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Experimental studies and theoretical calculations revelated that generally accepted mechanism
of nucleophilic aromatic substitution needs correction. In the paper general corrected mechanism of
nucleophilic substitution in nitroarenes is formulated. Mechanistic analogies between electrophilic
and nucleophilic aromatic substitutions are disclosed.
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Introduction of substituents into aromatic rings are processes of great
importance to organic chemistry. Amongst many variants of these processes the
most important and frequently used is electrophilic aromatic substitution that
proceeds via addition of electrophilic agent to the aromatic ring to form cationic
adduct followed by departure of proton giving product of the substitution of
hydrogen. Such important processes as nitration, halogenation, sulfonation and
particularly many variants of the Friedel-Crafts reaction proceed according to this
general mechanistic scheme. Efficiency of the process is due to n-—electron system
of aromatic rings that facilitate addition of electrophilic agents, particularly at
positions occupied by hydrogen and mobility of proton departing from the cationic
adduct. The reaction can proceeds also via addition of electrophiles at positions
occupied by a substituent and departure of this substituent in cationic form. This
variant named ipso-substitution is much less frequent, but also have found practical
application. Normal and ipso variants of electrophilic aromatic substitution are
presented in scheme 1 [1].
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Scheme 1. General scheme of electrophilic aromatic substitution, “normal” and
‘Gipso7’
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Introduction of substituents into aromatic rings via a reaction with nucleophilic
agents is much more difficult and less obvious.

n-electron systems of the rings that facilitate addition of electrophilic agents
disfavor addition of nucleophiles. Moreover formation of new bonds between
nucleophiles and ring carbon atoms requires that a substituent with an electron pair
should depart, hence it should be a nucleofugal group — (halogen anion etc.) not
hydrogen, because hydride anion is a very unstable and basic entity. Due to this
situation a few mechanisms of nucleophilic aromatic substitution were developed:
elimination-addition (via arynes), SyR* via electron transfer and radical-nucleophile
coupling, etc. but the most common and important is substitution of halogens and
other nucleofugal groups in electron-deficient arenes, particularly nitroarenes. This
reaction, SyAr, is a process of great importance, widely used in laboratory and
industrial organic synthesis [2]. According to the mechanism formulated by J.F.
Bunnett [3] it proceeds via addition of nucleophiles to o- or p-halonitroarenes at
positions occupied by halogens, X to form ¢” adducts, followed by spontaneous
departure of X- with the formation of products of the substitution. The addition is
connected with dearomatization, hence energetically disfavoured, therefore it is a
slow, rate limiting step, whereas elimination of X-, connected with rearomatisation
usually proceeds faster. This mechanism was confirmed in thorough mechanistic
studies, and it is presently generally accepted and presented in reviews, monographs
and text-books [2].
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Scheme 2. General picture of nucleophilic aromatic substitution, SyAr in p-

halonitrobenzenes.
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Ability of halonitrobenzenes to add nucleophiles is due to the activating effect
of the nitro group, not halogens, thus nucleophiles should be able to add to these
arenes also at positions occupied by hydrogen. Indeed there are a few early reports
of reactions between nucleophiles and p-chloronitrobenzene that proceed via
addition of nucleophiles at positions ortho followed by further transformations of the
intermediate o™ adducts [4]. For instance von Richter reaction in scheme 3 was
reported in 1871 [4a].

Scheme 3. von Richter reaction
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The most instructive is report that carbanion of phenylacetonitrile reacts with p-
chloronitrobenzene in two different ways. In polar aprotic solvents simple SyAr of
chlorine takes place whereas in protic media phenyl chloro-benzisoxazole is formed
via initial formation of ¢" adducts [4b]. Both of these reactions proceed in high yield
and selectivity. Formation of benzisoxazole proceeds via conversion of the o"
adduct into nitrosoarene followed by cyclization. On the other hand addition of this
carbanion to o-chloronitrobenzene proceeds in position para followed by conversion
of the " adducts into nitrosoarenes than can be isolated in form of cyano methylene

quinonoxime [4c].
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Scheme 4. Early examples of reactions proceeding via o™ adduct.
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Since addition at posmon occupled by chlorine is an irreversible process,
formation of the benzisoxazole and quinonoxime can proceed only when rates of the
addition at positions occupied by hydrogen is higher than rate of the formation of the
o' adducts. On the basis of this observation we put forward a hypothesis that
addition of nucleophiles to halonitro-benzenes as a rule proceeds faster at positions
occupied by hydrogen than halogens, as shown in scheme 5.

