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The reaction of substituted N-phenylpyridinium ions with hydroxyl ion leading to substituted
anils of glutaconic aldehyde (¥) has been studied in 50— 90% aqucous ethanol. At higher con-
centrations of OH ™ ion its addition to the pyridine nucleus is rate-determining, whereas at lower
concentrations the splitting of pyridine nucleus into the substance IV is rate-determining. The
reaction order with respect to OH ™ ion is maximum 2, and it decreases with increasing both OH ™
and ethanol concentrations to be ultimately zero (with nitro derivatives). Logarithms of equi-
librium and rate constants have been correlated with the Hammett o constants. The reaction
mechanism and the influence of substituents on individual reaction steps are discussed in detail.

Reactions of quarternary pyridinium salts with nucleophilic agents lead to derivatives of gluta-
conic aldehyde. Thus N-(2,4-dinitrophenyl)pyridinium chloride reacts with hydroxy! ions to give
glutaconic aldehyde 2,4—dinitroani11. Kinetics of these reactions were studied with 1-methoxy-
pyridiniunn2 and 1-(N,N-dimethylcarbamoyl)pyridinium ions®. In both the cases the reaction
was found to be first order in pyridinium ion and second order in OH™ ion.

The aim of this work was to study the kinetics and mechanism of the reactions
of substituted phenylpyridinium ions Ja—Ig with OH™ ion. The following Scheme 1
describes this reaction.

EXPERIMENTAL

Reagents

N-(2,4-Dinitrophenyl)pyridinium chloride (/a) was obtained by a known procedure®. N-(3-Chloro-
phenyl)pyridinium chloride (Je) was prepared {rom the corresponding dianil of glutaconic
aldehyde by the following route: 6 ml 1-butanol and 0-28 g (2-8. 1073 mol) triethylamine were
added to 1 g (2-8. 1073 mol) of the dianil. The mixture was heated 15 min at 80°C, and then
ethyl acetate was added drop by drop until turbidity appeared (about 30 ml). From this solution
the crystalline product gradually separated. It was filtered off and washed with ethyl acetate;
yield 045 g (71%); m.p. 102—103°C; for C;;HCl,N (226-0) calculated: 58:40% C, 3-98% H,
6:19% N; found: 57-90% C, 4-14% H, 6:24% N. Analogous procedure was used for preparation
of N-(4-methylphenyl)pyridinium chioride (If) melting at 204—206°C (ref.5 m.p. 206°C), N-(4-
chlorophenyl)pyridinium chloride (/d) melting at 126—127°C (vef.> m.p. 127—128°C), and the
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unsubstituted N-phenylpyridinium chloride (Ig) melting at 105—106°C (ref.1 m.p. 105—106°C).
In the case of preparation of nitro derivatives the reaction mixture was heated 5 min only, and the
products were crystallized from ethanol: N-(3-nitrophenyl)pyridinium bromide (I¢) melted
at 233—234°C as it is given in ref.%, and N-(4-nitrophenyl)pyridinium bromide melted at 205 to
207°C; for C;;HgBrN,0, (281-0) calculated: 47-095 C, 3-20%¢ H, 9-96%; N; found: 46:62%; C,
3-46% H, 9-98% N. The starting dianils were prepared by reaction of the corresponding anilines
with the dinitro derivative Ia (ref.s), except for 3- and 4-nitro derivatives which were prepared
by reaction with cyanogen bromide®'®. The other chemicals used were commercial products.

