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Rate constants were measured for the oxidative chlor_odehyqlrogenati@;S)eB(phenox;gpropanoic acid and
nine ortho-, ten para- and five meta-substituted derivatives ua;% -chloro-3-methyl-2, -d|phenyclip|per|d_|n- )
4-one (NCP) as chlorinating agent. The kinetics was run in 50% (v/v) aqueous acetic acid acidified with
gerchlorlc acid under pseudo-first-order conditions with respect to NCP at temperature intEb/slbetween

98 and 318 K, except at the highest temperature for the meta derivatives. The dependence of rate constants
on temperature was analyzed in terms of the isokinetic relationship (IKR). For the 20 reactions studied at five
different temperatures, the isokinetic temperature was estimated to be 382 K, which suggests the preferential
involvement of water molecules in the rate-determining step. The dependence of rate constants on meta and
para substitution was analyzed using the tetralinear extension of the Hammett equation. The paréometer
the Para/meta ratio of polar substituent effects was estimated to be 0.926, and its electrostatic modeling suggests
the tormation of an activated complex bearing an electric charge near the oxygen atom belonging to the phenoxy

roup. A new approach is introduced for examining the effect of ortho substituents on reaction rates. Using

R-determined values of activation enthalpies for a set of nine pairs of substrates with a given substituent,

a linear correlation is found between activation enthalpies of ortho and para derivatives. The correlation is
interpreted in terms of the selectivity of the reactant toward para- or ortho-monosubstituted substrates, the
slope of which being related to the ortho effect. This slope is thought to be apﬁrommated by the ratio of polar
substituent effects from ortho and para positions in benzene derivatives. Using the electrostatic theory of through-
space interactions and a dipole length of 0.153 nm, this ratio was calculated at various positions of a charged
reaction center along the benzene—C, axis, being about 2.5 near the ring and decreasing steeply with
increasing distance until reaching a minimum value-6t565 at 1.3 nm beyond the aromatic ring. Activation
enthalpies and entropies were estimated for substrates bearing the isoselective substituent in either ortho and
para positions, being demonstrated that they are much different from the values for the parent substrate. The
electrophilic attack on the phenolic oxygen atom by the protonated chlorinating agent is proposed as the rate-
determining step, this step being followed by the fast rearrangement of the intermediate thus formed, leading
to products containing chlorine in the aromatic ring.

Introduction process resulting in the formation of a new carbchlorine
Chlorination, as a particular case of halogenation, is a generalbond* There is, however, a variety of reaction paths leading to

term employed in organic chemistry to qualify the oxidative this structural feature, which depend on the nature of reactants

and substrates, as well as on the reaction condifiétecently,
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SCHEME 1. Chemical Structure of Reactants
1-Chloro-3-methyl-2,6-diphenylpiperidin-4-one (NCP) and
2-(Monosubstituted phenoxy)propanoic Acid (2-PPA)

HO. o)

2-PPA
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sense, it is used for identifying the peculiarity of substituent
effects on rates and equilibria of ortho-substituted benzene
derivatives. We address the ortho effect from a restricted point
of view. Instead of attempting a conventional Hammett-like
approach using ortho-substituent constants, or a multiparametric
correlation including steric constants, we focus on extrather-
modynamic correlations among activation parameters for ortho
and para derivatives within a single reaction series. This
approach may be seen as an application of the isoselective
relationship®19 if we think in terms of competition between
ortho and para derivatives toward a given reactant. From an
isokinetic temperature of 382 K, we infer an activated complex
preferentially solvated by molecules of water. From the effect

chloro-dehydrogenatidpof N-phenylbenzenesulfonamide using  ©f Mmeta and para substitution on reaction rates, we find evidence
an equilibrium mixture of different conformations of the racemic for the presence of a positive electric charge near the ether
(R,9)-1-chloro-3-methyl-2,6-diphenylpiperidin-4-one (NCP) ©0Xygen atom in the transition state. From a stimulating linear
(Scheme 1) as chlorinating agent in agueous acetic’gidce correlation of IKR-determined activation enthalpies for ortho-
azacyclohexane is the alternative name of the cyclic SeCond‘—irysubst|tuted sub_strates against para-substituted substrat_es with
amine piperidine, NCP can also be designated8-(L-chloro- the same substituent, we develop a method for addressing the
3-methyl-2,6-diphenylazacyclohexan-4-one. NCP is an interest- 0rtho_effect and enquire into the ortho/para ratio of polar
ing mild oxidant and chlorinating reagent, which was first substituent effects. By drawing together the results of these
synthesized as a new compound by Ganapathy and Viayan analyses, we propose a three-step mechanism for the chlorination

(0}

NCP

from the reaction ofRR, §-3-methyl-2,6-diphenylpiperidin-4-one of 2-PPA with NCP.
with Chloramine-T. NCP is a very stable crystalline solid and
has been used as a reactant to oxitiizeor chlorinaté®-10
various organic substrates.

In the present research we selected the racelRj§)-@-
phenoxypropanoic acid (2-PPA) (Scheme 1) as substrate an

kept unchanged most of the reaction conditions used in the

previous study.We note that the effective herbicide dichlorprop
is chemically R9-2-(2,4-dichlorophenoxy)propanoic acid,
although only theR enantiomer is active. Understanding the
chemistry of 2-PPA, which is its parent compound, is of interest

because there is an environmental concern about contaminatio
of soil and groundwater by pesticides. To probe the mechanism

of the reaction between NCP and 2-PPA, we examined

substituent effects by measuring rate constants for a total of 25
substrates in 50% (v/v) aqueous acetic acid solutions in the

temperature range of 29818 K. The correlation analysis of
this extensive kinetic data was made in terms of the isokinetic
relationship (IKR)!112 the para/meta ratio of substituent
effects!*~16 and a new orthepara relationship. The term ortho
effect has a long tradition in organic chemistfiyin a broad

(2) Reis, J. C. R.; Segurado, M. A. P.; de Oliveira, J. D. G.; Kabilan, S.;
Suganya, KCollect. Czech. Chem. Commu004 69, 2253-2275.

(3) Ganapathy, K.; Vijayan, BJ. Indian Chem. Socl978 55, 957—
959.

(4) Ganapathy, K.; Kabilan, 3nt. J. Chem. Kinet1989 21, 423-430.
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1993 16, 339-345.
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200Q 23, 524-531.

(7) Balasubramanian, S.; Ramalingan, C.; KabilanSgith. Commun.
2003 33, 2979-2984.

(8) Ganapathy, K.; llango, Cl. Indian Chem. Socl986 63, 1052~
1054.

(9) Ganapathy, K.; Palaniappan, A. hit. J. Chem. Kinet199Q 22,
415-426.

(10) Kabilan, S.; Sankar, P.; Krishnasamy,®id. Commun1994 17,
115-122.

(11) Exner, O.Prog. Phys. Org. Chenl973 10, 411-482.

