate ions (Ox") is primari-
ly due to the fact that it is among this class of
a-nucleophiles that effective antidotes have
been found - acetylcholinesterase reactivators
[10, 53-60], the search for and design of which
continues intensively at the present time. There
is no doubt that this property of oximate ions
is associated with their anomalously high re-
activity, and therefore the establishment of the
factors controlling the a-effect of Ox- anions is
a rather urgent problem.

Extrathermodynamic analysis of the oxi-
mate ions behavior in the transfer reactions of
aryl sulfonyl, acetyl, phosphoryl and other acyl
groups [10, 24, 61, 62] indicates that the sol-
vation effects of water play an important role
here. Indeed, the reactivity of typical a-nu-
cleophiles - oximate ions cannot be described
within the framework of a unified Brensted
equation, and the existence of nonlinear Bron-
sted dependences (Fig. 6) for the transfer of
acyl groups is a consequence of energetically
unfavorable effects of solvent [10, 24, 61, 62].

Analysis of the Bronsted dependences for
reactions of oximate ions and standard reac-
tion series (arylate and alcoholate ions) [10,
24, 61, 62] makes it possible to establish reg-
ularities in the nature of the change in the k,
and a-effect values at varying the structure of
the oxime. First, Ox™ ions in acyl group trans-
fer reactions act as typical a-nucleophiles,
and the magnitude of the a-effect, defined as
the k" /KM RO ratio at pK>* = pK MO ®O),
significantly depends on the oxime structure.
As the acidity of the oxime decreases (< 9.0),
the a-effect, within the reaction series, persists

https://ucj.org.ua

at ~ 10? - 10’ times. Although a further increase
in the oxime basicity (> 9.0) leads to a slight
increase in the k,°*values, the value of the
a-effect begins to decrease in this case (Fig. 6).
And, finally, oxymate ions with pK>* > 12.0 in
terms of reactivity no longer exceed high-ba-
sic alcoholate ions (&, /ky° = 1.0), i.e. the
a effect disappears. Moreover, they form one
Bronsted dependence with highly basic alcoho-
late ions, i.e. for all substrates, regardless of the
nature of the electrophilic center, the limiting
reactivity of Ox™ ions in water is comparable
to that for highly basic alcoholate ions [63, 64].
Particularly noteworthy is the effect of “leve-
ling” the reactivity of Ox ions, noted already
pK¥ > 9.0, leading to a decrease in the value of
the a-effect with an increase in the basicity of
the oxime and, finally, to its disappearance (at
pK*>12.0). Secondly, for processes with the
participation of Ox ions, an extremely early
break in the Bronsted dependence is observed,
which occurs at pK, = 8.0 - 9.0, while for ar-
ylate and alcoholate ions it occurs in the region
of pK =12.5-13.0 [6

The curvature of the Bronsted dependence
for the reactions of anionic nucleophiles -
arylate, alcoholate, oximate ions, etc. [10, 24,
61-67] with substrates containing electron-de-
ficient centers of carbon, sulfur and phospho-
rus, can be associated not only with the ener-
getically unfavorable solvation effects of the
solvent, the contribution of which becomes
more and more significant as the basicity of the
nucleophile increases [63, 65-67], but also with
a change in the structure of the transition state.
Nevertheless, it is unlikely that for the reaction
series under consideration, with an increase in
the basicity of Ox" ions, such a strong change
in the structure of the transition state occurs.
So, for example, for the reactions of NPA,
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Fig. 6. Bronsted dependences for the reaction of oximate- (®) and arylate-(alcoholate-) ions (A ) with
4-nitrophenyl acetate (a), diisopropyl fluorophosphate (b), 2,4-dinitrophenyltosylate (c), 4-nitrophenyl-
tosylate (d), 4-nitrophenyl diethyl phosphate (e), 4-nitrophenyl diethyl phosphonate (f) [61, 62].
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DNPTS, NPTS, NPDEP and NPDEPS with
oximate ions, regardless of the nature of the
electron-deficient center of the substrate and
the leaving group, the sensitivity of the reac-
tivity of a series of a-nucleophiles (in this case
oximes) to basicity (f,) varies from 0.5 - 0.6
(pK2¥<9.0) to 0.1 - 0.2 (pK ¥> 9.0), despite
the fact that the maximum difference in reac-
tivity when passing from NPA to NPDEP is ~
10° times. In addition, a break in the correla-
tion dependences occurs at pK_ = 8.0 - 9.0, and
its position is practically independent of the
structure and reactivity of the substrate. This
once again confirms that the nonlinear Bron-
sted dependences for reactions with Ox™ ions
reflect rather the differences in the nature of
the solvation states of low-basic and high-basic
oximate ions in water, as it is interpreted for
the reactions of the transfer of the acyl group
to arylate and alcoholate ions [63-66], as well
as to neutral and anionic nitrogen-containing
reagents [67].