Scheme 5. Relation of the rates of nucleophilic addition to p-halonitrobenzenes.
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This relation of rates suggest that it should be possible to design processes of
fast further conversion of the initially formed o adducts into products of
nucleophilic aromatic substitution of hydrogen SyArH. Indeed a few ways of fast
conversion of " adducts were found, hence new possibilities of organic synthesis
opened [6, 7]. Moreover these results indicated that generally accepted mechanism
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of SyAr (of halogens) should be corrected namely should include fast and reversible
formation of ¢" adducts.

The main goal of this paper is to provide proofs that generally accepted
mechanism of SyAr (of halogens) needs substantial corrections, namely that key
step of the reaction, addition of nucleophiles at positions occupied by halogens is a
slow process, preceeded by fast and reversible addition at positions occupied by
hydrogen to form ¢ adducts. The ¢ adducts, as a rule are short lived species and
cannot be observed, but their formation is evidenced via fast conversion into
products of nucleophilic substitution of hydrogen SyArH. In the following part the
main variants of SyArH in para- and ortho-halonitrobenzenes are described and
exemplified hence fast formation of the "' adducts is confirmed. There are three
major ways of conversion of the o' adducts into products of nucleophilic
substitution of hydrogen.

a) oxidation of the " adducts by external oxidants — oxidative nucleophilic

substitution of hydrogen, ONSH,

b) base induced B-climination of HL from the o™ adducts of nucleophiles
which contain a nucleofugal group L at the nucleophilic center — vicarious
nucleophilic substitution, VNS,

¢) conversion of the o adducts into substituted nitrosoarenes that proceeds
according to intramolecular redox stechiometry.

Since hydride anion is unable to spontaneously depart from the ¢" adducts the
obvious and natural direct way of conversion them into products of substitution of
hydrogen is removal of the hydride anions by external oxidants.

However formation of the " adducts is a reversible process and nucleophiles
are, as a rule, sensitive to oxidation so this process is limited to a few general cases:
the addition equilibrium is shifted towards the o™ adducts, oxidation of the o
adducts proceeds faster than nucleophiles (or nucleophiles are not oxidized by
oxidants used) and the addition is an irreversible process. The most common
oxidants used for oxidation of the o™ adducts are: potassium permanganate [8],
dichloro-dicyanoquinone, DDQ [9], and atmospheric oxygen [10]. These oxidants
convert the o adducts in products of substitution of hydrogen by nucleophiles in
nitroaromatic rings, oxidative nucleophilic substitution, ONSH. On the other hand
oxidation of some o" adducts by dimethyldioxirane, DMD, gives products of
replacement of hydrogen by nucleophiles and the nitro group by hydroxy group [11].

Oxidation of the c™ adducts by KMnO, and DDQ probably proceeds as a direct
abstraction of the hydride anions, oxidation by oxygen is more complicated and
appears to embrace single electron transfer, SET from dianions of the adducts. On
the other hand DMD directs its attack on the negatively charged nitro group of the
adducts.

Addition equilibrium of nucleophiles to nitroarenes is shifted towards o'
adducts provided nucleophiles are highly active and the reactions are carried out at
low temperature.

94



Particularly numerous are examples of ONSH with highly nucleophilic
methinic carbanions carried out with strong external oxidants in liquid ammonia at
low temperatures.