(12) Linert, W.Chem. Soc. Re 1994 23, 429-438.

(13) Liu, L.; Guo, Q.-X.Chem. Re. 2001, 101, 673-695.

(14) Reis, J. C. R.; Segurado, M. A. P.; de Oliveira, J. DJGPhys.
Org. Chem.1995 8, 5—-14.

(15) Reis, J. C. R.; Segurado, M. A. P.; de Oliveira, J. DJGPhys.
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5328 J. Org. Chem.Vol. 72, No. 14, 2007

Results and Discussion

Rate Constants.Experimental pseudo-first-order rate con-
tants with respect to NCR,ps Were determined at temperatures
etween 298 and 318 K for the chlorination of 25 2-phenox-

ypropanoic acids (2-PPA) with NCP in aqueous acetic acid
further acidified with perchloric acid (150 mmol di).

Preliminary experiments at 303 K also demonstrated first-order
kinetics with respect to 2-PPA and to the hydronium ion. For
the latter experiment, which showed that the reaction is acid-

r?:atalyzed, the concentration of perchloric acid was varied

between 50 (pH= 1.30) and 250 mmol dn? (pH = 0.60). At

pH = 0.80, second-order rate constamtswere calculated
according to eq 1, where [2-PPAfktands for the initial
concentration of the substrate at ambient temperature. In fact,
under these acidic conditions, substrates, which are weak organic
acids, should remain undissociated during the course of the
reaction.

K, = kopd[2-PPAL, 1)

Rate constantk,, expressed in the temperature-independent
units?® dm® mol~t s71, are reported in Table 1, where 2-phe-
noxypropanoic acids are classified according to the spécial
or norma?® nature of the substituent on the phenyl ring.

Isokinetic Relationship. The isokinetic relationship is a
powerful tool for the correlation analysis of reaction seties?

(16) Reis, J. C. R.; Segurado, M. A. P.; de Oliveira, J. DJGPhys.
Org. Chem.1998 11, 495-503.

(17) Shorter, J. InAdvances in Linear Free Energy Relationships
Chapman, N. B., Shorter, J., Eds.; Plenum Press: New York, 1972; pp
71-117.

(18) Giese, BAngew. Chem., Int. Ed. Endl977, 16, 125-136.

(19) Giese, BAcc. Chem. Red.984 17, 438-442.

(20) Hamann, S. D.; le Noble, W. J. Chem. Educ1984 61, 658—

660.

(21) Sjestram, M.; Wold, S.Chem. Scr1976 9, 200-210.

(22) Exner, O.Correlation Analysis of Chemical Dat@lenum Press:
New York, 1988.

(23) Exner, O. InCorrelation Analysis in Chemistry: Recentshces
Chapman, N. B., Shorter, J., Eds.; Plenum Press: New York, 1978; pp
439-540.
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TABLE 1. Second-Order Rate Constantsk, at Different Temperatures for the Chlorination of 25 2-(Monosubstituted phenoxy)propanoic
Acids (2-PPA) with NCP in 50% (v/v) Aqueous Acetic Acid Acidified with Perchloric Acid

ko/(1073 dm?® mol~1 s7%)

substituent o2 oBAD 298.15K 303.15K 308.15 K 313.15K 318.15K
special

m-OCH; 0.102 5.96 7.94 11.92 15.89

m-Cl 0.365 2.101 2.81 4.21 5.62

m-Br 0.369 1.67 2.231 3.342 4.463

p-OCHs -0.28 30.23 35.5 41.5 48.28 55.9
p-OCHs 19.26 23.1 27.56 32.71 38.61
p-Cl 0.22 2.99 4.143 5.69 7.72 10.48
p-Br 0.22 2.65 3.708 5.15 7.06 9.58
0-OCHs 3.915 5.00 6.35 8.04 9.97
0-OC,Hs 3.507 4.50 5.75 7.27 9.21
o-Cl 0.865 1.32 1.98 2.927 4.305
o-Br 0.815 1.22 1.88 2.622 3.78
normal

H 0 6.50 8.13 10.11 12.43 15.8
m-CHjs —0.062 11.89 15.86 23.78 31.69

m-NO; 0.713 0.480 0.630 0.950 1.261

p-CHs -0.135 15.12 18.21 21.79 25.94 30.72
p-CoHs -0.127 13.39 16.29 19.7 23.68 28.33
p-CHO 0.437 1.383 2.051 3.008 4.366 6.23
p-COH 0.440 1.227 1.836 2.72 3.99 5.75
p-CO,CHs 0.441 1.277 1.905 2.813 4.112 5.93
p-NO; 0.814 0.417 0.650 1.00 1.513 2.27
0-CH3 2.93 3.90 5.16 6.78 8.85
0-CoHs 2.70 3.70 5.00 6.71 8.85
0-COH 0.465 0.731 1.13 1.72 2.585
0-CO,CH3 0.484 0.751 1.15 1.74 2.585
0-NO; 0.176 0.300 0.500 0.822 1.323

aUnified o° substituent constants. ® Hammett, benzoic acid reactivity®” substituent constantd for those substituents whee®? differs from o°.

In this similarity technique, the effect of temperature on the which is a substituent-independent constant. BFdwnerpreted

series reaction constants is tested UsifY this quantity as an “intrinsic” Gibbs energy of activation because
it would equal the activation enthalpy of a hypothetical
|09(kij/Tj) =aug + bi(T]-_l — ﬂu(R_l) ) derivative having zero activation entropy.
A'G° = A'H? — TA'S® (4)

If the latter equation is statistically validated, then the reaction
series is described by a set of stralght lines having slépes We tested for an IKR our kinetic data for the parent
which intersect at a common point. The temperature corre- compound and all of its ortho and para derivatives, totaling 20
sponding to the intersecting point is designated as the isokinetic g4 ctions at five different temperatures. Equation 2 was fitted
temperaturefikr, the ordinate being 108kosukr)/fikr). ThiS 5 these data in Table 1 using the program IKR-80-20 for the
ordinate has been termed by Linert and Sapéh@s an  |east.squares linear regression with a common point of intersec-
‘invariant point” for a given chemical reaction series. Indeed, o, 24 This program yielded standard deviaticsg = 0.0027
as shown by these authdfshis ordinate value will be the same ¢, nconstrained straight lines in terms of eq 5, which expresses
in different isoparametric relationships representing temperature-Eyring,S plots, ands = 0.0168 for the IKR-constrained straight
dependent data for the reaction series and may be used fOfjineg iy eq 2. Although these statistics would imply rejecting
estimating the isosubstituent Hammett constant. an isokinetic relationship, in terms of Exneié-test282% the

Pikr is also the slope for the linear correlation between kg equation is validated as an approximate relationsHip=(
standard gnthalples of act_lva_t|q£ﬁHi° and stand_ard entropies 0.031). The strict criterion used in the IKR-80-20 program has
of activation A*S° of the individual reactions in the series, been noted before by various auth®f420and the possible
according to occurrence of an IKR is sometimes assessed by visual appraisal

