JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 10, 849-860 (1997)

SOLVENT EFFECTS ON AROMATIC NUCLEOPHILIC SUBSTITUTION
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Empirical solvent polarity parameters E;(30) were determined by UV/VIS spectroscopy, using Dimroth—-Reichardt’s
betaine dye, asa function of composition, for several binary solvent mixtures[i.e. polar hydrogen bond acceptor (PHBA)
solvents+chloroform or dichloromethane]. Each solvent system was analyzed according to its deviations from additivity
dueto preferential solvation of the chemical probe and also from complicated intermolecular interactions of the mixed
solvents. The E;(30) parameter of many of these mixtures has presented synergism. The synergetic effects were more
significant for those binary solvent systems in which chloroform is the co-solvent. These results were related to the
solvent effects on some aromatic nucleophilic substitution reactions. The kinetics of the reactions between 1-halo-
2,4-dinitrobenzenes and primary or secondary aliphatic amines were studied in three solvent systems
(PHBA +chloroform) where the synergism for the E{(30) polarity parameter istherule. In all the aminodehal ogenation
reactions discussed the formation of the intermediate is the rate-determining step. The kinetic data show a tendency to
decrease with decrease in the overall solvation capability of the binary mixture. In general, the reaction rates presented
a gradual decrease in the PHBA solvent-rich zone and a large decrease at high co-solvent concentrations. The E(30)
values corresponding to binary dipolar hydrogen bond acceptor—hydrogen bond donor mixtures may be not generally

valid for inter preting solvation effects on the reactions under consideration. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

The considerable influence of solvents on chemical and
physical processes (reaction rates, mechanisms, selectivity,
chemical equilibria, position and intensity of spectral
absorption bands, liquid chromatographic separations) has
been well established.! Chemists have usually attempted to
understand solvent effects in terms of polarity, defined as
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the overall solution capabilities that depend on all possible
(specific and non-specific) intermolecular interactions
between solute and solvent molecules. Numerous reports on
solvent polarity scales have been published in the last few
decades.? These scales have been based on single and
multiple parameter approaches and they are mainly derived
from spectroscopic measurements.>* More recently, Abra-
ham® has proposed scales of solute hydrogen bond acidity
and solute hydrogen bond basicity, and has devised a
genera solvation equation.

Negatively and positively solvatochromic dyes are partic-
ularly suitable as standard substances for the determination
of empirica solvent parameters. Among these, by virtue of
the exceptionally large extent of its solvatochromism, the
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negatively solvatochromic 2,6-diphenyl-4-(2,4,6-triphenyl-
1-pyridinio)phenolate (1) or E{(30) dye, proposed by
Reichardt,” is the most widely used. The interpretation of
the E;(30) values for a single solvent is different from that
for mixed solvents.

The chemica characteristics of solvent mixtures are
customarily determined in the same manner as those of neat
solvents by means of solvatochromic indicators. However,
solute-solvent interactions are much more complex in
mixed solvents than in pure solvents owing to the possibility
of preferential solvation by any of the solvents present in the
mixture. On the other hand, solvent—solvent interactions can
aso affect solute—solvent interactions. Preferential solva-
tion leads to non-linear relationships between
solvatochromic polarity and solvent composition. Dawber
et al.® proposed the deviation from linearity of the E;(30) of
binary solvent mixtures as a measure of the extent of
preferential solvation and related it to several thermody-
namic and kinetic properties.

Severa equations that relate the transition energy of the
E;(30) indicator with the solvent composition have been
derived and compared. The parameters obtained explain the
synergism observed for some of the mixtures with strong
hydrogen bond donors. Skwierczynski and Connors® pro-
posed two different solvent exchange models to describe the
E; (30) values of binary aqueous mixtures. More recently,
Bosch and co-workers'® derived a more general model
based on a two-step solvent exchange model that can be
effectively applied to synergetic mixtures.