Scheme 6. ONSH by methinic carbanions and various oxidants [8, 11].
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Scheme 7. ONSH by methylenic carbanions in p-fluoronitrobenzene proceeds
faster than SyAr [9a].
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Scheme 8. Nitroarylation of protected alanine via ONSH [9b].
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Oxidation of ¢" adducts by oxygen proceeds efficiently when they are formed
by addition of methylenic carbanions. It appears that such ¢" adducts are oxidized
by oxygen upon deprotonation thus in form of dianions, hence excess of base should
be used in these processes [10]. Oxygen is rather mild oxidant, so for ONSH by
methylenic carbanions and oxygen full conversion of the carbanions into " adducts
is not necessary. For instance enolate anions, generated by deprotonation ketones by
potassium t-butoxide add to nitroarenes and the produced c™ adducts are oxidized by
atmospheric oxygen to give nitroarylated ketones [10c]. The enolate anions are
moderately active nucleophiles and the reaction proceeds at room temperature thus
addition equilibrium is not shifted towards adducts. Particularly valuable variant of
this reaction is synthesis of nitroindoles via direct reaction of m-nitroanilines with
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ketones in the presence of t-BuOK in DMSO. The reaction proceeds via ONSH in
vicinity of the amino group followed by the Bayer type condensation [10b].
Scheme 9. 6"-Adducts of ketone enolates can be oxidized by oxygen [10b, c].
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Nucleophiles resistant towards oxidation are exemplified by hydroxide anions
and ammonia. In majority of text-books substitution of chlorine in p-
chloronitrobenzene in the reaction with potassium hydroxide is presented as a
typical example of nucleophilic aromatic substitution, SyAr. This reaction proceeds
at elevated temperature whereas at —35° C in liquid ammonia in the presence of
oxygen reaction of nitrobenzene with KOH proceeds exclusively as ONSH [12].

Scheme 10. Reaction of OH- anions with p-chloronitrobenzene: fast ONSH,

slow SyAr [17].
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Liquid ammonia is a versatile solvent and moderately active nucleophile,
resistant to oxidation able to form stable solutions of potassium permanganate.
Introduction of highly electron-deficient arenes e.g. 2,4-dinitrochlorobenzene into
such solutions results in fast formation of the o™ adducts of ammonia that are
subsequently oxidized to form product of ONSH 5-chloro-2,4-dinitroaniline. The
oxidative nucleophilic substitution of hydrogen with ammonia even in such active
chloro-dinitroarene proceeds faster than SyAr of chlorine [13]. A solution of
KMnQ, in liquid ammonia is an efficient system for amination of a variety of
electron deficient azines, so called oxidative Chichibabin reactions [14].
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Scheme 11. Oxidative amination of 2,4-dinitrochlorobenzene proceeds faster
than SyAr [13].
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Addition of primary alkylmagnesmm halides tohalonitroarenes proceeds
selectively at positions occupied by hydrogen to form o' adducts. The addition is
fast and irreversible process thus subsequent treatment of these adducts with a strong
oxidant resulted in formation of products of ONSH - alkylated nitroarenes [15]. The
most efficient oxidant for introduction of primary alkyl groups into nitroaromatic
ring is a solution of permanganate in liquid ammonia [16].

Scheme 12. Oxidative nucleophilic alkylation of nitroarenes.
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Due to irreversibly of the addition of the Grignard reagents to nitroarenes SyAr
of halogen in ortho- and para-halonitrobenzenes is not observed.

Removal of hydride anions from the o™ adducts by external agents — oxidants is
intuitively obvious process however somewhat limited. Looking for more general
way of further conversion of the o adducts we have found that 6" adducts of o-
halocarbanions to nitroarenes undergo rapid base induced B-elimination of hydrogen
halide on the expenses of the ring hydrogen to form products of nucleophilic
substitution of hydrogen [5, 17]. We propose the name vicarious nucleophilic
substitution VNS, because halogen anions depart from the " adducts instead of
hydride anions so they act as vicarious leaving groups.

The most important feature of VNS is that in the reaction of a-halocarbanions
with ortho- and para- halonitroarenes VNS of hydrogen is, as a rule, the only
process, much faster than SyAr of the ring halogens [5, 17]. For instance, carbanion
of chloromethyl phenyl sulfone reacts with p-fluoronitrobenzene and even 2,4-
dinitrofluorobenzene (the Sanger reagent) exclusively via VNS pathway.