5. Inorganic a-nucleophiles - the basis of
formulations for the degradation of neurotoxins,
vesicants and organophosphorus pesticides

Inorganic a-nucleop-
hiles - HOO- and ClO-
ions, exhibiting anom- 7
alously high reactivity,
are of interest as the
basis of formulations for
the decomposition of
ecotoxicants. For quite
understandable reasons,
detailed studies of the

https://ucj.org.ua

mechanism of reactions with the participation
of a-nucleophiles and the design of recipes
based on them have been carried out for chem-
ical warfare agents [68-71].

In an alkaline medium, organic substances,
such as sarin (GB), are rapidly destroyed due
to the nucleophilic attack of the hydroperoxide
ion on the phosphorus atom with the forma-
tion of peroxy acids, which quickly decompose
to the corresponding phosphonic acid (Fig. 7)

5, 69-71].
0 0
A b e
o7 \F -F o” \Nor
N‘LOO' o /
-F )\ Il:l) -02
O/ \\OO'

Fig. 7. Scheme of GB degassing in an alkaline
medium by hydroperoxide ion

In this case, the reaction rate is ~ 50 times
higher than the rate of alkaline hydrolysis [32].

VX peroxyhydrolysis proceeds according to
the scheme in Fig. 8, with the formation of eth-
ylmethylphosphonic acid. N-oxide of VX is an-
other reaction product, which later, in a slower
stage, undergoes a nucleophilic attack with the
formation of an acid. In this case, the released
thiol undergoes oxidation to sulfonate [5].

Fig. 8. Scheme of VX degassing with peroxyhydroxide ion
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The reaction of VX with HOO™ anion pro-
ceeds approximately 40 times faster than with
the more basic HO™ ion ((t, = 45 s, 23°C,
[HOO"] = 0.1 M), which allows to carry out ef-
fectively the destruction of VX in alkaline me-
dium by the nucleophilic mechanism. In neu-
tral and acidic media, concentrated solutions of
hydrogen peroxide, exhibiting oxidizing prop-
erties under these conditions, oxidize mustard
gas and V-gases. Since pK':%= 11.5 - 11.6,
then to ensure the decomposition of ecotox-
icants by both the nucleophilic and oxidative
mechanisms, the pH of the medium will be of
great importance (and the optimal conditions
for carrying out these reactions are different),
and, therefore, hydrogen peroxide is hardly can
be considered a universal degassing substance.
Nevertheless, intensive studies of the reactivity
of hydrogen peroxide and its activators (car-
bonates, molybdates, phthalates, etc.) have led
to the creation of universal formulations of the
nucleophilic-oxidative mechanism of action,
which are quite effective in relation to the main
types of organic substances [72, 73 ]. Thus,
the activation of H O, by sodium bicarbonate
leads to the appearance in the reaction mix-
ture in weakly alkaline media of HCO,™ anion,
which is a more powerful oxidizing agent than
H,0,, and this makes it possible to destroy tox-
ical agents not only of the GB and VX type, but
also HD (Fig. 9).