In the present study, the E;(30) values of completely non-
aqueous binary mixtures of several dipolar hydrogen bond
acceptor solvents (PHBA) with chloroform and dichloro-
methane, taken as hydrogen bond donor solvents (HBD),
were measured and interpreted. The acidic hydrogen atom
in chloroform and dichloromethane can readily form
complexes, via hydrogen bonding, with the oxygen atoms of
the PHBA solvent molecules. Hence these mixtures are an
interesting set of solvent systems where the possibility of
synergetic effects on the indicator is present.

Additionally, it was of interest to evaluate the influence of
solvent mixtures, in which the two solvents interact to form
a hydrogen-bonded complex with polarity and E;(30)
values higher than those of the two pure solvents, on the
kinetics of some aromatic nucleophilic substitution reac-
tions.

RESULTS AND DISCUSSION

Determination of E+(30) values

The binary mixtures between solvents that have a strong
hydrogen bond acceptor and poor hydrogen bond capabil-
ities with strong hydrogen bond donor solvents often
present a synergetic effect for the E;(30) parameters. It has
been reported that in these systems a 1:1 complex is formed
by means of intermolecular hydrogen bonding. Mixtures of
trialkyl phosphates with chloroform are a good example of
such synergetic mixtures.**?

© 1997 John Wiley & Sons, Ltd.

The empirical solvent polarity parameter E;(30) was
determined at 25°C for completely non-agueous mixtures of
dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), acetonitrile (AcN), nitromethane (NM), acetone
(AC), butanone (BUT), cyclohexanone (CyH) and ethyl
acetate (EAc) (PHBA solvents) with chloroform and
dichloromethane (HBD co-solvents).

E;(30) is defined as the molar transition energy [kcal
mol ~* (1 kcal =4.184 kJ)] derived from the longest wave-
length solvatochromic UV/VIS absorption band of |
(Reichardt’s dye).” This betaine dye presents a strongly
negative solvatochromism owing to its highly dipolar
electronic ground state relative to its less dipolar excited
state. It exhibits a significant permanent dipole moment
(suitable for dipole—dipole and dipole-induced dipole
interactions), alarge polarizable 7-€lectron system (suitable
for dispersion interactions), a substantial negative charge on
the phenoxide oxygen [highly basic electron-pair donor
center suitable for interactions with weak Bronsted acids
(H-bonding) and Lewis acids (EPD/EPA bonding)] and a
positive charge on the pyridinium nitrogen (sterically
shielded). Therefore, the solvation effects of the betaine are
more important for HBD and EPA solvents than for EPD
solvents.™

The longest wavelength UV/VIS absorption band of |
was determined by varying the solvent composition system-
aically. Each binary system was studied at nine molar
fractions of co-solvent.

The properties [E{(30) and Kamlet—Taft solvatochromic
parameters]*® of the pure solvents used to prepare the
binary mixtures in this work are given in Table 1. DM SO,
DMF, AC, BUT, CyH and EAc arein general strong PHBA
and poor HBD solvents, whereas AcN and NM are dipolar,
relatively strong HBA solvents with weak HBD properties.
Chloroform and dichloromethane are polyhalogenated sol-
vents, weak HBD and highly polarizable species. The
E+(30) values of the pure solvents determined at 25°C arein
good agreement with those reported in the literature. Tables

Table 1. Empirical parameters of pure solvents: polarity [E;(30) in
kcal mol Y], dipolarity/polarizability (#*) and HBD and HBA
abilities (a,B) (at 25°C)*a™