Kinetic Measurements

The reaction was carried out in 50 to 90%) (by vol.) aqueous ethanol at 20°C, and the constant
ionic strength 0-5 was adjusted by addition of potassium chloride or lithium fluoride. In experi-
ments having the resulting lyate ion concentration higher than 0-025m sodium hydroxide or etho-
xide was added in the reaction solution. In other cases pH of the solution was adjusted by ad-
dition of buffers (ethylpiperidine-ethylpiperidine hydrochloride, borax-sodium hydroxide,
phenol-phenolate). The reaction rate was followed photometrically by extinction change of the
reaction products; the analytical wavelengths were 420 and 550 nm for the derivative Ja at pH <<
< 11'5 and pH > 11-5, respectively, 440 and 520 nm for the derivative /b at pH < 12-5 and
pH > 12-5, respectively, and 400 nm for the other derivatives. The reactions having the half-lives
Ty > S's were measured by means of a spectrophotometer VSU-2P (Zeiss, Jena) and the rate
constants values were calculated from the time dependence of log (E,, — E)), resp. log (E, — E,)
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in cases where the reverse reaction was followed. The reactions having 7,,, < 5 s were measured
by means of a Durrum stopped flow spectrophotometer and the rate constants were computed
from the half-lives measured according to the relation k = 0:693/7,,,. In the reaction course
spectra of ethanolic solutions (50% ethanol; for derivatives Jc¢ and Ie 90% ethanol, too) were
measured in the ranges 350— 650 nm and 250—450 nm for the derivatives Ja— Ib and the other
derivatives, respectively.

The dissociation constants of the reaction products were determined spectrophotometrically’.
The spectra of the dissociated and undissociated forms were measured in 0-5M-NaOH and acetate
buffer, respectively. The other spectra were measured in phenolate buffers (/«) and in the mixtures
of sodium hydroxide and potassium chloride (I6—Ig). In the cascs where the extinction changed
with time, it was extrapolated to zero time. After finishing each experiment pH’s of the reaction
mixtures were measured by means of a pH-meter Radiometer using a glass and a saturated calo-
mel (type RLB) electrodes.

RESULTS AND DISCUSSION
Kinetics and mechanism of reaction of Ia with OH™ ion. The time dependence

of logarithm of the product extinction change was linear in all cases (concentrations
of ethanol and pH) and in all the range studied. It means that the reaction takes

log Craon

FiG. 1

FiG. 2

Dépendence of Logarithms of Experimental
Rate Constants ke, () and k,[OH > (&)
on pH for Reaction of Compound Ja with
OH™ Ion in 50% Aqueous Ethanol at 20°C
and Ionic Strength 0-5

Effect of Ethanol Concentration on Rates
of Reaction of Compounds Id ( -) and
If (—~——) with OH~ Ion at 20°C and Ionic
Strength 0-5

Ethanol: 50% (0), 60% (e), 80% (@),
907 (@).
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the pseudomonomolecular course, and concentration of no intermediate increases
during reaction. Fig. 1 gives the dependence of the logarithms of experimental rate
constants on pH in the pH range 8-5—14in 50 ethanol. The log k,,,, values become
independent of OH ™ at the highest OH™ ion concentrations. In the pH range 11 to
12-5 the dependence is almost linear, the slope being unity. Further decrease of pH
resulted in increase of the slope which, however, did not attain the value 2 corres-
ponding to the second order with respect to OH™. The reason can be seen in that
the reaction is reversible, and the reverse reaction becomes relatively more significant
with decreasing pH. In accordance with this finding also the E, values become smal-
ler with decreasing pH, and at a given pH they are the same irrespective of whether
Ia or Va was used as the starting substance. The fact, that the values of experimental
rate constants of the both reactions (Tcw and I?m,) are practically the same (Table T),
gives further evidence for the reaction proceeding according to Scheme 1.

TaBLE I

Rate Constants (kexps s™1 kZ[OHf]Z, s~ ') and Equilibrium Constants (K, [ mol™!; K, 1%
.mol~?) of Reaction of Compound Ja with OH™ Ton (mol 1™1) According to Scheme 1 in 50%
Ethanol at 20°C and Ionic Strength 0-5

[OH™]. 10° Fop-10° T 10° K K.107°%  ky[0H"1*.10°
100 62 49 4-85 4-85 475
80 35 36 375 475 2:82
44 175 1-66 221 505 115
47 1-48 1433 215 463 0-96
30 0-67 0-82 1-41 4-68 0-44
19 025 026 0-84 452 012

After reaching the equilibrium the both opposite velocities are equal, and hence
the Eqs (Z)—(3) hold for the pH region where the rate of the product formation
is proportional to the square of hydroxyl ion concentration:

Ko[OH T2 [1a] = k_,[OH"] [¥a] )
K = kyJk_, = [Va][[la] [OH"] = K'[OH"], %))
kewp = k[OH™]* + k_,[OH"]. ‘ 3)

The value K’ for a given pH was determined as a ratio of the extinction changes
«of the two reactions. From the values K’ and k,,, the equilibrium constants K and the
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products k,[OH™]? (Table I) were computed with the use of Eqs (2) and (3). The
dependence log k,[OH™]? vs pH (Fig. 1) is linear with the slope 2. (Deviations
from linearity at the highest pH values are caused by a change in the rate-determining
step and, consequently, in the reaction order with respect to OH ™ ion.) It corresponds
to the presumption that the conversion IIIa — IVa is rate-limiting (Scheme 1).