5o iy of an Arrhenius plot for the reaction seri€s’
AH = hﬁ(IKR) +BkrA'S 3

log(k/T;) = a+bT,* (5)
We note that, in spite of recent douB#the validation of an o o _
IKR in terms of eq 2 necessarily entails the occurrence of an  FOr the probable IKR describing the 20 chlorination reactions
enthalpy-entropy compensation effect as expressed by eq 3. under examination, the main best fitting parameters in eq 2 are
In view of eq 4 whereA*G;° is the standard Gibbs energy of 2B R 3. Org. Chem1962 27. 30153026
B : H H .0 — rown, R. FJ. Org. em y .
activation, the intercefiskr) in eq 3 equaldy’G® (T = fir), (28) Exner, OCollect. Czech. Chem. Commui@6es 31, 3222-3251.
(29) Exner, OCollect. Czech. Chem. Commui@74 39, 515-527.
(30) Ventura, C.; Jiang, W.-Q.; Albuquerque, L.; Gahes-Maia, R.;
(24) Ouvrard, C.; Berthelot, M.; Lamer, T.; Exner, @. Chem. Inf. Maia, H. L. S.J. Pept. Sci2006 12, 239-242.

Comput. Sci2001, 41, 1141-1144. (31) Karunakaran, C.; Suresh, I8t. J. Chem. Kinet2005 37, 5-9.
(25) Linert, W.; Sapunov, V. NChem. Phys1988 119 265-274. (32) Karunakaran, C.; Suresh, I&dian J. Chem., Sect. B: Org. Chem.
(26) Linert, W.Aust. J. Chem1986 39, 198-208. Incl. Med. Chem2005 44, 1277-1282.
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akr = —0.730 andfikr = 382 K. At 95% confidence level,

Segurado et al.

TABLE 2. Standard Enthalpies of Activation A*H° and Standard

the isokinetic temperature is expected to be between 376 andEntropies of Activation A*S° Derived from Equations 2 and 5 for

398 K. We interpret this value fofixr in terms of Linert's
theory33-36 according to which solvents act as heat baths for
activated processes in solution. Linert's expression between
isokinetic temperatures and active vibration frequencies of
solvent molecules has been reéast terms of wavenumbers

7 asineq 6. Fopikr = 382 K, eq 6 yields the wavenumber of
265 cntl,

~ -1 __
Vheat bat‘cm - 0'6956IKR/K) (6)

The present kinetics were run in a mixture of water and acetic
acid. Having examined the infrared spectrum of acetic acid, only
absorption bands at wavenumbers larger than 450 enere

observed. On the other hand, liquid water presents an intense

absorption band from 300 to 900 cfwhich has been ascribed
to the bending of hydrogen bonéfsFollowing the suggestion

by a reviewer, we also examined the Raman spectrum of liquid
water. At 303 K, Carey and Korenowskiobserved a Raman
peak centered at 425 cry which corresponds to one of the
three intermolecular librational modes that are Raman active.
The value of 265 cmt compares well with active vibrational
wavenumbers for various chemical reactions in wététand,
although displaced to lower wavenumbers, it is in fair agreement
with the wavenumber of 357 cmh found for a similar
chlorination reaction series in the same solvent mixtu@n

the basis of the foregoing discussion, we interpret the isokinetic
temperature of 382 K as indicating preferential solvation of
activated complexes by water molecules.

Activation Parameters. Standard enthalpies and entropies
of activation were computed for all of the 25 chlorination
reactions from the individual temperature dependence of their
rate constants in terms of the Eyring equation written in the
form of eq 5. As Lente et & commented recenth\*S° values
calculated from the best fitting parameters in eq 5 are as reliable
as the correspondiny*H® values. These activation parameters
and their standard deviations are given in Table 2 along with
of the corresponding IKR-constrained values for the 20 reactions
examined with this technique. Isokinetic activation enthalpies
and entropies were calculated from the best fitting parameters
in eq 2 using eqgs 7 and 8, in whidhis the gas constanh is
the Planck constant, ang is the Boltzmann constant.

Q)
8

In relation to Eyring’s values, the isokinetic values of
activation enthalpies and entropies generally differ by less than

10%, except forA*H° of four reactions andA*S® of five
reactions. We note that bothalkoxy derivatives are included

ATHP = —2.30Rh

A*S°® = —2.30FR][log(kg) + ayg — b/Bixl

(33) Linert, W.Chem. Phys1987, 114, 449-455.

(34) Linert, W.Chem. Phys1987 116, 381—389.

(35) Linert, W.Chem. Phys1989 129 381-393.

(36) Linert, W.Collect. Czech. Chem. Commuir29Q 55, 21—-31.

(37) Pinheiro, L. M. V.; Calado, A. R. T.; Reis, J. C. Rrg. Biomol.
Chem.2004 2, 1330-1338.

(38) Eisenberg, D.; Kauzmann, WWhe Structure and Properties of
Water, Oxford University Press: New York, 1969.

(39) Carey, D. M.; Korenowski]. Chem. Physl998 108 2669-2675.

(40) Linert, W.Chem. Phys1989 129, 381-393.

(41) Linert, W.; Jameson, R. Ehem. Soc. Re 1989 18, 477-505.

(42) Lente, G.; Fhian, |.; PdeA. J.New J. Chem2005 29, 759-760.
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the Chlorination of 2-Phenoxypropanoic Acids with NCP in
Aqueous Acetic Acid

A¥H°/(kJ mol1)

A*S/(J K1 mol?)

substituent eq?2 eq5 eq?2 eq5
special
m-OCHz 52.06+ 2.20 —113.2+7.2
m-Cl 52.14+ 2.14 —-121.6+7.0
m-Br 52.09+ 2.16 —123.7+ 7.0
p-OCHs 17.44 21.69+ 0.01 —215.1 —201.3+0.1
p-OC;Hs 22.83 24.87+ 0.01 —201.0 —19444+0.1
p-Cl 43.77 46.83t 0.15 —146.2 —136.2+ 0.5
p-Br 45.13 48.14+ 0.04 —142.6 —132.8+ 0.2
0-OCHs 42.15 34.43+0.17 —150.4 —175.5+ 0.6
0-OCHs 43.45 35.46+ 0.14 —147.0 —173.0+ 0.5
o-Cl 57.80 60.64+ 0.10 —109.4 —100.2+ 0.4
o-Br 58.88 57.94+ 1.14 —106.6 —109.6+ 3.7
normal
35.97 32.14+ 0.66 —166.6 —179.0+ 2.2
m-CHz 52.05+ 2.21 —107.5+ 7.2
m-NO, 51.76+ 2.50 —135.2+ 8.2
p-CHs 25.91 25.39+ 0.01 —192.9 —194.64+ 0.1
p-CoHs 27.25 26.99+ 0.01 —189.4 —190.3+ 0.1
p-CHO 52.27 56.85 0.07 —-123.9 —109.0+ 0.3
-COH 53.60 58.44+ 0.08 —120.4  —104.7+0.3
p-COCHs 53.15 58.04 0.07 —121.6 —105.84 0.3
p-NO, 66.78 64.23+ 0.05 —85.9 —94.2+0.2
0-CHs 44,94 41.02+0.11 —143.1 —155.9+ 0.4
0-CoHs 45.44 44,23+ 0.15 —141.8 —145.7+ 0.5
0-COH 65.20 65.10+ 0.09 —90.0 —90.44+0.3
0-CO,CHg 64.93 63.56t 0.08 -90.7 —95.24+0.3
0-NO; 76.03 76.99+ 0.13 —-61.7 —58.6+ 0.5