Solvent
type Solvent E;(30) ™ @ B
PHBA EAc 381 055 000 045
CyH 40-3# 076 000 053
BUT 413 067 006 048
AC 422 071 008 048
DMF 43-8 088 000 069
DMSO 45-0 1.00 000 076
AcN 46-0 075 019 040
NM 46-3 085 022 037
HBD Chloroform 391 058 020 010
Dichloromethane 409 082 013 000
2 This work.
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2 (co-solvent chloroform) and 3 (co-solvent dichloro-
methane) give the measured E;(30) values for all
non-agueous solvent mixtures studied over the full compo-
sition range from X.,s=0 to X,,s=1. Some of these binary
systems [(DMSO+chloroform), (AC+chloroform) and
(AC+dichloromethane)] have also been studied by other
workers 8112

The interpretation of the E(30) values as a function of
the composition for the mixtures cited above suggests
different behaviors. The data set can be divided into two
genera groups of binary mixtures according to the prefer-
ential solvation models for describing the E+(30) polarity
parameter: (@) synergetic mixtures and (b) mixtures clearly
not synergetic. The first group can be subdivided into (a')
mixtures with a high synergetic effect and (&”) mixtures
with a moderate synergetic effect (including those that are
on the verge of synergism).

Synergetic mixtures

These mixtures have E(30) values higher than those of the
two pure mixed solvents. The synergetic effects are

851

observed in such solvent mixtures which form hydrogen
bond complexes that are more polar than any one of the pure
solvents. It has been suggested that mixtures of chloroform
or dichloromethane with alkyl phosphates, dimethyl sulf-
oxide or acetone present a synergetic effect. This effect is
also observed in mixtures of acohols with acetonitrile or
dimethyl sulfoxide.* These mixtures should be taken as
ternary (or higher) solvent systems (solvent 1, solvent 2 and
solvent 1-solvent 2 complexes). We considered the differ-
ence between the maximal E;(30) value of the binary
mixture and the highest E;(30) value of the two pure
solvents mixed as measurement of the synergetic effect
(SEmad)-

Mixtureswith high synergetic effect. We have included in
this set those binary mixtures that present SE,,,, = 1-5 kcal-
mol ~%. Figure 1 shows the plots of E(30) values as a
function of the co-solvent mole fraction for (EAc+chloro-
form), (CyH+chloroform) and (BUT +chloroform) binary
solvent mixtures, Each mixture exhibits a maximum in the
curve. In all cases the maximum synergism is observed at
lower chloroform concentration (Xe,,cq=0-3) (regionrichin
PHBA solvent). Ethyl acetate, cyclohexanone and butanone

Table 2. E;(30) values (kcal mol ~*) for (PHBA solvent+chloroform) systems at 25°C

Chloroform  mole  fraction
PHBA solvent 010 020 0-30 0-40 0-50 0-60 070 080 090
EAC 407 410 413 412 41.0 40-7 40-3 400 395
CyH 415 420 422 42-3 42-2 419 41-3 408 401
BUT 424 427 429 428 426 422 416 410 403
AC? 429 431 430 427 422 416 409 402 396
DMF 44-.3 445 447 44-3 43-9 43-4 428 418 407
DMSOP 453 453 451 449 446 441 435 426 414
AcN 462 463 459 451 44.4 438 429 420 410
NM 46-0 458 454 44.9 44.-4 439 431 422 413

#Data from Refs 11-13.
®Data from Ref. 11.

Table 3. E(30) values (kcal mol ~%) for (PHBA solvent+dichloromethane) systems at 25°C

Dichloromethane  mole  fraction
PHBA solvent 010 020 030 040 0-50 0-60 070 080 090
EAcC 393 400 403 405 407 40-8 409 410 409
CyH 411 415 416 417 41-8 418 417 415 413
BUT 416 419 420 420 420 419 418 416 414
AC? 428 429 429 429 428 42-6 424 422 418
DMF 439 439 438 436 434 43-2 430 425 417
DMSO 452 452 449 4.7 443 43-8 432 427 420
AcN 457 454 450 4.7 44.3 43-8 432 427 420
NM 459 455 451 4.7 4.3 43-8 432 426 419