H,O H,0,
HCO5 HCO4
o)
s !
a” NN a” TN TN

Fig. 9. Scheme of HD degassing using HCO4™ anion
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The use of potassium molybdate as an acti-
vator of hydrogen peroxide in microemulsions
of the oil/water type makes it possible to de-
sign universal systems for the destruction of
ecotoxicants of various nature [73]. The ad-
vantage of this system is that the oxidation of
HD mainly leads to the formation of sulfoxide
(HDO) rather than the highly toxic sulfone
(HDO,) [73].

Chloric acid salts are widely used in the
decomposition of ecotoxicants [5]. Hypochlo-
rites are universal degassing substances and
are used to detoxify human skin, equipment,
and territory [5]. In reactions of nucleophilic
substitution at the tetracoordinated atom
of phosphorus, the CIO" ion acts as a true
nucleophilic catalyst and decomposes the
GB type of subtanses to phosphonic acids
(Fig. 10).

- CIO”

Fig. 10. Scheme of GB degassing using hypo-
chlorite anion

The high oxidative activity of hypochlorous
acid plays an important role in the degassing
of mustard gas, which in alkaline media un-
dergoes destruction with the formation of a
number of oxidation and elimination products
(Fig. 11). It should be emphasized that at the
first stage of this rather complex process, sul-
foxide is formed, which is subsequently con-
verted into other products.
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Fig. 11. Scheme of mustard gas degassing using hypochlorite anion
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Fig. 12. VX degassing scheme using hypochlorite anion

Hypochlorite solutions can also be used
for degassing of VX, especially in the low pH
range (Fig. 12). In this case, for the destruction
of 1 mole of VX, only 3 moles of “active” chlo-
rine are consumed. For the oxidation of 1 mole
of VX in alkaline media, more than 10 moles of
“active” chlorine are required.

Despite the fact that hypochlorites are pro-
duced on a large scale and are relatively inex-
pensive, they, as degassing substances, have a
number of significant disadvantages: 1) low
stability during storage; 2) strong corrosive
action on the surface during storage and use;
3) relatively high toxicity, etc. Softer agents
for degassing of organic matter are N-Cl de-
rivatives of ammonia, amines, amides, ureas,
hydantoins, urethanes, etc. [5], the so-called
chloramines, which can be considered as de-
rivatives of perchloric acid amide (HCIO and
R(R’) N-Cl). However, these compounds are
not devoid of certain disadvantages: 1) lack of
universality of action; 2) weaker action at low
temperatures; 3) high consumption of solvents
for non-water-soluble reagents, etc.

https://ucj.org.ua

A brief analysis of data on the use of in-
organic a-nucleophiles as the basis of for-
mulations for the breakdown of ecotoxicants
allows us to draw an important conclusion:
the use of “green” systems hydrogen per-
oxide - activator for the destruction of toxic
substrates on an industrial scale and treat-
ment of surfaces of considerable area is un-
doubtedly more preferable than systems con-
taining “active” chlorine, since the former are
not toxic, are not corrosive and do not pose
a threat to the environment. As for minimiz-
ing the consequences of emergency situations
and terrorist acts associated with the spill of
toxic agents, the most expedient is the use of
systems based on “active” halogen. These have
an extremely successful combination of oxi-
dizing and nucleophilic properties, allowing
their use not only for the destruction of sub-
strates of various chemical natures, but also
for the destruction of dangerous biological
objects (pathogenic bacteria and viruses), i.e.
using the same system to solve the problems
of chemical and biological protection.
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6. Design of inhibited acetylcholinesterase re-
activators bhased on hydroxylamine derivatives

The fact that some phosphate esters have
insecticidal properties (found at the begin-
ning of the twentieth century) opened up
broad prospects for the use of this class of
compounds and a
number of their ana-

(0]
H,C=NO"
logs in agriculture to ’ P\‘/lp!\ _,[
: CH0” \~O-SerE
control insect pests CHy
[75, 76]. The high ot e
toxicity in relation to lB

mammals, which was
discovered somewhat
later for many of
these substances, not
only made it necessary to take a more careful
approach to the selection of compounds rec-
ommended for practical use, but also made it
possible to create a new generation of chem-
ical weapons - neuroparalytic chemical war-
fare agents [77, 78].