in these exceptions, a situation also encountered in a similar
study? These deviations may reflect the possible formation of
intermolecular hydrogen bonds betweaialkoxy groups and
protic solvent molecules near the reaction &¥t&ve also note

that the magnitude and sign of the activation entropy of a
second-order reaction in solution depend on the chosen standard
state?* which can be identified from the units expressing rate
constants.

In a reaction series, Exnér*has suggested IKR-constrained
activation parameters to be nearer to “true” values than
conventional values individually calculated in terms of Eyring
equation. In support of Exner’s proposal, Sedtifaund for a
certain reaction series that experimental isokinetic activation
enthalpies correlated much better with theoretically computed
energies using an ab initio molecular-orbital method than do
experimental Eyring’s activation enthalpies. The discussion that
follows will be based on isokinetic activation parameter values,
although it refers occasionally to Eyring’s values.

Tetralinear Analysis of Meta and Para Substituent Effects.

The Hammett-like analysis of substituent effects from meta and
para positions on the present chlorination reaction was done
using our tetralinear approaéh,in which the metapara
interrelationship is constrained by a hyperbolic mdd&ince

this approach has been described before in detail and applied
to various reaction seri€g216:47.4%nly a brief account is given

(43) Kulhanek, J.; Pytela, OCollect. Czech. Chem. Commu297, 62,
913-924.

(44) Abraham, M. H.; Nasehzadeh, A.Chem. Soc., Chem. Commun.
1981, 905-906.

(45) Exner, OCollect. Czech. Chem. Commuir@72 37, 1425-1444.

(46) Segura, PCollect. Czech. Chem. Commur@85 50, 1565-1572.

(47) Segurado, M. A. P.; Reis, J. C. R.; de Oliveira, J. DJGChem.
Soc., Perkin Trans. 2002 323-328.
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TABLE 3. Tetralinear Analysis of the Chlorination Rates of 2-(m- and p-Monosubstituted phenoxy)propanoic Acids with NCP in Aqueous
Acetic Acid at Different Temperatures?

temperature/K
parameter 298.15 303.15 308.15 313.15
A 0.967+ 0.058 0.900t+ 0.056 0.912+ 0.042 0.846+ 0.067
y 0.4744+ 0.037 0.454+ 0.039 0.432+ 0.037 0.415+ 0.037
yly° —2.105+ 0.180 —2.016+ 0.184 —1.919+0.178 —1.8422+ 0.175
& 0.064 0.066 0.063 0.066

aData from Table 1 in the form logf x/kz1) fitted to the constrained tetralinear equation (egsl8) usingo® constantd! and 684 constant$? Data
points for them-CHs derivative were excluded at 308.15 and 313.1% Ktandard deviation of the fit.

herein. Thus, normal substituents, which are defined by BXner calculated using a Monte Carlo procedure previously de-
as dipolar groups bearing a full octet without lone pairs of scribed!®47
electrons on the atom next to the aromatic ring, are treated TheA values in Table 3 do not show significant dependence
separately from special substituettsyhich either bear alone  on temperature. In fact, the difference between any two of these
electron pair or an incomplete electron octet on that atom. values is within the combined standard errors. They will be used
Because this separation applies to both meta and para positionsn the electrostatic modeling of paramefgh, determined by
there are four basic linear correlations, each involving only meta charged activated complexes formed during the oxidative
normal (3n), para normal (4n), meta special (3s), or para specialchlorination of the 2-phenoxypropanoic acid. Sinde° can
(4s) substituents. be interpreted as a Hammett reaction consgaiits relatively

In its version for Hammett analyses, the basic tetralinear large and negative value indicates the presence of an electron-
equation is given by deficient center in transition states. Preliminary fitting experi-

ments using the Yukawalsuno version of the tetralinear

l0g(ks/Ky) = O3, + P3:03r° 9 equatiod® showed that the present reaction series could be
equally well-described using the scale of substituent constants
log(K,/Ky) = Ogn + P4:0an° (10) in conjunction with a resonance-demand parametesf 0.28.
We have already shown that th€* scale is equivalent to the
log(ku/k.) = 0.+ R (11) ot scale withrt = 0.21516 We conclude that there is a moderate
9(kadky 3s Pad3s through-resonance demand toward a partial positive charge
during the course of the chlorination reaction under examination.
log(Kydky) = 045+ p4so4SBA (12) For approximately locating the reaction site, we resort to the

information contained in parametér This is done using a
previously developed treatment for the para/meta ratio of polar
substituent effects in terms of the electrostatic thédfywhich
was recently reexaminédn the light of Exner and Blom’s
calculation of interaction energies using the density functional
theory#50We note that, since about 56% of the total interaction
energy between a dipojex and a charge can be described by
—0.225 are constants for the hyperbolic model appfiétito direct through-space electrostatic interactidtteen for interac-
the unifiedo® scale?! Parametei is effectively Apym, i.e., the tions of a given type the ratio of electrostatic energies should
para/meta ratio of polar, inductive substituent effects, and the give a reliable measure of the relative total interaction energy.
quantityy/y° has been shown to be an analogue of the Hammett This modeling is based on eq 15 fogm, >4’ where distance
reaction constant after excluding through-resonance substituent + is measured from the positive pole, which can be either on
effects?1516.48 the substituent charge center or on a ring carbon atom, to the
charge on the reaction site, and similarly for distance

Ap/m(luX! charge)= (1/I'+ - 1/r—)parz!(1/r+ - 1/r—)meta (15)

For the experimental parameterin Table 3 we report values
ranging between 0.846 and 0.967. Modeling of these values with

We used our nonlinear least-squares computing progrm  eq 15 gives a broad range of positions for locating the charge.
for the constrained fitting of eqs-912 to the kinetic data in However, disregarding the value at the highest temperature,
Table 1 at each of the experimental temperatures where metaye obtain an average value of 0.926, which indicates a position
and para derivatives were investigated. However pHaCHs 0.136 nm away the benzene ring on its-C; axis. Incidentally,
derivative was excluded from this analysis for lack of the this is equal to the interatomic distance-@. Hence, this
corresponding®* constant. We searched for outlier data points  analysis points to the presence of an electric charge very near
exhibiting a deviation larger than twice the standard deviation the oxygen atom belonging to the phenoxy group of activated
of the fit. This search identified the-CHs derivative at 308.15 complexes.
and 313.15 K. After removing these two data points, the best  The evidence so far collected strongly suggests the electro-
values for the tetralinear parameters of the present reaction serieghilic attack of protonated NCP on the substrate phenolic oxygen
are reported in Table 3, together with their standard deviations atom as the rate-determining step of this chlorination reaction.