Scheme 13. VNS with a-chlorocarbanion proceeds via addition — base induced
B- elimination faster than SNAr of fluorine [17b, c]
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VNS is a general reaction in respect to nitroarenes and oa-halocarbanions.
Carbanions generated from a-haloalkyl aryl sulfones esters of a-haloacids, o-
halonitriles, a-haloketones and even haloforms react with a variety of nitroarenes
according to the addition-p-elimination pathway to give products of replacement of
hydrogen with a-functionalized carbon substituents [5, 6, 17, 18].

a-Halocarbanions are usually unstable entities hence in some cases VNS
proceeds more efficiently with carbanions that contain RO or RS as nucleofugal
groups able to undergo base induced p-elimination. Versatility of VNS in respect to
carbanions and nitroarenes is illustrated in schemes 11-14[5, 17, 18].

Scheme 14. Nucleophilic dichloromethylation of nitroarenes [18a].
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Scheme 15. Synthesis of ethyl a-nitroaryl-a-fluoroacetate via VNS [18b].
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Scheme 16. VNS with sulfides proceeds via p-elimination of thiophenol [18c].
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VNS proceeds also with O- and N-nucleophiles. For instance, t-butyl
hydroperoxide reacts with 2,4-dinitrochlorobenzene in the presence of t-BuOK to
form 2,4-dinitro-5-chlorophenol. The reaction proceeds via fast addition at position
occupied by hydrogen followed by base induced B-elimination of t-butanol [19].

Scheme 17. VNS hydroxylation of 2,4-dinitrochlorobenzene is much faster than

SNATT.
cl cl cl
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Similarly VNS amination of nitroarenes proceeds with a variety of aminating
agents [20].
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Scheme 18. Amination of o-chloronitrobenzene with sulfenamide.
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Besides of great value of VNS for organic synthesis this reaction provides
unambiguous proof of the corrected, general mechanistic picture of nucleophilic
aromatic substitution. Substitution of halogens in ortho- and para-halonitrobenzenes
is preceeded by fast and reversible addition at positions occupied by hydrogen. VNS
was also used as a tool for determination of effects of substituents and structural
features on electrophilic activity of nitroarenes. Electrophilic activities of nitroarenes
can be defined as rate constants of the addition of a standard nucleophile under
standard conditions. Effects of substituents on rates of SyAr in halonitroarenes was
thoroughly studied [2], however the results, although useful for organic synthesis,
cannot be considered as a measure of electrophilic activity of nitroarenes for two
reasons: the rates of SyAr depend on the nature of leaving groups e.g. fluorine vs,
chlorine and particularly, because it is a secondary process, preceded by reversible
formation of the o™ adducts. Direct measurements of the absolute rate constants of
the formation of the o™ adducts is a difficult task because addition is a fast and
reversible process thus we have determined relative rate constants of the addition
using competitive experiments in which two nitroarenes competed for VNS with
carbanion of chloromethyl phenyl sulfone as the standard nucleophile, under
conditions that assure faster B-climination of HCI than dissociation of the o"
adducts. In these experiments position ortho in nitrobenzene was used as the
standard [21, 22]. Value of the rate constants of the nucleophilic addition of selected
nitroarenes are shown in scheme.

Scheme 19. Relative rate constants of the nucleophilic addition as measure of
electrophilicity of nitroarenes [21, 22].
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o"-Adducts of some nucleophiles under proper conditions can be converted into
nitrosoarenes according to intramolecular redox stoichiometry. This third way of
conversion of the " adducts proceeds in protic media, upon action of Lewis acids or
silylation. The most known examples are reactions of arylacetonitriles with
nitroarenes and nitroheteroarenes in alcoholic KOH. Thus the reaction of
phenylacetonitrile with o- and p-chloronitrobenzene in alcoholic solutions of KOH
proceeds via initial addition of the carbanions at positions p- and o- respectively
followed by conversion of the ¢ adducts into nitroso arenes that can be isolated in
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tautomeric form of methylenequinones or react further to produce benzisoxazoles
scheme 3 [4b, c].

