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Abstract: The rate constants for the reaction of diazodiphenylmethane with 2-(2-sub-
stituted cyclohex-1-enyl)acetic acids and 2-(2-substituted phenyl)acetic acids, pre-
viously determined in seven hydroxylic solvents, were correlated using the total
solvatochromic equation, of the form: log k= log ko + s* + aa + bf3, the two-param-
eter model, log k = log k( + sm* + aa, and a single parameter model log k = log &k, +
bf3, where 1* is a measure of the solvent polarity, 5 represents the scale of solvent
hydrogen bond acceptor basicities and a represents the scale of solvent hydrogen
bond donor acidities. The correlations of the kinetic data were carried out by means
of multiple linear regression analysis and the solvent effects on the reaction rates
were analysed in terms of initial state and transition state contributions.

Keywords: 2-(2-substitued cyclohex-1-enyl)acetic acids, 2-(2-substituted phenyl)acetic
acids, diazodiphenylmethane, kinetic measurements, protic solvents.

INTRODUCTION

The influence of hydroxylic solvents on the reaction rate has always been a
point of particular interest to many authors.!=3 One of the most representative ex-
amples in this field is the reaction of carboxylic acids with diazodiphenylmethane
(DDM).#-6 The mechanism of this reaction has been thoroughly investigated’-10
and it was established that the rate-determining step involves a proton transfer
from the carboxylic acid to DDM to form a diphenylmethanediazonium carboxy-
late ion pair, which rapidly reacts in subsequent product-determining steps to give
esters (or ethers in the case of alcoholic solvents):

Ph,CN, + RCOOH — Ph,CHN,™R CO,~

* Coresponding author.
#  Serbian Chemical Society active member.
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In our previous work!! the reactivity of 2-(2-substituted cyclohex-1-enyl)acetic
acids with DDM in various alcohols was examined, and the rate data for these acids
were correlated using the simple and extended Hammett equations. The results
showed that linear free energy relationships are applicable to the kinetic data for the
2-(2-substituted cyclohex-1-enyl)acetic acid system. Comparisons were made with the
corresponding 2-(2-substituted phenyl)acetic acid system. The solvent effects on the
reactivity of cyclohex-1-enylacetic acid are proportional to their influence on that of
phenylacetic acid.

In the present work, our study!2:13 of the hydroxylic solvent effects on the re-
action of carboxylic acids with DDM by means of linear solvation energy relation-
ships (LSER) concept developed by Kamlet and Taft!4 have been extended.

Aslan, Collier and Shorter> showed that the correlation analysis of second-or-
der rate constants for the reaction of benzoic acid and DDM in hydroxylic solvents
did not give satisfactory results. They came to a conclusion that the possibility of a
Koppel-Palm analysis of data related to protic solvents depends on the fitting of the
data in a regression with the main lines being determined by a much larger number
of aprotic solvents. To the best of our knowledge, the influence of hydroxylic sol-
vents on the reactivity of carboxylic acids with DDM by the Kamlet-Taft treatment
has not been systematically presented before.16:17

In a recent paper!S hydroxylic solvent effects on the reaction of o,B-unsatu-
rated cycloalkenecarboxylic and cycloalkenylacetic acids with DDM by LSER
method were examined. The correlation equations obtained by the stepwise regres-
sion of all the examined acids showed that the best approach, which helps the un-
derstanding of hydroxylic solvent effects in the reaction, lies in the separate corre-
lation of the kinetic data with the hydrogen bond donating (HBD) and hydrogen
bond accepting (HBA) ability of a solvent.

For the first time, the present paper demonstrates how the multiple interacting
effects of hydroxylic solvents on the reaction rates of carboxylic acids and DDM
can be analysed in terms of initial and transition state contributions.