Although there are eight fitting parameters in egsl2, only
four of them are independent parameters by virtue of four
constraining equations deduced from the hyperbolic model for
the meta-para interrelationship of substituent effettsTwo
of these constraints yield the relevant model paraméteunrsd
y in terms of egs 13 and 14, whe#g¢ = 0.961 andy° =

Parl Pan = PadP3s= A 13)

204y = Ogeft + pany® = 20,5 — O3 + pay° =7 (14)

(48) Kabilan, S.; Girija, R.; Reis, J. C. R.; Segurado, M. A. P.; de
Oliveira, J. D. G.J. Chem. Soc., Perkin Trans.2D02 1151-1157.

(49) Exner, O.; Bam, S.Chem. Eur. J2003 9, 4718-4723.
(50) Exner, O.; Bam, S.J. Phys. Org. Chen2004 17, 124-130.
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TABLE 4. Correlation Analysis of an Interdependence between Activation Enthalpies for Ortho and Para Derivatives in Terms of Equation
16 for Two Reaction Series

chlorination reaction series n A¥H° calculated using ho/(kJ mol-1) a o
2-phenoxypropanoic acids 9 eq2 2720.97 0.713+ 0.026 0.995
9 eq5 16.46+ 2.79 0.884+ 0.071 0.978
N-phenylbenzenesulfonamides 12 eq?2 14.16+ 1.07 0.928+ 0.018 0.998
12 eq5 11.3% 3.12 0.913+ 0.051 0.985

aNumber of data point® Correlation coefficient® Activation enthalpy values taken from ref 2.

Ortho —Para Relationship.We use the uncle&rterm ortho 100

effect as a short name for the change on chemical properties of ¢
benzene derivatives occurring on replacement aj-agdrogen

by different substituents. A variety of treatments have been
developed over decades to tackle this elusive effect. We refer
to Exner and associ&fe®>3 and Pytela and co-workérss for
concise accounts of older approaches to the ortho effect. Here
we follow a modern trend which concentrates on comparing
the reactivity of ortho and para derivatives within a given
reaction serie&525556Indeed, excluding specific interactions 40
with the reaction center, substituent effects from the alternating
ortho and para positions have the same nature, as Pytela and

1
%
S

AH® ;o | KI mol”

PruseR® have noted. Curiously, the idea that the reactivity of 20 ! ! * ) : ‘ ' ! 0
para derivatives provides a basis for interpreting the reactivity o 20 30 4 0 6 7 & % I
of ortho derivatives is a revival of the very first approach to A*H ®porg / kI mol ™!

the ortho effect’
Ortho versus Para Activation Enthalpies. The present FIGURE 1. Correlation of activation enthalpies for the chlorination
chlorination reaction series contains nine different substituents ©f 2-(©- versusp-monosubstituted phenoxy)propanoic acids. Data points

. o from Table 2: filled circles, IKR values (eq 2); full line, best straight
§ in both the ortho and para positions, and an IKR holds line through filled circles; open circles, Eyring values (eq 5); filled

approximately in this series. Hence, two subreaction series cangiamond, IKR value for the parent 2-PPA; open diamond, Eyring value
be formed in which the common variable is the substituent for the parent 2-PPA. Filled triangle, calculated common ortho and
nature. For reasons discussed later, the “substituent” hydrogerpara activation enthalpies for derivatives bearing the isoselective
is not included in this analysis. Aiming at probing a possible substituent (see later).

correlation between*H orno-s aNdA*Hpara-s, We tested a linear

model in terms of eq 16 where both variables are interdependent. These interesting linear correlations prompted us to develop

an extrathermodynamic formalism to frame these results. In the
(16) following we explore the consequences of eq 16 being obeyed

para-s within a given reaction series. Since both ortho and para subsets
pertain to the same IKR, then eqs 17 and 18 hold. In other

words, egs 17 and 18 are particular cases of eq 3.

+
ortho-s — hﬂ(IKR) + ﬁIKRA Soonhcks (17)

A'H® o = Dy, + aATH®

For the correlation analysis of chemical data with similar
experimental errors on either variable, Exner and r&Va
recommend using the squared perpendicular distances from the INL
regression line as the least-squares condition. In the context of
nonlinear regressions, we have already used the least sum of INTE =h +4 At
rectangle areas defined by the orthogonal distances from the para-s — TA(IKR) T FIKR para-s
regression curv&:58In the linear case of eq 16 both methods Combination of egs 1618 yields eq 19, in which the
become identical for regression lines of unit slope. For con- . L '

) - . intercepts, is given by eq 20.

venience we preferred the least-rectangles linear regression

(18)

analysis, details of which are given in the Experimental Section. NS —s + oAt 19
This analysis was performed with isokinetic and Eyring ortho-s = % T & para=s (19)
tivati thalpies for th t and lated ti ies. _

activation enthalpies for the present and a related reaction series 82 = [y — (1~ DNyl Buce (20)

Results are summarized in Table 4 and shown in Figure 1 for

the 2-phenoxypropanoic acid series. Additionally, in view of the general thermodynamic relation-

ship given in eq 4, activation Gibbs energiA$G°onn, and
A*G®parabecame linked by eq 21, the interceptbeing defined

(51) Bchm, S.; Fiedler, P.; Exner, ?New J. Chem2004 28, 67—74.
(52) Exner, O.; Bam, S.Curr. Org. Chem200§ 10, 763-778.

(53) Fiedler, P.; Bom, S.; KulHaek, J.; Exner, OOrg. Biomol. Chem. in eq 22.
2006 4, 2003-2011.
Zoég)zggtfla, 0.; Lika, J.Collect. Czech. Chem. Commui994 59, A¢G°orthms: 9, + aA*Gopar&S (21)
(55) Pytela, O.; Prusek, QCollect. Czech. Chem. Commuif99 64,
1617-1627. Oy =h, — Ts, (22)
(56) Exner, O.; Bam, S.Collect. Czech. Chem. Commuw006 71,
12?37_)1|§§r?ér 0. 20m. K.J. Phys. Org. Chen999 12, 151-156 Interestingly, linear eqs 16, 19, and 22 have the same slope,
(58) Reis, 3. C.R.: ’Seéu;ad(,)f M. Ag_.p.; de Oliveira, J. DOBllect. o. As Exner commente®,if the IKR holds for a reaction series,
Czech. Chem. Commuh999 64, 1607-1616. A*G°, A*H°, and A*S’ change in a parallel manner so that
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anyone of these activation parameters provide essentially theSCHEME 2. Geometric Basis for Estimating the Ortho/
same information. However, relative errors in activation en- Para Ratio of Substituent Effects According to Equation 28
thalpies are smaller than in activation entropies. On the other *

hand, although the intercepts, and s, are temperature- :
independenty, is not. For these reasons we preferred using eq
16 to computeh, and o values.