Addition of a methinic carbanion of 2-phenylpropionitrile to nitroarenes
proceeds at position para to form o' adducts. Silylation of these " adduct, followed
by elimination of silanol produces substituted nitrosobenzene that can be isolated in
high yield [8].

Particularly interesting results, that convincingly confirm faster nucleophilic
substitution of hydrogen than halogens, even fluorine, are reactions of anilines with
p-halonitrobenzenes in the presence of strong base at low temperature. The initially
formed o" adducts upon protonation form o-nitrosodiarylamines [23].

Scheme 20. Substitution of hydrogen by anilide anion in p-fluoronitrobenzene
proceeds faster than SyAr [23].
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Under such conditions well known replacement of halogens by anilines
proceeds much slower. It should be stressed that in text-books and monographs only
SnAr of halogen in these nitroarenes by anilines is mentioned.

Numerous examples of SyArH in nitroarenes and particularly halonitroarenes
have shown that these reactions are general and versatile tool in organic synthesis.
They also provide unambiguous proof that addition of nucleophiles to
halonitroarenes proceeds faster at positions occupied by hydrogen than halogen.

Besides of these three main pathways of conversion of the anionic " adducts
into products of nucleophilic substitution of hydrogen SyArH, there are a few less
known and general such as cine-substitution, tele-substitution etc. Thus general
picture of nucleophilic aromatic substitution can be presented as in scheme 21.

Scheme 21. General picture of nucleophilic aromatic substitution.
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The initial reaction between nucleophiles and halonitroarenes (carbo- and
heterocycloc) is addition at positions occupied by hydrogen to form ¢" adducts. The
rapidly formed o adducts can be converted into products of SyAr on many ways,
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three of them are discussed in the paper. Only when due to structure of the
nucleophiles and nitroarenes and conditions fast further concersion of the ¢ adducts
does not proceed they dissociate and slower addition at positions occupied by
haloogen and SyAr of halogens can proceed. It is therefore evident that SyAr of
halogens is preceded by reversible formation of the o adducts and generally
accepted mechanism of SyAr should be corrected.

It is really surprising that in numerous Kinetic studies of mechanism of
nucleophilic aromatic substitution this situation was not discovered.

Moreover we have recently calculated energy profiles of the nucleophilic
addition of carbanion of chloromethyl phenyl sulfone to nitrobenzene, p-chloro- and
p-fluoronitrobenzenes and have found that calculated rates of nucleophilic addition
at positions ortho of these p-halonitrobenzenes occupied by hydrogen are higher
than at positions para, in good correlation with experimental results [24]. Recently
published calculations of the relation of SyAr and VNS reactions are also in full
agreement with experimental results [25]. It should be mentioned than there are
many reports of ab initio calculations of reactions between nucleophiles and
halonitroarenes. It is really surprising that in these calculations only addition at
positions occupied by halogens were considered. The additions at positions occupied
by hydrogen and formation of the " adducts, although proceeds via transition states
of lower free energy was ignored [26]. Thus we can formulate a general mechanism
of nucleophilic substitution in nitroarenes and other electron-deficient arenes.

The initial step is fast and reversible addition of nucleophiles at positions
occupied by hydrogen. The produced o™ adducts can be converted into products of
SNArH or dissociate, thus slower addition at positions occupied by halogens and
SNAT can proceed.

It should be stressed that thanks to proper understanding of the reaction
pathways between nitroarenes and nucleophiles scope of nucleophilic aromatic
substitution is expanded and embraces also electron-deficient arenes that do not
contain leaving groups [27].

According to the general mechanism nucleophiles can react with
halonitroarenes in a few ways depending on their nature and conditions, hence there
are cases that the same pair of reactants can react in two or more ways. For instance,
carbanions of a-methoxy and a-phenoxyphenylacetonitriles can react with o-
chloronitrobenzene in five different ways to give five products with high yields and
selectivity (sic!) [28].
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Scheme 22. Five different reactions of carbanions of a-alkoxyacetonitriles with
o-chloronitrobenzene.
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Full general corrected mechanism of nucleophilic aromatic substitution in
electron deficient arenes is presented in recent short review [29].