“Data from Ref. 12.
© 1997 John Wiley & Sons, Ltd.
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Figure1. Plot of E;(30) vs co-solvent mole fraction for (EAc-
+chloroform), (CyH +chloroform) and (BUT +chloroform) solvent
systems at 25°C

interact with the HBD solvent chloroform forming hydro-
gen-bonded complexes with a high dipole moment. The
properties for this binary solvent system are best correlated
using the ideal association model (A2B), and 1:1 and 1:2
complexes would be present in the solution.™ The polarities
of the pure solvent mixed do not differ too much, and the
betaine dye can be preferentially solvated by the complex,
yielding E(30) values higher than the E;(30) values of the
pure solvent mixed. The synergetic effect is more important
for the (EAc+chloroform) system (SE,...=2-2 kcal mol %)
than for (CyH +chloroform) and (BUT +chloroform) sol-
vent mixtures (SE,,,,=2-0 and 1.6 kcalmol ~ 2, respectively).
This is probably due to the fact that EAc—chloroform
interactions are stronger than CyH—chloroform and BUT—
chloroform interactions. These systems also exhibit a large
positive deviation from linearity (>2-5 kcal mol %), indicat-
ing a strong preferential solvation effect by the ‘mixed
solvent’ obtained. It seems that in order to account for the
variation in composition of E;(30) values of these mixtures,
the formation 1:1 and 1:2 complexes and self-association of
chloroform molecules need to be considered. Then, the
preferential solvation order of the solvatochromic indicator
would be ‘PHBA solvent—chloroform complex’ >‘chlor-
oform’ >‘PHBA solvent.’

Mixtures with moder ate or weak synergetic effect. We
have included in this set those binary mixtures that present
SE,=1kca mol 1,

Figures 2 (co-solvent chloroform and 3 (co-solvent
dichloromethane) show shiftsin the molar transition energy
E-(30) with an increase in co-solvent concentration for the
binary solvent systems (AC+chloroform), DMF+chloro-
form), (DMSO+chloroform) and (AcN +chloroform)

© 1997 John Wiley & Sons, Ltd.
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Figure2. Plot of Ef(30) vs co-solvent mole fraction for
(AC+chloroform), (DMF+chloroform), (DM SO+ chloroform) and
(AcN +chloroform) solvent systems at 25°C

(Figure 2) and (EAc+dichloromethane), (CyH +dichloro-
methane),  (BUT+dichloromethane),  (AC+dichloro-
methane), (DMF+dichloromethane) and (DMSO+di-
chloromethane) (Figure 3). These systems exhibit a
moderate or very low synergetic effect, and the general
trends observed are detailed as follows. The synergetic

47

&~
W
Lyt lgu |

ET(30) / keal mol ' —»
LS

37 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X (Dichloromethane) —

Figure 3. Plot of E;(30) vs co-solvent mole fraction for (EAc+di-

chloromethane), (CyH +dichloromethane), (AC+dichloro-

methane), (DMF+dichloromethane) and (DMSO+dichloro-
methane) solvent systems at 25°C
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effects for the mixtures in which the co-solvent is
dichloromethane are dightly lower than those with chloro-
form as co-solvent, probably because that PHBA
solvent—chloroform interactions are stronger than PHBA
solvent—dichloromethane interactions. In general, for both
types of systems these effects decrease when the polarity of
the HBA solvent increases. In al cases, the betaine dye is
preferentially solvated by the solvent—solvent complex
rather than by pure solvents.

The properties of (PHBA solvent+chloroform) systems
are similar to those binary mixtures cited before (high
synergetic effect). All systems exhibit the maximum
synergism at lower chloroform concentrations; the E;(30)
values increase the mole fraction, X c;=0-2-0-3 and then
decrease to a constant value for pure chloroform. Once
again, the ideal association model (A2B) would be applica
ble® It can be seen that the synergism is inversely
proportional to the difference in E+(30) of the pure solvents
[SE . Vs AE(30)] (Figure 4).