In the present work, the second order rate constants determined previously!1:18
for the reaction of 2-(2-substituted cyclohex-1-enyl)acetic acids (system 1) and
2-(2-substituted phenyl)acetic acids (system 2) with DDM in various alcohols at
30 °C were correlated using a total solvatochromic equation!# of the form:

log k=log ko + st* + ac + bf3 (D

where 7r*, o and 3 are solvatochromic coefficients and log ) is the regression values of the
solute property in the reference solvent, cyclohexane.!4

According to the structural analogy between the systems 1 and 2, it seemed of
interest to compare the obtained results for these acids with identical substituents.
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CH,COOH CH,COOH
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X =H, CH3, CyHs, Cl, Br, I, NOy

RESULTS AND DISCUSSION

The first comprehensive application of multiple linear regression analysis
(MLRA) to kinetic phenomena was that of Koppel and Palm,!? who listed regres-
sion constants for the simple Koppel-Palm equation!® for various processes.
Shorter and co-workers! applied correlation analysis to solvent effects on the reac-
tion between DDM and benzoic acid.

In the present work, multiple linear regression analysis has been applied to
hydroxylic solvent effects on the reaction between DDM and 2-(2-substituted
cyclohex-1-enyl)acetic and 2-(2-substitued phenyl)acetic acids. The reaction rate
constants of the examined acids, detemined previously,!1:18 were correlated with
the solvent properties using the total solvatochromic Eq. (1).

The solvent parameters are given in Table I (for seven alcohols determined by
Kamlet et al.20).

TABLE 1. Solvent parameters for alcohols2?

Solvent a* a B
Methanol 0.60 0.93 0.62
Ethanol 0.54 0.83 0.77
Propan-1-ol 0.52 0.78 0.83
Propan-2-ol 0.48 0.76 0.95
Butan-1-ol 0.47 0.79 0.88
2-Methylpropan-2-ol 0.41 0.68 1.01
Ethylene glycol 0.92 0.90 0.52

Correlation analysis of the investigated acids with the solvent parameters z*,
a and f3, in protic solvents, showed that there were no satisfactory results for corre-
lation coefficients in the three-parameter Eq. (1). For each examined acid the same
problem arose — the coefficient related to the HBA parameter (b) had a standard er-
ror overriding its value and making the equation unreliable. The equation for
2-methylcyclohex-1-enylacetic acid is given as an example:

log k=-7.08 + (1.38 £ 0.87) 7* + (5.58 £ 2.86) a + (1.71 £ 2.04) 8 (2)
R=0.972,5=0.13,n=7
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As the solvent effect on the examined reaction could not be clearly presented
when all the solvent properties were taken together, an attempt was made to sepa-
rate them into those that stabilize the transition state and those that influence the
ground state. Taking into consideration the reaction mechanism (Fig. 1), it can be
noticed that, because of the charge separation in the transition state, a solvent of
high polarity can stabilize this state, making the reaction faster; the electrophilic
ability of a solvent can have a similar effect, affecting the carboxylic anion which
also exists in the transition state. On the contrary, the nucleophilic solvating ability
can be prominent in the ground state, stabilizing the carboxylic proton and, hence,

slowing down the reaction.
Ph R Ph R
Ve 5 5 /N s [ s '
N==C + H—0C—o0 ——>N2==C--~H~--0:—C]:—> Niﬁ?—H +0—C—=-PRODUCT
en Ph 0 Pr\_/' )
f f

nucleophilic electrophilic
solvation solvation

Fig. 1. The mechanism of the reaction of carboxylic acids with DDM.

Further examination, using one- and two- parameter equations with the para-
meters ¥, a (effects important for the transition state) and § (ground state) gave
more convincing results, using the following forms:

log k =log ko + sm* + aa 3)
log k=1log ko + bB 4)

TABLE II. Results of the correlations of log & for 2-(2-substituted cyclohex-1-enyl)acetic!! and
2-(2-substitued phenyl)acetic acids'® with Eq. (2)