The reaction rate does not depend on buffer concentration. It means that the reac-
tion is not base-catalyzed (in contrast to the reaction of Ja with aniline* which has
a similar reaction mechanism, but the rate-limiting step is, under these conditions,
the splitting off of the proton by bases from the adduct Ja with aniline corresponding
to the intermediate ITa). Thus the rate constants k, and k_, (Table II)* are defined
by Eqs (4) and (5).

ky = ki, K[k K, @

Koy = ki Ky[K, . ®)

K5, and Ky, are the dissociation constants of the compounds Ila and Va, respectively,
K, stands for the products of the proton and lyate ion concentrations, and it has
the value 107 **7 in the medium given.

The region, in which the reaction rate becomes pH-independent, changes according
to ethanol concentration. With increasing ethanol content in the reaction mixture
the reaction rate becomes pH-independent at gradually lower and lower OH™ ion
concentrations, and the rate constant k, of this pH-independent reaction gradually
decreases (Table II). In 90% cthanol it is almost 40 times smaller.

TasLE IT

Rate Constants of Reaction of Iz with OH~ Ion According to Scheme 2 in Aqueous Ethanol
at 20°C and Ionic Strength 0-5

Kexp (s~ L in aqueous ethanol (% by vol.)

[HO™]. 10%
50° 55 60 70 80 90
0-25 31 106 87 61 25 068
0-50 60 128 90 66 23 057
10 115 144 100 54 23 058
“ The limit k,y, value is 23 s~ L.

exp

The constants K and k, are calculated in such a way as if all the lyate ion were OH™.
According to the papers of Murto!! about 20% of lyate ion should be in the form of OC,Hjs in
the medium given, so that the values of constants should be higher by about 20%;.

*
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The pH-independent reaction proceeds in two steps. In the first step a compound with
extinction maximum at 400nm is formed. The half-life of this reaction must be substan-
tially lower than 1 ms, as its course could not be trapped on the oscillograph screen of
Durrum spectrophotometer. In the much slower second step the primary compound is
converted into the final product Va. This convession proceeds as a first order reaction
with the rate constant k,. The above given reaction course can be explained in two ways:
1) The very fast first step produces the compound IIIa which is converted into IVa in a
subsequent slower step. 2) In the first step an adduct of Ia and the lyate ion is formed,
and the formation of Ila is rate-limiting for the slower second reaction. The first
interpretation can be rejected for two reasons: The reaction studied was pseudo-
monomolecular in all cases. It means that the intermediate IIla formed would have
to be in a rapid equilibrium with Ia in all the cases. The ratio [1/la]/[1a] would be
always proportional to 1/[OH™]? and, with decreasing OH™ concentration, the
reaction order with respect to OH ™ ion would have to increase continuously up to the
value 2. In fact, it has a practically constant value of unity in the pH range 10-4 to
12-4 (Fig. 1).

The compound IIfa must be a stronger base than phenolate ion by several orders
of magnitude, as it follows from an analogy with 1-substituted 1,2-dihydro-2-hydroxy-
quinolines®, too. And in spite of this fact the value k, did not fall in 90% ethanol
in phenolate buffer (where the equilibrium IIa = Illa is strongly shifted in favour
of IIa), and it was independent of the ratio [phenol]/[ phenolate]. (In fact, the mea-
sured k, value was even by about 20%; higher, since a side reaction of Ia with phenol-
ate ion did make itself felt simultaneously.)

