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Abstract: The rate constants for the reactions of diazodiphenylmethane (DDM)
with 2-substituted nicotinic acids in nine aprotic solvents at 30 °C were de-
termined. The obtained second order rate constants in aprotic solvents were
correlated using the Kamlet-Taft solvatochromic equation in the complete
form: log k = log ko + s7* + acr+ bf3. The correlations of the kinetic data were
realized by means of multiple linear regression analysis. The obtained results
were analyzed in terms of the initial and the transition state of the reaction and
compared with previously determined kinetic data for nicotinic acid. The signs
of the equation coefficients (s, a and b) are in agreement with the reaction
mechanism and the influence of the solvent on the reaction rate is discussed
based on the correlation results. The mode of the transmission of the sub-
stituent effect is discussed in light of the contribution of solute—solvent inter-
action to the reactivity of the acid. The substituent effect was additionally
analyzed by the Hammett equation, log k = po+ log k.

Keywords: pyridinecarboxylic acids; diazodiphenylmethane; reaction rate con-
stants; solvatochromic parameters; aprotic solvents.

INTRODUCTION

The relationship between the structure of carboxylic acids and their reac-
tivity with diazodiphenylmethane (DDM) has been studied by many authors,
with particular regard to the influence of the solvent.1-5 Related to previous stu-
dies®10 of the chemical behavior of pyridinecarboxylic acid, the reactivity of 2-
substituted nicotinic acids with the following substituents Cl (chloro), OH (hyd-
roxy), CHz (methyl), Br (bromo) and SH (mercapto) was studied in its reaction
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570 DRMANIC, NIKOLIC and JOVANOVIC

with DDM. The kinetics of the reaction of these carboxylic acids with DDM was
investigated in a series of aprotic solvents.

Kamlet et al.3 established that the effect of a solvent on the reaction rate
should be given in terms of the following properties: i) the behavior of a solvent
as a dielectric facilitating the separation of opposite charges in the transition
state, if) the ability of a solvent to donate a proton in a solvent-to-solute hydrogen
bond and thus stabilize the carboxylate anion in the transition state and iii) the
ability of a solvent to donate an electron pair and therefore to stabilize the initial
carboxylic acid, through a hydrogen bond between the carboxylic proton and the
solvent electron pair. These properties are connected through Eq. (1):

logk=Ag+s7* +aa+bp (1)

The parameter 7% is an appropriate measure of the first property, while the
second and the third properties are governed by the effects of the solvent acidity
and basicity, quantitatively expressed by the parameters « and f, respectively.
The linear solvation energy relationship (LSER) of the solvent parameters is used
to correlate and predict a wide variety of solvent effects, as well as to provide an
analysis in terms of knowledge and theoretical concepts of molecular structural
effects.3 Such a correlation indicates the existence of both specific and non-spe-
cific solute—solvent interactions in the studied reaction.

The reactivity of the investigated acids with DDM in relationship to the elec-
tronic substituent effects was also studied using the Hammett equation (linear
free energy relationship — LFER) of the type:

log k = po + log kg 2)

where p is a reaction constant reflecting the sensitivity of the rate constant to the
substituent effect, and o 1s the substituent constant, a measure of the electronic
effect of a substituent. The analysis of the contribution of electronic substituent
effects showed that these effects have a definite influence on the reactivity of the
investigated acids.

EXPERIMENTAL
Materials

The acids were commercial samples of p.a. quality, used without further purification.
Diazodiphenylmethane was prepared by the Smith and Howard method.!! A stock solution of
0.06 mol dm3 was stored in a refrigerator and diluted before use. The solvents were purified
as described in the literature.!? All the solvents used for the kinetic studies were examined by
GC and no impurities were detected.

Kinetic measurements

The rate constants, &, for the reactions of the investigated acids with DDM were de-
termined as reported previously by the spectroscopic method of Roberts and co-workers!?
using a Shimadzu 1700A spectrophotometer. The optical density measurements were per-
formed at 525 nm with 1.0 cm cells at 30£0.05 °C. Three to five measurements were made
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REACTIVITY OF 2-SUBSTITUTED NICOTINIC ACIDS 5 7 1

with each acid and in every case, the individual second-order rate constants agreed within 3 %
of the mean.