Acids log kg S a® RP sd®
Cyclohex-1-enylacetic -3.33 0.75(£0.41) 3.91(£0.94) 0.960 0.14
2-CHj;-Cyclohex-1-enylacetic -3.50 0.73(£0.38) 3.31(x£0.58)  0.966 0.13
2-C,H;-Cyclohex-1-enylacetic -3.44  0.72(£0.39) 3.26(+0.89)  0.963 0.13
2-(2-Cl-Cyclohex-1-enyl)acetic —2.717 0.62(+£0.33) 3.03(£0.75)  0.968 0.11
2-(2-Br-Cyclohex-1-enyl)acetic —2.72 0.63(£0.33) 3.01(£0.75)  0.968 0.11
2-(2-1-Cyclohex-1-enyl)acetic -2.64  0.62(£0.32) 3.02(£0.72) 0.971 0.11
2-(2-NO,-Cyclohex-1-enyl)acetic ~ —1.36  0.45(+0.25) 2.23(£0.57)  0.988 0.08
Phenylacetic —2.48 0.85(£0.31) 2.59(x0.71) 0.972 0.105
2-CHj-Phenylacetic 282 0.96(+0.35) 2.89(+0.82) 0.971 0.12
2-C,Hjs-Phenylacetic -2.82 0.97(£0.37) 2.89(x£0.84)  0.969 0.12

2-(2-Cl-Phenyl)acetic 244 0.88(x0.33) 2.66(x0.75) 0.971 0.11
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TABLE II. Continued

Acids log k s @ RP sd°
2-(2-Br-Phenyl)aceitc —2.44 0.88(+0.33) 2.70(x0.76)  0.970 0.11
2-(2-1-Phenyl)acetic —2.45 0.91(+0.34) 2.72(x0.77)  0.970 0.11
2-(2-NO,-Phenyl)acetic —1.68 0.69(£0.27) 2.15(x0.61)  0.960 0.09

acalculated solvatochromic coefficient; Peorrelation coeffeient; ®standard deviation of the estimate

TABLE III. Results of the correlations of log k for 2-(2-substituted cyclohex-1-enyl)acetic!! and
2-(2-substitued phenyl)acetic'® acids with Eq. (3)

Acids log kg b? I sd°
Cyclohex-1-enylacetic 1.66 —2.26(+0.36) 0.941 0.15
2-CHj;-Cyclohex-1-enylacetic 1.32 —2.17(x0.36) 0.936 0.16
2-C,H;-Cyclohex-1-enylacetic 1.32 —2.15(x0.37) 0.934 0.16
2-(2-Cl-cyclohex-1-enyl)acetic 1.63 —1.98(%0.28) 0.954 0.12
2-(2-Br-Cyclohex-1-enyl)acetic 1.66 —1.98(£0.28) 0.952 0.12
2-(2-I-Cyclohex-1-enyl)acetic 1.73 —1.98(+0.28) 0.954 0.12
2-(2-NO,-Cyclohex-1-enyl)acetic ~ 1.85 —1.43(+0.24) 0.937 0.10
Phenylacetic 1.70 -1.99(+0.27) 0.950 0.12
2-CH;-Phenylacetic 1.85 —2.23(£0.32) 0.953 0.14
2-C,Hs-Phenylacetic 1.86 —2.24(%0.33) 0.951 0.14
2-(2-Cl-Phenyl)acetic 1.86 —2.05(%0.29) 0.952 0.13
2-(2-Br-Phenyl)acetic 1.90 —2.07(x0.30) 0.951 0.13
2-(2-1-Phenyl)acetic 1.96 —2.11(+0.30) 0.951 0.13
2-(2-NO,-Phenyl)acetic 1.76 —1.64(£0.24) 0.951 0.10

acalculated solvatochromic coefficient; Pcorrelation coeffcient; Cstandard deviation of the estimate

From the results presented in Tables II and III, it can be concluded that the
carboxylic acid — DDM reaction is influenced by two opposing effects. The oppo-
site signs of the electrophilic and nucleophilic parameters are in accordance with
the described mechanism (Fig. 1). The positive signs of the s and a parameters
prove that classical solvation and HBD effects dominate the transition state and in-
crease the reaction rate, and the negative sign of the » parameter indicates that
HBA effects (() stabilize the initial state before the reaction commences and are re-
sponsible for a decrease in the reaction rate.