Since the isokinetic temperaturBikr is independently
determined in terms of the IKR, a complete description of the
ortho—para relationship requires knowledge of the intercept
hsakr) @appearing in eq 3 for use in eq 20. This parameter is
conveniently derived from eqgs 2, 7, and 8, being relate]d®
andakr by X

Naakry = —2.30RB)rllog(Wks) + ayel (23) for the direct fit of eq 24 to our kinetic data; for example,=
0.110. No doubt this fact mirrors the increase in relative

Isoselective Relationship. There is a striking analogy  experimental error occurring when passing from individual rate
between the foregoing analysis of the orttgara relationship constants to the ratio of rate constants.
and the formalism developed for the isoselective relationship  Equation 27 is another consequence of an 1SeR holding for
(1ISeR). The ISeR is a similarity technid@é®for analyzing the the OPR, which can be derived from egs 17 and 18.
temperature effect on two reaction series possessing a common
variable that is useful in various chemical conte#t&:37.5 A os — A*H"parﬁz Bised A oo — A*Qpar&s)
Selectivities should be expressed as the logarithm of the ratio (27)
fast-to-slow reaction rate constants, and their temperature
dependence should follow a simple rule: the higher the
temperature, the lower the selectivity. We can thus define the
selectivity of a given reactant toward the para or ortho
substitution position in the substrate. In these terms the
corresponding 1SeR is expressed by an analogue of eq 2, whic
is written here in the form of eq 24 for application to the OPR.

Using isokinetic activation enthalpy and entropy values in
Table 2, we confirmed that the enthatpgntropy plot of eq 27
gives the expected strictly linear fih & 9, intercept= —36 pJ
H’nol’l, Biser = 382 K, r = 1.000). We note the vanishing

intercept value and an isoselective temperature equal to the iso-
kinetic temperature. Intriguingly, the excluded case of substituent
— -1_ -1 hydrogen would be accurately described by eq 27. However,

109(para-/Korno-5) = Aser DT, Prser ) (24) we shall present compelling arguments against including sub-

In the latter equatioiser is designated as the isoselective Stituent hydrogen in the ortho/para relationship (OPR).
temperature with respect to substituent variation. At this Ortho/Para Ratio of Polar Substituent Effects. In relation
temperature, the selectivity equatsser and will remain to the para position, polar substltuents in the o'rtho position are
unchanged upon substituent variation. nearer to the reaction center and their dlpol_e o_rlentatlon is much

Exner and Gie<8 established the conditions for the observa- different. These aspects of the ortho substitution are, of course,
tion of an ISeR between two reaction series complying with Well-known17.6:-63 ,
the IKR. One condition requires the same isokinetic temperature  OUr electrostatic treatment of the para/meta ratio of polar
for both series, in which case there exists an 1SeR gk substituent effects is now _extended to th_e OPR. Follow_lng
equals the commafikg. A different and more general condition ~Dewar et al®* a polar substituent is approximated by a point
requires the activation enthalpies of both series to be linearly charge at its center of charges and an opposite point charge at
related to each other. Evidently, the former requirement is the neighbor carbon atom in the ring. From an average over 26
automatically fulfilled in our approach to the OPR and the latter "€Presentative polar substituefits) dipole length of 0.153 nm
requirement has been validated experimentally for two series WasS estimated In terms of the electrostatic theory underpinning

of chlorination reactions. Indeed, since ortho and para subseriednis model}’ the ortho/para ratio of electrostatic interaction
follow eq 2, we can write energies between a polar substituent X and a charged reaction

site, Aop(ux, charge), is given by eq 28, which is an analogue
IOg(kpara—sj/Tj) = aiKR + l:)pr:-nra—s,(-rjil - ﬂIKR7 ) (25) of eq 15.
|Og(kortho—sa'/Tj) =ayr T bortho—s(Tfl — B ) (26) ;LOIp('uX, chargey= (L = 1-Jound (LI = 1/r_)para (28)
. . . . The latter equation is obtained on the reasonable assumption
Her_1ce sub_tracnon of eqs 25 and 26 yields an isoselective of identical effective permittivities for field effects from ortho
equation having the form of eq 24, whéxg= bpara-s — Dortho-s and para positions
andfiser= Pikr. Furthermore, in this particular case of an 1ISeR para p :

. : . We calculated the parametiyj, for charged reaction centers
between two subseries belgnglng to the same IKR, the intercept,, \ orious distances away the benzene ring along its-€C;
aiser = akr — akr should ideally equal zero.

The versatile program IKR-80-20 has already been employed axis, as depicted in Scheme 2. Duplicate calculations were also
for testing the 1ISeR7 However, it gave poor correlation statistics

(61) Segura, PJ. Org. Chem1985 50, 1045-1053.
(62) Bowden, K.; Grubbs, B. Prog. Phys. Org. Chem993 19, 183~
(59) Alfaia, A. J. |.; Calado, A. R. T.; Reis, J. C. Eur. J. Org. Chem. 224.

200Q 3627-3631. (63) Bowden, K.; Grubbs, E. £hem. Soc. Re 1996 25, 171-177.
(60) Exner, O.; Giese, BAngew. Chem., Int. Ed. Engl978 17, 775~ (64) Dewar, M. J. S.; Golden, R.; Harris, J. M.Am. Chem. Sod971,
777. 93, 4187-4195.
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TABLE 5. Electrostatically Calculated Ortho/Para and Para/Meta
Ratios of Interaction Energy between a Charged Site and Polar
Substituents in Benzene Derivatives

benzene derivative d/nm Adlp Apim
pyridinium ion 0.000 2.538 0.835
0.100 1.441 0.898
anilinium ion 0.135 1.048 0.925
phenolate ion 0.136 1.038 0.926
0.1397 1.000 0.929
0.1463 0.934 0.934
0.147 0.928 0.934
0.1594 0.810 0.944
0.170 0.713 0.952
0.200 0.482 0.976
benzoate ion 0.213 0.397 0.985
phenylacetate ion 0.229 0.296 0.998
0.2322 0.279 1.000
0.292 0.000 1.045
0.300 —0.028 1.050
0.400 —0.282 1.119
1.300 —0.565 1.482
0 —0.500 2.000

aFor the orthogonal projection of charge center on the G, axis.

pyridinium ion

anilinium
and phenolate ions

0.5
d/nm

FIGURE 2. Dependence of parameteéls, (full line) andAym (dashed
line) on distancel defined in Scheme 2, according to egs 28 and 15,
respectively.

performed for the parametépm. The result of this exercise is
reported in Table 5 for some typical benzene derivatives and
other distances of interest.