A detailed study of the nature of the biolog-
ical activity of organophosphorus substances
of this group showed that all of them are in-
hibitors of acetylcholinesterase (AChE), an en-
zyme that plays a key role in the transmission
of neuronal signalings [75-78]. Inactivation of
AChE by these compounds occurs due to acy-
lation of the HO-group of serine in the active
center of the enzyme [77, 78].

When searching for antidotes for these
acetylcholinesterase inhibitors, oxymates, as
well as hydroxylamines and hydroxamates,
have become of paramount importance, since
under mild conditions they can remove the
acetyl group from the active center of the en-
zyme and thereby restore its activity [10, 55,
77, 78].

CH;0" CHy
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H2C=NO--/-P- - -O-Ser-El e

i i i
[H20=N0'---'P—O-Ser-E — [HZC=NO—P—O—Ser—El — [HZC=NO—'P- -:O—Ser»El

Modeling the process of oxime-induced re-
activation inhibited by the organophosphorus
compound AChE using the Density Function-
al Theory (DFT) approach [10, 54] showed
that of the two possible reactivation pathways
(A and B) shown in Fig. 13, preference should
be given to a two-stage mechanism (B):

o

o)
I

|
R + E-Ser-O
H,C=NO~" \™OCH,

CHs P eakTnBUpOBaHHbIN

Docd opunnpoBaHHbIi $ epmenT
oKeuM

!

CH;0  CH,

CHyO'  CHy CHy;O  CHy

Fig. 13. Scheme of the reactivation process of
acetylcholinesterase inhibited by organophospho-
rus compound.

It is important to note that the calculation
of the potential energy surface indicates that
the reactivation process proceeds easily, with
low energy barriers both in the gas phase and
in an aqueous solution [54]. This is consistent
with the results of the experimental study of
oximates as reactivators in the treatment of the
aftermath of poisoning with organophospho-
rus neurotoxins [10].

The structures of the most commonly used
antidotes VIII - XXV, including pyridini-
um aldoximes [10, 55, 61, 77-79], are given
below. It should be especially noted that for
X - XVI, the presence of a quaternized pyrid-
injum fragment gives an advantage in solu-
bility, and also reduces the pK_ of the oxime,
which leads to a higher reactivity of such
antidotes under milder conditions (at low
pH values).
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Fig. 14. Structures of the most commonly used antidotes VIII - XXV.

A similar series of reactivators of inhibited (BNPMP), 4-nitrophenyl phosphonate NPP),
AChE, which has some advantage over pyrid- fenitrothion, etc.). [53-62, 80-88].
inium derivatives, contains a diazolyl ring

O
XXVI - XXIX [80]. Ph/H;oQNoz
Ph

BNPMP

NOH NOH
R X7//< N/X%
RO 2N 0
N—N N oN 0—p—0 NO,
CH
R : NPDPP
XXVI X=0 XXVII X=0
XXVII X=8 XXIX X=$ 0
The literature contains data on the reactivi- OH NPP
ty of oximates with respect to various organo-
phosphorus compounds, such as phosphinates, s
phosphonates, phosphates and their thioan- Moo NO
. . . L 2
alogues (4-nitrophenyl diphenylphosphinate SMe o
Fenitrothion

(NPDPP), bis-nitrophenyl methylphosphonate CH
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At the moment, the reactivators of inhibited
AChE (in combination with anticholinergics)
recommended for use make it possible to neu-
tralize the effect of at least two lethal doses of
neuro paralytic agent [77-79]. Compounds VIII
- XXV and a number of their structural analogs
eliminate the symptoms of acute poisoning,
however, the level of their activity does not al-
low us to consider the problem of searching for
new, more efficient reactivators as solved [55, 56,
61, 77]. Experiments carried out on animals and
humans have shown that in a number of cases
using VIII - XXV it is not enough to restore the
required level of enzyme activity, and this leads
to the development of undesirable consequenc-
es in the coming months after poisoning [77,
89-93]. That is why the problem of searching
for new AChE reactivators remains in the center
of attention and, undoubtedly, the works aimed
at solving it are urgent [53 - 61; 92; 93].