From Table II, it can be seen that the classical solvation effects are more pro-
nounced for the 2-(2-substituted phenyl)acetic acids, contrary to proton-donor sol-
vent effects which are intensive for 2-(2-substituted cyclohex-1-enyl)acetic acids.
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The explanation of this fact probably lies in the planarity of the ring of the phe-
nylacetic acid system, which makes it easier for the solvent molecules to approach
and arrange themselves around the ionic pair in the transition state (Fig. 1). The
solvent molecules cannot solvate the cyclohexene ring so easily which makes the
effect of proton-donating ability of a solvent more important. The solvent effects
generally decrease with increasing electronegativity of a substituent because a
carboxylic acid containing an electron-attracting substituent already has its own
way of stabilizing the carboxylic anion in the transition state which makes the
solvating ability less important.

Hence, Egs. (2) and (3) were taken as the most likely explanations of the influ-
ence of the solvent on the examined reaction. Therefore, the experimentally obtained
rate constants! 18 were correlated with those calculated from these two equations.
The results are given in Egs. (5) and (6) using phenylacetic acid as an example.

log kexp = 0.008 + 1.002 log kz*q 5)
r=0.972,5s=0.09,n="17

log kexp = 0.0004 + 1.004 log kg 6)
r=0.9555=0012,n="7

Judging from the high correlation coefficients R and acceptably low standard
errors in the correlations above (Egs. (5) and (6)), the experimental and calculated
data were very much in agreement, but only a comparison of exact values for each
solvent could prove which of the two suggested models best describes the solvent
effects in this case, given in Table IV for phenylacetic acid.

TABLE IV. Experimental and calculated rate constants for phenylacetic acid

Solvent kexp kg kg
Methanol 2.540 2.752 2.925
Ethanol 1.140 1.347 1.471
Propan-1-ol 1.320 0.961 1.117
Propan-2-ol 0.808 0.789 0.645
Butan-1-ol 1.180 0.925 0.889
2-Methylpropan-2-ol 0.345 0.427 0.490
Ethylene glycol 5.050 4.955 4.626

As the same regression analysis of log & with the 7* and a solvent parameters
gave the best agreement between the experimental and calculated data for all acids
included in this study (Fig. 2), it was concluded that the effects described by it most
clearly represent the influence of hydroxylic solvents on this reaction.

Using this correlation, the effects of the hydroxylic solvents can be clearly shown
by separating them into those influencing the ground state and those influencing the
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Fig. 2. The plot of log k observed

. . against the values calculated from

40 05 0o 05 1.0 the equation log k = log kq + sm* +
logk __ ac.

transition state. The results presented in this paper are in accordance with the proposed
mechanism of the reaction of carboxylic acids with diazodiphenylmethane.”-10 The
classical solvation and proton-donor (HBD) effects of protic solvents dominate the
transition state and increase the reaction rate, by solvating the intimate ion-pair created
during the rate-determining step (shown in Fig. 1). The more pronounced these accel-
erating solvent effects are, the faster is the reaction.?!

Additional evidence for the solvent effect on the structure-reactivity relation-
ship in the reaction of 2-(2-substituted cyclohex-1-enyl)acetic and 2-(2-substituted
phenyl)acetic acids with DDM was obtained from the correlation of the opo
substituent constant?2 with the ratio of the solvatochromic coefficients, a/s (Table
V), calculated using the coefficients given in Tables II. The results of the correla-
tions for all the acids are presented in Figs. 3 and 4.

TABLE V. The ratio of solvatochromic coefficients a/s for 2-(2-substituted cyclohex-1-enyl)acetic
and 2-(2-substituted phenyl)acetic acids and the corresponding substituent constants apo 22

2-(2-Substituted 2-(2-substituted phenyl)acetic
Substituent ng cyclohex-1-enyl)acetic acids acids
als als
H 0 5.21 3.05
CHj, -0.14 4.54 3.01
C,H; -0.13 4.54 2.98
Cl 0.24 4.90 3.03
Br 0.27 4.78 3.06
I 0.28 4.89 2.99
NO, 0.81 4.95 3.11

The existence of this correlation (Figs. 3 and 4) is strong evidence for the pro-
portionality between the structure characteristics (substituent constants) of the in-
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vestigated acids and the solvatochromic effects in the reaction of carboxylic acids
with DDM in different alcohols. These results show that the 2-(2-substituted cyclo-
hex-1-enyl)acetic acid system is more sensitive to the influence of hydroxylic sol-
vents than the 2-(2-substituted phenyl)acetic acid system.