The dependence of parametdks, and Aym on distanced
can be visually appreciated in Figure 2, from which it is clear
that the effect of distance ok, is much more pronounced
than ondym. The lines describing these dependencies intersect
for the chemically interesting distance of 0.1463 nm, whigie
= Apm. At distances greater than 0.2922 nm, there is a reversal
in the polar effect exerted by an ortho substituent in relation to
lower distances, or else when it is moved from the ortho to the
para position. These predicted opposite substituent effects ad
to previously identified similar reversa®3 In this negative
region, parameteky, attains a minimum value of0.565 at

the not too great distance of 1.300 nm and then increases slowly,. /1o tive derivati

up to the asymptotic limit of~0.500 at very great distances.
According to Table 5, nearly equal polar effects are expected
to arise from substituents in the ortho and para positions for
the protonation of aniline and the dissociation of phenol but
not for the dissociation of benzoic acid. From the slope of
theoretically calculated acidity of benzoic acids,hBoet al®!
estimated the ortho/para ratio of polar effects to be 0.81.
However, our electrostatic modeling for the benzoate ion
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suggests a value of 0.397 for this ratio. Nonetheless, the
correspondinglym values would be 0.944 and 0.985, respec-
tively, which show only a moderate disagreement. Approaching
again slopex in eq 16 by parametetyp, similar comparisons
for the two chlorination reaction series under examination give
a rough agreement. Thugym = 0.926 for the chlorination of
2-phenoxypropanoic acid corresponds g, = 1.038 (see
Table 5), although we repodt = 0.713 in Table 4. For the
chlorination ofN-phenylbenzenesulfonamide, we estimafegh,

= 0.952, from which Table 5 indicatés,, = 0.713. The latter
value should be compared with= 0.928 in Table 4.

From this exploratory analysis based on scarce experimental
data, we draw the following conclusions. As advanced by Exner
and co-workers8! slopea in eq 16 is determined, to a large
extent, by the ortho/para ratio of polar substituent effects.
However, the electrostatic modeling of slogén terms ofiqp
did not give satisfactory concordance. Becaliggvalues are
very sensitive to geometric conditions, this modeling should
be based on extremely accurate experimental data for rate and
equilibrium constants. Additionally, and perhaps more impor-
tantly, we should question the validity of assuming an average
dipole length for describing the polar effect of a collection of
different substituents from the ortho position in benzene
derivatives. This problem may also be compounded with the
remarkable recent finding by Exner and’HBd® that an
electronegativity term in the inductive effect of uncharged
groups becomes more important at short distances.

Case of “Substituent” o-Hydrogen. It is generally recog-
nized that approaches to the ortho effect based on Hammett-
like equations were the least succes8fior example, Bowden
and Mansef excluded the unsubstituted benzoic acid while
attempting to correlate the effect of ortho substituents with
constants for the corresponding para substituents. And Chapman
and co-worker® noted that, in multiparametric extensions of
the Hammett equation for describing the ortho effect, the
intercept term often deviates from the value for the unsubstituted
compound, which notionally corresponds to hydrogen as an
ortho substituent.

By addressing the latter awkward and puzzling aspect of the
ortho effect from the viewpoint of the 1ISeR, we will argue that
the parent compound does not belong to the series of ortho-
substituted reactants. However, as noted in the context of eq
27, some features of the substituent hydrogen apparently fit into
the framework we have developed for the OPR. Thus, its
selectivity would be nil at all temperatures so that it could be
described by eq 24 as the isoselective substituent in the series.
The situation is very different when focusing on the linear
relationships between ortho and para activation parameters. It
is our contention that the isoselective substituent, denoted as
ISS, should be characterized in terms of parameters that conform
0 €egs 16 and 19. Equating‘*H%nhHSS = A*Hoparaﬂss
=A*H°s¢), eq 16 in conjunction with Table 3 for the chlorina-
tion of 2-phenoxypropanoic acids, givadH®ss= h/(1 — )
= 94.9 kJ motl. This high activation enthalpy for the
ves is marked in Figure 1. Similarly, from
A¢Soortho—ISS = A¢Sc,para—ISS (ZA*SOISS), eqgs 19, 20, and 23,
together with the required numerical constants, we ot&8iss
= s/(1 — o) = 10.6 J K1 mol~1. At 298 K, these activation

(65) Exner, O.; Bam, S.J. Phys. Org. Chen2006 19, 393-401.

(66) Bowden, K.; Manser, G. ECan. J. Chem1968 46, 2941-2944.

(67) Aslam, M. H.; Burden, A. G.; Chapman, N. B.; Shorter, J.; Charton,
M. J. Chem. Soc., Perkin Trans.1®81, 500-508.
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parameters determine a rate constagg = 0.8 x 10°° dm?® the same substituent. The corresponding isoselective temperature
mol~1s~1, which indicates that the isoselective substituent would is demonstrated to be equal to the isokinetic temperature. For

exert a very retarding effect in relation to the parent substrate the present reaction series, the substrate containing the isos-
for whichky = 6.5 x 1073 dm® mol~1 s~L. In other words, this ~ elective substituent is not the parent substrate, and this aspect
value clearly shows that no isoselective substituent can possiblyis viewed as an argument against using “substituestitydrogen

be found for the present chlorination reaction. We conclude that, in the correlation analysis of ortho substitution.

in the analysis of the ortho effect, it is not appropriate to regard

a parent compound as batrhydrogen ang-hydrogen deriva-  Experimental Section

tives.

Materials. All chemicals were reagent grade products. Substi-
tuted phenols and 2-chloropropanoic acid were the starting com-
pounds for the synthesis of the corresponding substituted 2-phe-
The chlorination reaction of 2-phenoxypropanoic acid with noxypropanoic acids using the procedure developed by Kdélsch