The adduct of Ia with Jyate ion can be formed either by a reversible side reaction
(Scheme 2), or it represents a complex on the reaction coordinate leading to the
formation of Ila. The second possibility is very unlikely. As the neutral molecule
IIa results from a reaction of two ions, polarity of the complex would have to be
higher than that of ITa. On going from more to less polar medium (a higher alcohol

ky(o,)

|

Kuy (201)

SCHEME 2
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content) the reaction rate should increase®. In fact, the reaction rate is almost 40 x
lower in 909 ethanol.

Although  1-(2,4-dinitrophenyl)-1,4-dihydro-4-hydroxypyridine could be con-
sidered as a product of the reversible side reaction, we presume that the by-product
is formed by addition of ethoxide ion in 2 position of Ia, Eq. (A4), the following being

NO,

s
o+ CHo" === T NO, )

the reasons: a) The adducts having a hydroxyl group in 2 position are more stable
than the corresponding 4-isomers®. The reaction of pyridinium salts with lyate ions
proceeds much faster in the position 2 than in 4 (ref.2°). b) In aqueous alcoholic
media, as a rule, ethoxide ion reacts with an activated aromatic nucleus much faster
than hydroxyl ion'!, and it gives more stable complexes'?. ¢) The rate constant is
given by Eq. (6) for this case:

ko = leo[OH—‘]/[CzHSO—] ’ (6)

here K, stands for the equilibrium constant of formation of the adduct VIa. On going
from 50% to 90% ethanol the ratio [OH ~]/[C,Hs0 ] decreases by about one order
of magnitude, and this is the main reason of the considerable k, decrease found. The
concentration of the adduct VIa decreases continuously in the same way as, in 50
ethanol, the reaction order with respect toOH ™ ion is changed from 0 to 1. In the cases
where the reaction order equals unity the presence of the compound VI was no longer
observed, which means that the side reaction (A) is kinetically insignificant. Then
the only reaction coming practically into consideration is that of Ia with OH™ ions
giving the final products IVa and Va. The formation of the compound Ila is rate-
limiting. The rate constant k, = kj = 1-2.10°I mol™'s™*. From the rate con-
stants k| and k, and from the determined ratio [OH™]/[C,Hs0 ] (ref.'") it can be
calculated using Eq. (6) that the equilibrium constant K, of the reaction (4) is
2:5.10% . mol/L.

+)

Activating effect of ths ring(N-——CEHJ(NOZ)2 group is comparable with that of three nitro
groups'o. The rate constant of addition reaction of OH™ ion to sym trinitrobenzene in 19%
aqueous ethanol at 25°C is 70-21 mol s} (ref.“) which is about 17 lower value than that
of the rate constant k. The equilibrium constant of the adduct formation from sym trinitro-
benzene and ethoxids ion in the sams medium is 241 mol . 1t (ref.”) which is about 10X
lower than ths equilibrium constant K found for the reaction (4) by us.
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Reactions of N-(S- and 4-substituted phenyl)pyridinium ions with OH™ ion.
As the monosubstituted phenylpyridinium jons Ib—1Ig are substantially less reactive
than the dinitro derivative Ia, all the kinetic experiments (except for several ones
with 4-nitro derivative Ib) were carried out in aqueous alcoholic solutions of sodium
hydroxide and potassium or lithium chloride.

Similarly to the dinitro derivative Ia the reaction order with respect to OH™ ion changes
with the change of ethanol concentration {and, in the case of nitro derivatives, with the change
of lyate ion concentration, tco). The influence of ethanol concentration was studied in more
detail with 4-chloro and 4-methyl derivatives Id and If (Fig. 2). In both 50%, and 60% ethanol
the reactions are second order in OH™ ion. In 60% ethanol the reaction velocity is higher, since
the accelerating effect caused by the change of the dielectric constant is greater than the opposite
effect caused by the change of the ratio [OH ™ ]/{C,H;0 1. In 80%; ethanol the velocity is further
increased, but, whereas the reaction order is about 2 with the methyl derivative I, it approaches
unity with the chloro derivative /d. In 90% ethanol the reaction order of the both derivatives
is unity, and at the highest hydroxide concentrations the experimental rate constants are lower
than those in 80% ethanol. On the basis of these results, 50% and 90% ethanol were chosen as the
medium for quantitative evaluation of substituent effects.