On the basis of all the information presented, it may be concluded that the
solvatochromic treatment of Kamlet and Taft is applicable to the kinetic data of the
reaction of 2-(2-substituted cyclohex-1-enyl)acetic and 2-(2-substitued phenyl)ace-
tic acids with DDM in various alcohols. The satisfactory results of the correlations
of'the kinetic data by Eq. (2) indicate that the selected model is correct. This means
that this model gives a detailed interpretation of the solvating effect of the
carboxylic group in different hydroxylic solvents. For these reasons, in our opin-
ion, the results presented in this work may be used to quantitatively estimate and
separate the overall solvent effects into initial-state and transition-state contribu-
tions in the reaction of diazodiphenylmethane with carboxylic acids.
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U3BOJ

YTULHAJ XUJPOKCUITHNUX PACTBAPAYA HA BP3MMHY PEAKIMJE
INA3OINPEHNIMETAHA CA 2-(2-CYIICTUTYUCAHUM
HIUKIIOXEKC-1-EHUJI)CUPRETHUM U 2-2-CYIICTUTYNUCAHUM
®EHWIT)CUPRETHUM KVCEJINMHAMA

JACMHHA B. HUKOJIU'h, TOPJAHA C. YI'hYMJIMKh u BEPA B. KPCTU'hR

Kaitieopa 3a opzancky xemujy, Texnoaowko-metmiarypuiku paxyaitieisi, Ynusepauitieii y beozpady, Kapnezujesa 4,
11000 Beozpao

KoncranTte 6p3uHa 3a peakuujy u3meby auasonudenmimerana u 2-(2-CyncTUTYUCaHUX
[UKJIOXeKCeH- | -eHmT ) cuphe THUX 1 2-(2-CYyIICTHTYNCAaHNX (heHMI )CHphe THIX KUCEIMHA, PeT-
XopiHO ofipebeHe y cenam ankoxonHux pacrBapada Ha 30 °C, KopenucaHne cy TOTaIHOM COJIBa-
TOXPOMHOM je[fHaYNHOM o6mHKa: log k = log k(, + sw* + ac + b, Kao u ABOMapaMeTapckoM log
k =log ky + sm* + aa n jegHOMapameTapckoM log k = log k, + bB, Tie je w* Mepa momapHOCTH
pactBapaua, § mpejicTaB/ba CKaly 0a3HOCTH pacTBapava Kao akIenTopa IMPOTOHA y BOJXO-
HUYHO] BE3H, ¢ CKaJly KMCEJIOCTH pacTBapaya Kao JJOHOpPA MPOTOHA y BOJOHMYHO] Be3u. Ko-
pesanyja KHHeTHYKUX TapaMeTapa je U3BplIeHa METOJIOM BUIIIECTPYKE JINHEAPHE PETPECUOHE
ananuze. CynmpoTHM 3HaIU y3 €NEeKTPOPWIHA U HYKICO(PUIHN IMapaMeTap Cy y CKJagy ca
HaBEJEHUM PEaKIUOHUM MeXaHu3MoM. Clarame eKCIepUMEHTAIHO OApeheHUX KOHCTaHTHU
Op3MHa ca U3pavyyHATUM BPEJHOCTHMA j€ IIOTBP/a UCIIPABHOCTH IPUMEH-EHOT Mojiena. Pe3yi-
TaTH NMPHUKa3aHU y OBOM pajly oMOryhyjy KBaHTHTATHBHO Pa3[iBajale U MPOIEHY YKYIHHUX
e(hexara pacTBapaya Ha MOJIA3HO U IPEJIa3HO CTambe y Peakluju KapOOHCKUX KHCEIHA ca
DDM-0M y aIKOXOIHUM pacTBapadyuMa.

(ITpumsbeno 5. genem6pa 2003, pesupupano 20. pebpyapa 2004)
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