NCP was investigated in aqueous acetic acid at pH near 0.8.for obtaining 2-(monosubstituted phenoxy)acetic acids. This is
Hence, for the first step of this reaction is proposed the described for the parent substrate. A solution of sodium hydroxide

protonation of the chiorination agent according to eq 29, where (20 9, 0.5 mol) in water (125 cfhwas added to 2-chloropropanoic
NCP is chemically denoted asNCI. ac_ld (54.2 9,05 mol) in an ice bath, the temperature of the reacting
mixture being kept below 3TC. To the resultant solution was added
4 K n a solution of phenol (47 g, 0.5 mol) in aqueous sodium hydroxide
>NCl+H"= >N"HCI (29) (5 mol dnT3, 100 cnf). After heating the mixture for 20 h in a
. . steam bath, a good yield in sodium 2-phenoxypropanoate was
An IKR was found to hold approximately for a series of 20 gptained. The reaction mixture was cooled, acidified to 2
reactions with various ortho and para substituents at five with concentrated hydrochloric acid, and extracted several times
different temperatures. From the corresponding isokinetic tem- with diethyl ether. The combined organic extracts were then
perature of 382 K, the preferential solvation of activated extracted three times with 5% aqueous monosodium carbonate.
complexes by water molecules is suggested. The effects of metaAfter removal of dissolved ether in a vacuum, the combined aqueous
and para substitution were well-described by the tetralinear extracts were acidified to pH 2 with concentrated hydrochloric
equation using Hammettconstants, and this analysis indicated acid. Thg Qily precipitate solidified to giye the free a_cid. Substrates
a positively charged reaction center near the oxygen atom Were purified by repeated r(_acrystalllzatlon fro_m suitable solvent_s.
belonging to the phenoxy group. Hence, for the second and rate-NCP was prepared by passing gaseous chlorine through a solution

determining step is proposed the electrophilic attack of the of (RS-3-methyl-2,6-diphenylpiperidinium-4-one chioride in aque-

Py ous ethana?, recrystallized from ethanol, and dried in a vacuum
protonated agent NCPHon the ether oxygen atom of the gesiccator over calcium chioride. The purity of these reagents was

substrate leading to the reversible formation of a chlorinated checked by determining their melting points. The purification of
cationic intermediate according to eq 30, wherBiH stands solvents water and acetic acid is described elsewhere.

Conclusions

for 3-methyl-2,6-diphenylpiperidin-4-one. Kinetic Measurements. Reactions were conducted in 50% (v/
K V) acetic acig-water solvent containing perchloric acid (150 mmol
SNt — + dm=3). Conditions of pseudo-first-order kinetics with respect to NCP
NTHCI + XCaH,OCH(CH,)COH K4 XCeH,O"CICH were implemented by using concentrations of 2-PPA 10- to 30-

(CH;)CO,H + >NH (30) fold the concentration of NCP. For the parent substrate at
303.15 K, [NCP} = 1 mmol dnr3 and [2-PPA} = 30 mmol dm3.

For the third and last step in this mechanism, is proposed aAPPropriate volumes of thermally equilibrate, separate reagent

fast, irreversible chlorination of the phenolic ring according to S°lutions were poured into iodine flasks and glass-stoppered. The
eq 31, wherd > k., P 9 9 temperature was kept constant within0.01 °C. The rate of

disappearance of NCP was monitored by titration. Aliquots (8§ cm
K were withdrawn from the reaction flask at suitable time intervals,
XC¢H,O"CICH(CH,)CO,H — X(CI)C¢H,OCH quenched into a freshly prepared ice-co(I?d aqueous solution made
4 up with potassium iodide (2% (w/w), 10 &rand sulfuric acid (5
(CHyCOH +H" (31) mol dnr3, 10 cn?). Oxidation of iodide ions with the nonconsumed
] NCP liberated molecular iodine, which was titrated using standard
Reported second-order rate constdatare then composite  sodium thiosulfate solution to a starch end point. Experimental rate
quantities given byk, = kK [H*], which explains the  constants were obtained from the slope of least-squares linear fits

experimentally observed acid-catalytic effect. to the logarithmic first-order rate law, which gave high correlation
The actual chlorine position on the ring will depend on the coefficients. Duplicate kinetic measurements were carried out for
nature and position of substituent X in the substrate. all the experiments. Reported rate constants are average values with

The ortho substitution effect was examined in terms of a novel @n estimated reproducibility of 3% or better. _
analysis using isokinetic activation enthalpies. A specific ortho ~ Product Analysis. The reaction products resulting from the
effect was detected for alkoxy substituents on the basis of large2!tack of !J\'CP on 2-PPA were subjected to a detailed analysis. After
differences between isokinetic and Eyring values for activation about 70% conversion, the reaction mixture from an actual kinetic

thalpies. Isokineti tivat thalpies f h bstitut dexperiment was extracted with trichloromethane and shaken vigor-
enthalpies. 1Soxinetic activation enthalpies for ortho-substitute ously with an equal volume of water. A white precipitate was

substrates were found to be linearly correlated with those for geparated and shown to be 3-methyl-2,6-diphenylpiperidin-4-one
equa”y substituted substrates in the para pOSItlon, the Slope Of(or 3_methy|_2,6_dipheny|azacyc|ohexan_4_0ne) by means of IR
this straight line being probably related to the ortho/para ratio spectrometry and mixed melting point determination. The liquid
of polar substituent effects. When an IKR holds for a reaction extract was dried over anhydrous sodium sulfate and the organic
series containing ortho and para isomers, it is shown that ansolvent removed under reduced pressure. The residue was monitored
isoselective relationship also holds for the selectivity of a given
reactant toward the para- or ortho-substituted substrates with (68) Koelsch, C. FJ. Am. Chem. Sod.931, 53, 304-305.
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by thin-layer chromatograpy (TLC) on neutral alumina, along with standard deviations obtained for the above common linear regres-
authentic samples of 2-PPA and @schloro andp-chloro deriva- sions. Since the least-rectangles or orthogonal straight line must
tives. The spots were eluted with a (4:5:1) butan-tveater—acetic go through the point defined by the mean-value coordinatgs, (x
acid mixture and developed by exposure to iodine vapor. The threethen intercept is computed as = y — bx. For a given set of
Rr values measured for the residue matched exactly those of theexperimental data, an identical correlation coeficcreistobtained
aforementioned authentic samples. This identification was further for the least-squares linear regressiong ofi x and ofx ony, and
confirmed by'3C NMR spectrometry of extracts of the TLC spots. therefore for the linear least-rectangles linear correlation between

Computation. Least-squares and least-rectangles analyses werex andy. Standard deviations of best fitting parametexs) and
performed. Calculation procedures using linear and nonlinear s(b), were estimated using the following equatiéh&}wheren is
regressions have been described in the context of the computerthe number of data points andiscthe mean value of.
programs used for solving a given equation. The method of least-
rectangles linear regression was used in the cases where both ga) = \/@(1_ N2 + X(1 + r)/$KX)]
variables are loaded with similar errors. Given the general straight n
liney = a + bx, best fitting parameters and their standard errors
can be computed from the related common linear regressions of b* (1 - r?)
onx,y=a; + bix, and ofx ony, x = a, + by. Slopesh; andb, s(b) = e
have ne_cessarlly the same sign. Then slbpe given by thel_r These calculations were implemented on a Microsoft Excel
geometric mean:(by/b,)Y/2, its sign being determined by the sign s : .

; : preadsheet using the LINEST function.

common tab; andhb,. Alternatively and equivalently, the best slope
can be calculated as = +s(y)/s(x), wheres(y) ands(x) are the Acknowledgment. This work was supported in part by
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