RESULTS AND DISCUSSION

The mechanism of the reaction between carboxylic acids and DDM, in both
protic and aprotic solvents is known to involve the rate-determining proton trans-
fer from the acids to DDM, and the formation of a diphenylmethanediazonium
carboxylate ion-pair (Fig. 1).1421 Chapman et al.?2 established that the solvent
effects are best interpreted in the form of the contributions of the initial and
transition state to specific (a and ) and non-specific (7*) solvent—solute inter-
actions (Fig. 1).

nucleophilic
solvation electrophilic
(0] ¢ o) / solvation
~ _H S
i 0" PheN, 0 N2CHPhy
—_—
I.\[ X DDM N X

a) electrophilic

solvation b) electrophilic
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Fig. 1. The mode of the solvent effects in 2-substituted nicotinic acids in
a) the initial state and b) the transition state.

The reaction rate constants (as log k) for the reaction of the examined acids
with DDM in the applied solvent set are given in Table L.

TABLE I. Logarithm of the second order rate constants (k / dm? mol! min'!) for the reaction
of 2-substituted nicotinic acids with DDM at 30 °C in aprotic solvents

Solvent/substituent H10 2-Cl 2-OH 2-CH,4 2-Br 2-SH

Dimethyl sulfoxide -0.678  0.005 -0.030 -0.611 0.006 —-0.044
N,N-Dimethylacetamide -0.940 -0.259 -0.201  —0.851 -0.240  -0.131
N-Methylpyrrolidone -0.921 -0.131 0.139 -0.796  -0.138  —0.121
N,N-Dimethylformamide -0.611 -0.014 0.171 -0.480  -0.016 0.196
N-Methylformamide -0.027  0.103 -0.354 0.242 0.111 0.378

Acetophenone 0.714 1.343 2 0.751 1.373 1.231

Acetone 0.190  0.451 - 0.524 0.506 0.719
Ethyl benzoate 0.528 1.088 - 0.860 1.082 0.895

Isobutyl methyl ketone 0.143 0.606 - 0.313 0.651 0.751

Insoluble
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The results from Table I show that the influence of a solvent on the reac-
tivity is rather complex, due to the many types of solvent to solute interactions:
dipolarity/polarizability, 7%, proton-donor, & (HBD), and proton-acceptor, /3
(HBA), effects. Considering the reaction mechanism, it is obvious that polar
solvents accelerate the reaction by stabilizing the ion-pair in the transition state.
However, their other properties have to be taken into consideration. Solvents of
high polarity and of high HBA capability cause a significant decrease in the re-
action rate by stabilizing the carboxylic hydrogen in the ground state before com-
mencement of the reaction. For example, the reaction rate constant in dimethyl
sulfoxide was lower than in acetophenone — both solvents are of similar polarity,
1.00 and 0.90, respectively, but dimethyl sulfoxide has a higher proton-acceptor
ability (0.75) than acetophenone (0.49), and hence the reaction was slower in
dimethyl sulfoxide.

Generally, the results of the kinetic studies show that reactions of all acids
with DDM are of second order, which was confirmed by the high correlation
coefficients, R, which were in the range 0.938-0.990. The exception was 2-hyd-
roxynicotinic acid, which was, because the R-value was only 0.817, excluded
from the calculation.

Solvent—reactivity relationship

In order to explain the obtained kinetic results based on the polarity, acidity
and basicity of the solvent, the log & values were correlated with the solvatochro-
mic parameters 7%, o and £ using the solvatochromic Eq. (1). The correlation of
the kinetic data was realized by means of multiple regression analysis, which was
very useful in separating and quantifying the solvent effect on the examined reac-
tion.

The correlation results are presented in the following equations.

Nicotinic acid:

log k= 0.82 + (2.45+0.85)™ + (1.72+0.32)a — (5.18+0.63)p
R=0977,s=0.17,n=9
2-Chloronicotinic acid:
log k=0.70 + (3.12£1.23)7™ + (0.78+0.46)a — (4.90£0.91)B
R=0.938,5=0.25,n=9

2-Methylnicotinic acid:

log k= 1.50 + (1.9120.60)7* + (1.99£0.22)0 — (5.30+0.44)8
R=0.990,5=0.12,n=9

2-Bromonicotinic acid:

log k= 0.81 + (3.03£1.21)7% + (0.80£0.45)c — (4.93%0.89)3
R=0.942,5=024,n=9

Available online at www.shd.org.rs/]SCS

2012 Copyright (CC) SCS @JeEle



REACTIVITY OF 2-SUBSTITUTED NICOTINIC ACIDS 5 73

2-Mercaptonicotinic acid:

log k=131 + (1.79£0.92)7* + (1.0320.35)0 — (3.99+0.68)8
R=0.955,5=0.18,n=9

The values for 7%, oz and S (Table II) were taken from the literature.23 Here,
the correlation results for nicotinic acid are also given for comparison.