7. Ways of structural modification of a-nu-
cleophiles and systems based on them

The fulfillment of the Bronsted dependenc-
es for the reactions of inorganic a-nucleophiles
with electron-deficient substrates (eq. 1-6) [12]
indicates that the basicity of the a-nucleop-
hile can serve as a characteristic on the basis
of which it is possible to predict the reactivity
new a-nucleophilic reagents

lgk N =-2.2+0.5 pK, (1)
lg k,N"5= - 5.5 + 0.45 pK, (2)
gk O= 721 046pK, ()
gk 028K, (0)
lg k,NPPEP = — 2.9 4 0.25 pK_ (5)
Ig k," = 6.1+ 041 pK, (6)
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Another important conclusion following
from the analysis of the Bronsted dependences:
the NH, O™ anion is the most powerful accep-
tor of the acyl group in the series of a-nucleop-
hiles. Since pK " = 13.8 [12], it is difficult to
imagine the structure of a-nucleophile, which
in water has a basicity comparable to or high-
er than the hydroxylamine anion. Therefore,
based on the basicity of the NH,O™ anion, it is
possible to postulate the value of the limiting
reactivity of inorganic a-nucleophiles in each
reaction series. Nevertheless, this fact does not
mean that the design of new a-nucleophiles or
their structural modification is not an urgent
problem. The focus of researchers is on the de-
signing nucleophilic or universal systems that
are not only highly efficient in the decomposi-
tion of ecotoxicants, but also have sufficient sta-
bility during storage, are safe for storage, do not
pose a threat to the environment and etc. The
main ways to solve this problem are as follows:

1. Search for new activators of hydrogen
peroxide. The use of H O, activators, leading
to the generation of new nucleophilic and ox-
idizing particles in the reaction system, allows
fast and irreversible splitting of eco-toxicants
of various chemical nature under milder con-
ditions.

2. Creation of new sources of “active” hal-
ogen. It seems promising in this direction to
obtain organocomplexes of tribromide ion [4],
the use of which should ensure overcoming a
number of disadvantages inherent in existing
systems based on “active” chlorine [5].