In 50% ethanol the reaction order in OH~ ion equals 2 with all the derivatives
Ib—1Ig, and the reaction mechanism is the same as that of the dinitro derivative Ia.
Table IIT gives the logarithms of the calculated rate constants k, which correlate
well with the Hammett o constants according to Eq. (7).

log k, = 5:050 — 3-58.. 7)

The value o,_yo, calculated from the correlation is 1-15, and the including of the
dinitro derivative Ia in the correlation gives 6g_no, = 1-1.

The reaction is reversible here, too, as it was with the dinitro derivative I'a, but the
reverse step is significant already at much higher OH™ ion concentrations. In the
case of the four most reactive derivatives Ib—Ie the equilibrium constants K were
determined and the rate constants k_, calculated (Table III) in analogous way as
those of the dinitro derivative Ia.

In 90% ethanol the reaction order in OH™ ion was unity for all the derivatives
except for Ib (4-nitro) where it was lower than 1 at the lowest hydroxide concentra-
tions used (0-0025M), and it gradually changed into zero order with respect to OH™
ion. The same change of the reaction order was found also with 3-nitro derivative Ic,
however, first at hydroxide concentrations higher by two orders of magnitude.

The both nitro derivatives Ib and Ic gave linear dependences 1/k,,, vs 1/[OH™].
The intercept at x-axis is equal to the reciprocal of the rate constant of the reaction
which is zero order in OH™ ion, and the angular coefficient is equal to the reciprocal
of the rate constant of the first order reaction with respect to OH™ ion.

Again the reaction in 90% ethanol proceeds in two steps as it was the case with the
dinitro derivative Ja (in the case where the reaction was zero order in OH™ ion).
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The very fast first step (which was always finished before the first record could be
taken on the spectrophotometer) generates the adduct ¥I having its extinction maxi-
mum at the wavelength 400 nm for the 4-nitro derivative VIb and at 320330 nm
for the derivatives VIc —Vig.

In the slower second step the adduct VI is transformed into an equilibrium mixture
of the products IV and V. In the reaction which is first order in OH™ ion the rate-
limiting step is the conversion of III into IV (the rate constant ko, in Table III).
In the reaction of zero order in OH™ ion the rate-limiting step is the conversion
of I into II, and the reaction mechanism is the same as that of the derivative [a.
The rate constants kq (0-90 and 072 s™* for derivatives Ib and Ic, resp.) differ very
slightly from each other and are comparable with the value k, = 0-64 s~ of the
derivative Ja. Therefrom it follows that the influences of substituents on both the
equilibrium constant of the formation of VI and the rate constant of the formation
of IT are almost the same, so that they cancel each other to considerable extent.

The Hammett correlation of log ko, with the o constants (Eq. (8)) is very good.
The calculated value o,_no, = 1:24 corresponds to the literature value'?® for o, .

log koy = 3556 — 253 (8)

The difference between the ¢ constants from Eqs (7) and (8) gives the ¢, constant
(1-5) of the correlation of equilibrium constants of the reaction I + C,Hs0~ = VI

TaBLE IIT
Rate Constants kp, k_, (1> mol™2s™%), ko; (Imol™*s™') and Equilibrium Constants K
(Lmol™ ") of Reactions of Compounds fa—Iy with OH™ Ton According to Scheme 2 in 50%
Agqueous Ethanol at 20°C and Ionic Strength 0-5

k_, K pK,* koy b

Substance
=
S

Ja (45 +06).107 (954 1-5).100 (475 £ 0-1). 10° 11:79 4 0-05 —

Ib (153 £ 025) .10 15+ 1 (103 4 0-1). 102 12:6 4+ 02 (95 - 1). 10!

Ic 097 + 008 8 +15.1072 1242 124 401 111 4015

1d (415 + 02). 1073 — — 12:85 4 0-15(2-0 =4 0-1). 1072
Te (185 + 02) . 1072 (754 15).107% 2:5+ 05 127 £ 01 (58 -+ 03).1072
If (50 4+ 1:0).107° — — — (117 4 0:08) . 1073
Ig (2:65 - 025). 107 % — — — (30 4+ 02).10°

@ For the compounds of the type V; b in 90% ethanol.
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(Scheme 2) (This value is somewhat affected by that the comparison involves both
the values obtained in 50% and 90% ethanol.).