The general mechanism of nucleophilic aromatic substitution is somewhat
similar to mechanism of electrophilic substitution. Indeed addition of electrophilic
agents to aromatic rings proceeds faster at positions occupied by hydrogen than
those occupied by other substituents, nevertheless the latter addition mode often
takes place. Initially formed cationic "' adducts undergo fast conversion into
products of substitution via spontaneous departure of proton. This is the normal
substitution. Cationic ¢ adducts of electrophiles at positions occupied by other
substituents can also loose these substituents in cationic form to produce products of
ipso substitution. Similar situation is in reactions of nucleophiles with electron-
deficient arenes, particularly halonitroarenes. Fast addition proceeds at positions
occupied by hydrogen to form " adducts. Contrary to the cationic ¢ adducts from
which spontaneous departure of proton proceeds rapidly, spontaneous departure of
hydride anions from anionic " adducts does not proceed, so a few indirect ways to
remove the hydride anion were designed. Thus, provided such ways are available,
substitution of hydrogen is the fast primary reaction hence it should be considered as
normal process. On the other hand slower addition of nucleophiles at positions
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occupied by halogens X is followed by fast departure of X- from the " adducts.
Thus substitution of halogen is slower, secondary process — ipso substitution.

Scheme 23. Electrophilic and nucleophilic aromatic substitution — normal
substitution of hydrogen and ipso — substitution of a substituent.
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We certainly hope that the corrected general mechanism of nucleophilic
aromatic substitution will find way to text-books and academic classrooms.

Observation that addition of nucleophiles to halonitroarenes proceeds, as a rule,
faster at positions occupied by hydrogen leads to paradoxical conclusion that
halogens in nitroaromatic rings protects positions they occupy against nucleophilic
addition. This conclusion has found some applications e.g. in synthesis of indoles.
Presence of CI or Br in nitroaromatic rings activates the ring for VNS
cyanomethylation and simultaneously protects positions they occupy against
substitution, so synthesis of desired o-cyanomethyl nitroarenes proceeds in high
yields and selectivity. Subsequent hydrogenation results in formation of indoles and
can simultaneously remove of the protecting/activating halogen substituents [30].

Interestingly, similar relations the rates of the nucleophilic addition at positions
occupied by hydrogen and chlorine were found in electron-deficient alkenes. For
instance, ONSH and VNS in 2-chloronaphthoquinone with carbanions of dimethyl
malonate and dimethyl chloromalonate proceeds faster than nucleophilic vinylic
substitution of the chlorine [31].

Scheme 24. Vicarious nucleophilic  substitution of hydrogen in
chloronaphthoquione [31].

(o] o~ (o]
Cl Cl Cl
COOMe o - e
— — —
+ Cl C\H THE _COOMe  +H* _~COOMe

COOMe cZ CH

o) o I COOMe o

cl COOMe

Thorough Kinetic measurements revealed that amines add to 2,5-
dichlorobenzoquinone faster at positions occupied by hydrogen than chlorine [32].
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Similarly addition of carbanions to esters of chlorofumaric and chloromaleic acids
proceeds faster at positions occupied by hydrogen [33]. These results raise the
question “does chlorine at electron-deficient sp? carbon indeed hinder (decelerate)
nucleophilic addition?” Observations that in 0- and p-chloronitroarenes,
chloroguinones and chloromaleates addition at positions occupied by hydrogen
proceeds faster than at those occupied halogens are insufficient to support this
hypothesis, because halogens in the rings or in vicinal positions activate positions
occupied by hydrogen towards nucleophilic addition, whereas hydrogen does not
exert activating effects. To find unbiased answer of this question one should
compare rates of the nucleophilic addition at position occupied by hydrogen and
chlorine that are not affected by additional effects. In our opinion comparison of the
rates of nucleophilic addition at positions para of nitrobenzene and p-
chloronitrobenzene meet this criterion. Relation of rates of the addition at positions
para of nitrobenzene and p-chloronitrobenzene of the methinic carbanion of 2-
phenylpropionitrile (for steric reason it adds selectively at positions para) was
determined using competitive experiments (ONSH versus SyAr). It was found that
the addition to nitrobenzene proceeds faster ku/ke) = 6, thus chlorine indeed protects
position it occupies against nucleophilic addition.