3. Obtaining low-basic oximes. As discussed
above, understanding the reaction mechanism
with the participation of oximate ions and the
patterns in their reactivity change makes it
possible to explain the nonlinear form of the
Bronsted dependence.
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The Bronsted dependences for the reactions
of oximate and arylate ions with organophos-
phorus organic substances - sarin, soman, and
diisopropyl fluorophosphate - have a charact-
feristic feature: the reactivity of oximate ions
at pK>* > 8.5 is straightening [61]. The same
kind of dependences was established earli-
er for other acyl-containing substrates [12].
Obviously, the observed “saturation” effect, in
the case of organophosphorus poisonous sub-
stances, is of great practical importance since
the detoxification process will be effective both
when using highly basic and relatively weakly
basic oximate ions. This factor determines the
ways of scientifically grounded modification of
the structure of oximes.
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B orsapi mpoaHanisoBaHO NUTAHHS, TIOB -
3aHi 3 peaKTMBHICTIO HyK/Ie0(Di/TiB Ta IPOSBOM
a-edeKTy B IpoIlecax 3aMillleHHS B eJIeKTPO-
HemedinuTHNX neHTpax. Ob6roBopeHo ¢yH-
JNAMEHTAJIbHI aCIIeKTV IIbOTO ABMINA, a TAKOX
MO>K/IMBOCTI Ta MEPCHEKTUBY BUKOPUCTaHHA
a-HyK/IeoiiB y cucTeMax ajsa BUCOKOedek-
TUBHOI ierpajjanii cyocTpaTiB- eKOTOKCUKaH-
TiB Pi3HOI IpyUpoau. Y Mepurii YaCTUHI OINALY
0y/10 pO3IVIAHYTO TaKi acIeKTH: HeopraHiuHi
a-HyK/1eodinu K HarieeKTUBHIIINIT KJIac pe-
areHTiB JI pO3K/IaJJaHHA OPraHiYHMX CIIONTYK
docdopy, rigpokcmnaminy, vioro N-ankinb-
HUX IIOXiIHMX, OKCUMIB Ta Tif[pOKCaMOBUX
K1cnoT, peaktuBHicTb HOOanioHa B npoie-
cax IlepeHeCeHHsA alWIbHOI IPymy, peaklyiii-
HOI 3[JaTHOCTI OKCMMAaTHMX iOHIB, HEOpraHiy-
HUX 0-HYK/Ieo(iTiB K OCHOBU PeLenTyp s
Jerpajanii HeMpOTOKCHHIB, BE3VKAHTIB Ta OP-
raHoQocHOpHUX MeCTULUAIB, HPOEKTyBaH-
Hs IHTIOITOPHMX peakTMBATOPIB alleTUIXO-
JliHecTepasy Ha OCHOBI MOXIZHUX TiPOKCU-
NaMiHy, Coco6iB cTpyKTypHOI Mopudikamii
a-HyKIeoQim Ta CUCTeMHU Ha IXHIil OCHOBI.
[IpoaHani3oBaHO JaHi PO peakLiliHy 37art-
HIiCTb TUIIOBVIX HEOPTaHIUYHUX a-HyKIeo(iniB
IpY PO3LIEIVICHHI alVJIBMICHUX CyOCTpaTiB,
BK/IIOYatoun cknapHi edipu dpochopnoi kumc-
JIOTU, SKi 3a663He‘IYIOTb aHOMAaJIbHO BMCOKI
HIBUJKOCTI peakIiil MOpiBHAHO 3 iHIIMMM Hafl-
HyKneodinamm. PosrasanyTo pisHi T Takmx
a-HyK/1eodiiB, 0cOOMMBOCTI IXHBOI CTPYKTY-
pu Ta peaxliliHol 3laTHOCTI. byno nmokasaHo,
1[0 BAXK/IMBOIO OCOOMMBICTIO rifpoKCcuIaMiny,
OKCHMIB Ta TipOKCaMOBUX KUC/IOT € HasiB-
HicTh parmeHTa 3 cyciguimu atomamu O Ta
N (-N - O - H), mo mictaTh ogHy uu 6inbiue
IApHUX €JIEKTPOHHUX Iap, 110 BU3HAYA€E IXHIO
HaJIOXHICTD 10 K/1acy a-Hykneoginis. [Tokasa-
HO, 1110 32 NTPOSB a-eeKTY Ta JI0TO BeTNIMHMA
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B 0630pe mpoaHamm3upoBaHbI BOIPOCH,
CBsI3aHHBIE C PEAKI[MOHHOI CIOCOOHOCTHIO
HYKIeOpWIOB M TIIposBiIeHUeM a-3ddexTa
B IIpOLjeccax 3aMeleHus y aneKTpoHonedu-
LOUTHBIX LeHTpoB. OOCYXaeHbl (yHITaMeH-
Ta/IbHbIE ACTIEKThI 9TOTO SBJIEHUs, A TAKXKe
BO3MOXXHOCTU U MEPCIEKTUBBI UCIIOIb30Ba-
HUS 0-HYKJIeO(DUTIOB B CHCTEMaX ISl BBICOKO-
3¢ deKTUBHOTO paclenieHys cyocTpaToB-3-
KOTOKCUKAHTOB Pa3IMIHON IPUPOTIBI.

KrroueBble cmoBa: pyHKUMOHATM3MPOBAH-
Hble [TAB, a-HyK1eopuIbl, MULETUIIPHBIE CU-
CTEMBI, TUPOKCUIAMIH, OKCYMBI, aMUJOKCH-
MBI, TM/IPOKCAMOBbI€ KUCTIOTBI, IEPOKCHBL.
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