TABLE II. Solvent parameters

Solvent T o yij

Dimethyl sulfoxide 1.00 0.00 0.75
N,N-Dimethylacetamide 0.88 0.00 0.76
N-Methylpyrrolidone 0.92 0.00 0.77
N,N-Dimethylformamide 0.88 0.00 0.69
N-Methylformamide 0.90 0.62 0.80
Acetophenone 0.90 0.04 0.49
Acetone 0.71 0.08 0.43
Ethyl benzoate 0.74 0.00 0.41
Isobutyl methyl ketone 0.65 0.02 0.48

The correlation equations obtained for all the examined acids confirmed the
reaction mechanism described above, as the solvent polarity and its proton-donor
(HBD) activity increase the reaction rate constant, and the proton-acceptor
(HBA) ability decreases it. It could be noticed that the HBA effect is the most
prominent effect in this solvent set.

From the values of regression coefficients (s, a and b), the contribution of
each parameter to the reactivity of the investigated compounds on a percentage
basis was calculated and the results are listed in Table III.

TABLE III. Percentage contribution of the Kamlet-Taft solvatochromic parameters for the
reactivity of the investigated acids in aprotic solvents

Acid Pl % Pyl % Py /%
H 26 18 56
2-Cl 35 9 56
2-CHj 22 20 58
2-Br 35 9 56
2-SH 26 15 59

It could be noticed that the in case of the electron withdrawing substituents,
the values for the HBD parameter (o) were lower than for the unsubstituted acid
and for the acid with the electron-donor substituent (CH3). The negative in-
ductive effect of the electron-acceptor substituents additionally stabilizes the car-
boxylic anion and hence, the HBD solvent effect is less involved.

The results from Table III, lead to the following conclusions:
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574 DRMANIC, NIKOLIC and JOVANOVIC

a) The rate of the reaction is mostly influenced by the rate-decreasing HBA
parameter, as its percentage prevails over the other two rate-increasing parame-
ters.

b) The non-specific interaction have higher influence (higher percentage va-
lue) than HBA on the reaction rate in all cases, meaning that the classical or non-
specific solute—solvent interactions dominate in the transition state and increase
the reaction rate.

When the obtained correlation results were compared with the previously
published results for the corresponding 6-substituted nicotinic acids,!0 it was
found that the solvent effect disposition was similar considering the dominant
HBA effect. However, the percentage values for the non-specific and the HBD
interactions were different, as the proton-donor ability had a larger influence on
the 6-substituted acids. This can be explained by the strong negative inductive ef-
fect of the majority of substituents, which is considerably stronger in the C-2 po-
sition, as it is next to the reactive center, than in C-6 position of the ring, with
three atoms separating them. Comparing the reaction rate constants for both types
of nicotinic acid, it can be noticed that the 2-substituted acids generally react
faster, due to the additional stabilization of the anion in the transition state by the
negative inductive substituent effect. The fact that the only examined acid with
an electron-donor substituent, the methyl group, also reacts faster when it is in
the 2-position can be explained by the steric effect of the substituent which twists
the carboxylic group out of the plane of the ring and makes it more approachable
for the other reactant, the DDM molecule. The higher value of the HBD coeffi-
cient () shows that electron-donor support from the solvent is necessary to a
larger extent in this case, as there is no negative inductive substituent effect to
stabilize the transition state. The inductive effect of the substituents in C-2
position, which is in fact based on their electronegativity, is additionally proved
by HBD coefficient value for the 2-mercaptonicotinic acid: sulfur is less elec-
tronegative than chlorine or bromine, and this compound has a higher ¢ coeffi-
cient than the other two acids, but somewhat lower than the unsubstituted and the
methyl-substituted acid.