Conclusions

General, corrected mechanism of nucleophilic aromatic substitution in
nitroarenes was formulated. According to this mechanism reactions between
nucleophiles and nitroarenes are not limited to replacement of leaving groups e.g.
halogens, but can proceed as nucleophilic replacement of hydrogen. Moreover it was
documented that nucleophilic substitution of hydrogen proceeds faster than
substitution of halogens thus one can consider that nucleophilic substitution of
hydrogen in nitroarenes is the fast, primary “normal” reaction whereas conventional
substitution of halogen secondary “ipso” substitution. In this respect there is a
peculiar analogy between electrophilic and nucleophilic aromatic substitution.

Reactions of nucleophiles with nitroarenes form therefore very rich chapter of
aromatic chemistry. It was shown that, against to the common believe, chlorine at
electron-deficient sp” carbon centers declerates nucleophilic addition at this
positions.
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HYKJIEO®WJIbHOE 3AMEIIEHUE B HUTPOAPEHAX.
OBIIUI1 MEXAHHU3M

MHNYUCJITAB MAKOIIIA

HHCTUTYT OpraHm4ecKol XuMuu [TOAbCKON aKaAeMUH HayK
Ya. Kacnipuaka, 44/52, 01-224, Bapmaga, [Toabmia

OKCIIepUMEHTAABHBEIE HCCACAOBAHUS U TEOPETUYECKHE PACUETHl MOKa3a-
AW, 9TO OOLIENPHUHATBHIM MEXaHW3M HYKAeO(MUABHOIO apoOMaTH4eCKOIoO 3aMe-
IIeHus HYXAAeTCsl B KOPPeKTUPOBKe. B craThbe chOpMyAMpOBaH OOIIUM
CKOPPEKTUPOBAHHBIN MeXaHU3M HYKAeO(PUABHOIO 3aMellleHud B HUTPO-
apeHax. B cooTBeTCTBUM C 3TUM MeXaHU3MOM peaKIUU MeXXAY HyKAeodHAa-
MH ¥ HUTpoOapeHaMU IIPOTEKAlOT ITyTeM IIePBOHAYAABHOTO OBICTPOrO IIpHCOe-
AVHEHHUS] HYKACO(DHUAOB B MTO3ZHIIMASX, 3aHSATHIX BOAOPOAOM, a GH-apAyKTEI MO-
T'yT IPEBPATUTHCSA B NPOAYKTH HYKACOMUABHOTO 3aMellleHUs BOAOPOAA He-
CKOABKUMHM ITyTsIMH. KOTaa 3TH CITOCOOBI HEAOCTYTIHBI, aAAYKTHI G Arcconu-
UPYIOT, ¥ MeAAeHHOe OOpa3OBaHME AAAYKTOB GX BEAET K KOHBEHIIMOHAAb-
HOMY 3aMelIlleHUIO TaAOT'e€HOB II0 MeXaHu3My SNATr. KpoMme Toro, 3aperucrpu-
pOBaHO, UYTO HYKAeO(UABHOE 3aMellleHHe BOAOpPOAa IIpoTeKaeT OBICTpee,
yeM 3aMelljeHHe TaAOTe€HOB, MO3TOMY MOJKHO CYUHTATh, UYTO HYKA€O(PHUABHOE
3aMellleHre BOAOPOAA B HUTPOAPEHAX SIBAIETCS OBICTPOM NEPBUYHOU «HOP-
MaABHOM» peaKIlMeM, TOTAQ KaK OOBIYHOE 3aMellleHHe TaAOTeHOB («ipsox-
3aMelleHre) — BTOPUYHO.

TakuM 00pa3oM, BBEISIBA€HBI MEXaHUCTUUYECKHE AHAAOTUM MeXAy peak-
IUAMU IAEKTPO(MUABHOTO U HyKACO(MUABHOTO apOMaTHIeCKOro 3aMelleHNUs.
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