The reactions of nucleophilic agents with substituted aromatic compounds (the
substituent being directly attached to the nucleus at which the reaction occurs)
bave the ¢ constant values about 5 (ref.**). The decrease of o to the value 1-5 in our
case (where the substituted benzene nucleus is connected with the nitrogen atom
of the reacting heterocycle) is reasonable. 1-Cyanoquinolinium ions having the
substituted benzene ring fused with the reacting heterocycle exhibit the ¢ constant
about 6 (ref.®).

Although the g value of the correlation of k, is about 5, the ¢ constant of the overall
reaction I & V (calculated for the derivatives Ib, Ic, Ie) has a value only about 2,
and that of the reverse reaction (k_,) has the value 3. It means that the substituents
affect the reaction rate similarly in the both directions — the higher is the ¢ constant
value the faster are the reactions in the both directions. If we consider the ¢ value
of the reaction I 2 II to be about 1-5 and that of acid-base reaction IT 2 III to be
about 0-5—1, then it follows for the reaction III — IV (k) ¢ = 2:5—3. The over-
all ¢ value (+3) of the reverse reaction ¥ — III is a sum of the ¢ constants of reac-
tions V' IV and IV - HI (k’,). From the pK, values measured (Table III) the ¢
constant of the former reaction (V<—_> IV) is about 1, so that that of the latter one
(IV > III) has the value 2. It means that both the conversion of I to IV and the rever-
se step are very strongly accelerated by substituents with positive o constants.

The formation of the activated complex of the reaction I1I — IV involves a nucleo-
philic attack of a free electron pair of oxygen atom of the compound JIT on the neigh-
bouring carbon atom with simultaneous splitting of C—N bond. The electron-with-
drawing substituents on the benzene nucleus facilitate the C—N bond splitting and
thus the reaction, too. The compound formed is a resonance hybrid with predomi-
nant structure VIIj.

The more the substituent R attracts the electrons the greater is the contribution
of the resonance structure VIIh with reactive carbonyl group and the easier is the
reverse reaction of the sp® electron pair of nitrogen with carbonyl carbon atom

R
N _H

[No-
S

vty
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giving the compound III. The overall reaction III — IV can then be represented
as follows: In the first reaction phase the attraction of electrons into the regions
of both benzene nucleus and the substituent R is energetically advantageous, the
C—N bond splitting being hereby facilitated. If this electron shift continued until
the end of the reaction, the compound of the structure VIIh would be formed. This
product is, however, less favoured energetically as compared to the structure VIIj.
It means that, on the contrary, at a certain point of the reaction coordinate (perhaps
near the activated complex) an opposite electron shift up towards the oxygen atom
of the carbonyl group being formed begins to be favourable for the reaction.

The second possible reaction mechanism of the conversion IIT — IV is an electro-
cyclic reaction'® having the activated complex VIII which continuously leads to the
compound with predominant resonance structure VIIj. The explanation of high
positive ¢ values of electrocyclic reactions belongs to the competence of quantum
chemistry.

v

The equilibrium constant K = k,[k_, of the reaction Ia = Va is much greater
than it should be according to the ¢ constant (+2) determined for the monosubstituted
derivatives. The reason is that the reverse reaction (k_,) is far slower than it should be
according to polar effects of the both nitro groups, whereas the value of k, does not
substantially differ from the theoretical one calculated from Eq. (7). The reverse
reaction is obviously affected in the step IV — III by a strong unfavourable steric
effect of o-nitro group.

The reaction products Va—g can exist in two tautomeric forms viz. that with
hydrogen at oxygen (V) or the corresponding ketonic form having hydrogen atom
at nitrogen. The magnitude of the ¢ value of dissociation constants of the compounds
Va—e can contribute to the decision as to which of the mentioned structures is more
likely. The substituted formanilides or acetanilides would be the most suitable
reference substances, but we failed to find their dissociation constants in literature.
However, data are available! for the dissociation constants of substituted sulfanilides
(e = 2-6). This value is roughly 3 times higher than our ¢ value for the compounds
Va — e, which would suggest that the reaction product has the structure V. We intend
to continue research on this problem.
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