The outlier found in 2-hydroxynicotinic acid with its earlier mentioned un-
successful correlation also draws attention. 6-Hydroxynicotinic acid, unlike
2-hydroxynicotinic acid, gave a successful correlation in the same solvents, with
the expected signs of the arithmetic coefficients.

6-Hydroxynicotinic acid:!0

log k=-1.92 + (2.37£0.36)7™ + (1.99+0.09)a — (2.20+0.51)B
R=00982,5=0.26,n=5

Due to the ability of forming strong hydrogen bonds between oxygen and

hydrogen of both the carboxylic and the hydroxyl group, both compounds are
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REACTIVITY OF 2-SUBSTITUTED NICOTINIC ACIDS 5 75

insoluble in many solvents; however, a set of five solvents in which both
dissolved was found, and this set of solvents was used in this study.

The exception of the unsuccessful correlation for the 2-hydroxynicotinic acid
could be explained by its specific structure. As can be seen in Fig. 2, this com-
pound forms a strong intramolecular hydrogen bond, enhanced by the positive
resonance effect of the hydroxyl group, which significantly decreases its reac-
tivity in the anionic form. When the carboxylic proton leaves the molecule, the
strong hydrogen bond is formed between the carboxylic group and the hydroxylic
proton, preventing the anion from further reacting.

0 0 )
5~ &+ 5~ 4 S
@[LO"H “ o Sy 6
ol — |
Z > on SN SN8H RO i

N N \(8—

Fig. 2. The resonance effect of a hydroxyl group as substituent at C-2 and
the formation of an intramolecular hydrogen bond.

Contrary to this, in case of 6-OH-nicotinic acid, there is a possibility of
forming intermolecular hydrogen bonds (Fig. 3) which, as can be concluded from
the successful Kamlet-Taft equation, do not interfere significantly with its reac-
tivity in the examined reaction.
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Fig. 3. Intermolecular hydrogen bonds of 6-hydroxynicotinic acid.
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It could be concluded that, due to the complex possibilities of the formation
of intramolecular hydrogen bonds, 2-hydroxynicotinic acid is not an appropriate
compound for the investigation of the reaction mechanism of carboxylic acids
with DDM and the effect of the solvent on it; neither can it be analyzed by the
Kamlet-Taft equation.

None of the other examined 2-substituted nicotinic acids possesses the
ability to form such an intramolecular hydrogen bond, except 2-mercaptoni-
cotinic acid. However, it is obvious that in this case, the strength of the hydrogen
bond was not sufficient to influence the reactivity of the compound as it behaved
similarly to the other examined compounds in their reaction with DDM.

Structure—reactivity relationship

The relationship between the molecular structure and chemical reactivity
gives additional insight into the electronic effect of substituents and the influence
of solvent on the electronic distribution in the initial and transition states. Here,
the most successful correlations obtained using the Hammett Equation (2) are
given:

Dimethyl sulfoxide:

log k=-0.33 + (1.57%0.13) 5,
R=0.992,5=0.04,n=4
N,N-Dimethylacetamide:
log k=-0.54 + (1.59+0.44)c;,
R=0.931,5=0.14,n=4
N-Methylpyrrolidone:
log k=-0.48 + (1.71+0.27) 0y,
R=0.976,5=0.09,n=4
Acetophenone:

log k= 1.00+ (1.51+0.05) 0,
R=0.999,5=0.015,n=4
The values for the g, constant were taken from the literature 24
2-Hydroxynicotinic and nicotinic acid had to be excluded from the calcu-
lations in order to obtain a successful correlation. From the values of the obtained
reaction constants, it could be concluded that the reaction is significantly sus-
ceptible to substituent effects. Furthermore, the positive reaction constant con-
firms that a negative charge is formed during the reaction. All four solvents are
of similar properties, high polarity/polarizability and HBA ability and, as could
be expected, the examined compounds behaved similarly in them, judging by the
similar values of the reaction constants. The high sensitivity of the reaction
constant to solvent effects in aprotic dipolar solvents may be explained by the
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REACTIVITY OF 2-SUBSTITUTED NICOTINIC ACIDS 5 77

fact that at high relative permittivity of the surrounding solvent molecules, the
energy necessary to bring about charge separation in the transition state is relati-
vely small, which causes higher susceptibility to the electronic substituent effect.

CONCLUSIONS

The overall solvent effects on the reactivity of carboxylic acids in their
reaction with DDM are complicate because of intertwined interactions between
the solvent, and the reacting acid molecules. The results of the present inves-
tigation show that these solvent effects could be generally quantified by use of
the Kamlet-Taft equation in the case of 2-substituted nicotinic acids. The quan-
titative separation of these effects into individual contributions in the initial and
transition states showed the domination of the proton acceptor solvent effect. The
low contribution of the proton donor solvent effect in the case of acids with
electron-acceptor substituents can be explained by the negative inductive effects
of these substituents, which draw the excess negative charge in the transition
state and make the carboxylic anion more stable. The exception of the failed
correlation for 2-hydroxynicotinic can be explained by the existence of the strong
intramolecular hydrogen bond that this compound can form. In addition, the
higher reaction rates for the 2-substituted nicotinic acids than for the previously
investigated 6-substituted nicotinic acids confirm the electronic substituent influ-
ence, which is much more prominent in the C-2 position. In the case of 2-me-
thylnicotinic acid, the positive inductive effect of the methyl group decreases the
reaction rate, which is contrary to the steric effect. Actually, the steric effect
twists the carboxylic group out and facilitates the approach of a DDM molecule,
the consequence of which is an increase of the reaction rate.

Additional insight into the electronic effect of the substituents was given by
the use of the Hammett equation, which showed that examined compounds
behave similarly in solvents of similar properties, judging by the similar values
of the reaction constants.

Considering the values of the reaction constants, it could be noticed that the
negative charge increased in the transition state, which also confirms the dis-
cussed mechanism of the examined reaction. Furthermore, the same values indi-
cate that the reaction is also considerably susceptible to the effects of substi-
tuents.
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U3BOA

E®EKTU CTPYKTYPE U PACTBAPAYA HA PEAKTUBHOCT 2-CVIICTUTYUCAHUX
HUKOTHMHCKHUX KHUCEJIMHA CA JUA30JUOEHNIIMETAHOM YV AITPOTUYHUM
PACTBAPAUYVIMA

CAIIA XK. IPMAHUR', JACMUHA B. HUKOJIWR' 1 BPATUCJIAB . JOBAHOBUR®

1 Kaitieopa 3a opzancky xemujy, Texnoaowko—meitiarypuiku axyaitieisi, YHusep3auitieit y beozpaoy,
ii. tip. 3503, Kapnezujesa 4, 11120 Beozpao u ZI/IHcmmﬁym 30 XeMUjy, WexHoA0ZUjy U Meitanyp2uyy,
Ynueepsuitieii y Beozpady, hezoutesa 12, Beozpao

Koncranre 6p3une 3a peakuujy nuazonudennnmerana (DDM) ca 2-cycnTUTyHCaHUM HUKO-

THHCKHM KHCEIMHAaMa y JIeBEeT alpoTHYHHX pacTBapada cy oapehene Ha 30 °C. JoOujeHe KOHC-
TaHTe Op3WHE 3a peakuujy Apyror pena cy kopenucane Kammer—TadroBom ToTamHoM conBarto-
XPOMHOM jefHauMHOM Yy 06muKy: log k = log ko + s7* + aa + b Kopenauuja KuHETHUKHX 0/1a-
Taka M3BPIICHA j€ BUILIECTPYKOM JIMHEAPHOM PErPEeCHOHOM aHaiu3oM. JloOMjeHH pe3ynraTH cy
aHAJIM3UPAHH Y OJHOCY HAa OCHOBHO M IIPEJIa3HO CTame U yrnopehenu ca panuje oxpeheHum Bpen-
HOCTHMa 32 HECYIICTUTYHCaHy KUCEJIHHY. 3HALM HCIIpe/ KoedulrjeHaTa y je[HaYlHH CY Y CKIIaay

ca

MIPETIIOCTaB/bEHIM MEXaHH3MOM peaknyje. J[McKyToBaH je mpeHoc edekaTa CylCTHTyeHaTa Ha

peaknmoHu HeHTtap y3uMajyhu y o03up mompuHOC edexaTa pacTBapada Ha PEaKTUBHOCT MCIHTH-
BaHMX jenumemna. Edekar cyncTuryeHaTa je 10AaTHO aHaIU3upaH XaMeTOBOM jeAHAUYNHOM:
log k= po+ log k.
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