For the (PHBA solvent+dichloromethane) systems, the
relationship between SE,,,,, and AE;(30) isgivenin Figure5.
The behavior of the (EAc+dichloromethane) binary mix-
ture is striking, probably owing to the difference in the
E;(30) values corresponding to the pure solvents
[AEL(30)=2-8 kcal mol ~*, with dichloromethane having the
higher valug]. In this case, the SE,,,, is observed in the zone
rich in HBD solvent, whereas in the other solvent mixtures
the maxima are moved towards the PHBA solvent-rich
region.

The PHBA solvents—dichloromethane association models
are different from those corresponding to PHBA solvents—
chloroform interactions. In (PHBA
solvent—dichloromethane) systems, the probable presence
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Figure 4. Plot of SE,,, vs AE(30) of the pure solvents mixed for
(PHBA solvent+chloroform) systems at 25°C
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Figure5. Plot of SE, vs AE{(30) of the pure solvent mixed for
(PHBA solvent+dichloromethane) systems at 25°C

of an intermolecular complex of at least two different
stoichiometries (2:1 and 1:2 complexes, with the absence of
a1:1 complex) has been reported.’

Non-synergetic mixtures

If the two mixed solvents have very different polarities, the
polarity of the solvent—solvent complex is intermediate
between those of the pure solvents. Alternatively, a
maximum is not obtained when the non-associated compo-
nent, having a low value of the property, does not interact
appreciably with the associated component but only dilutes
it. Then, the mixture attains a considerable value of E{(30),
even when only asmall amount of the latter is added and the
curve shows a steep portion, followed by another of much
lower slope.®®

Figure 6 shows a plot of E;(30) vaues as a function of
co-solvent mole fraction for the (NM +chloroform) solvent
system. This binary mixture does not exhibit a synergetic
effect. A gradual decrease in E+(30) values in the zone rich
in NM and a large decrease at high chloroform concentra-
tions can be observed. The shape of the curve indicates that
the preferential solvation of the solvatochromic indicator
would be more important with nitromethane than with
chloroform. Nitromethane is a very polar solvent with
hydrogen bond donor ability («=0-22). Consequently, it
competes with the co-solvent for the betaine phenoxide
oxygen. In this case, the difference in polarity between the
two mixed solvents is substantial.

Figures 7 show the plots of E;(30) values as a function of
the co-solvent mole fraction for (AcN +dichloromethane)
and (NM +dichloromethane) solvent mixtures. In both
cases, the polarities of the pure solvents are different. These
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Figure6. Plot of E(30) vs co-solvent mole fraction for
(NM +chloroform) solvent system at 25°C

systems exhibit similar behavior, giving nearly linear curves
[indicating a gradual decrease in E{(30) values with an
increase of dichloromethane concentration], small devia
tions from additivity and the absence of synergetic effects.
Nearly linear curves are obtained when the mixed solvents
are associated to nearly the same extent and interact
mutually to form similar associates. In fact, acetonitrile and
nitromethane have very similar polarities and hydrogen-
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Figure 7. Plot of E(30) vs co-solvent mole fraction for (AcN +di-
chloromethane) and (NM +dichloromethane) solvent systems at
25°C

© 1997 John Wiley & Sons, Ltd.

bond capabilities Nitromethane and acetonitrile have
lower hydrogen bond acceptor capabilities than the rest of
the PHBA solvents treated in this work, and their hydrogen
bond donor ability competes with dichloromethane in the
solvation of the betaine dye.

Thermo-solvatochromism

It is known that solvent polarity is temperature dependent.
In addition to its negative solvatochromism, pyridinium N-
phenoxide betaine dyes aso exhibit negative
thermosolvatochromism caused by the increased differential
stabilization of the betaine ground state, relative to its less
dipolar excited state, with a decrease in temperature.**® It
was therefore of interest to determine the E.(30) values for
(EAc+chloroform) and (AC+chloroform) binary mixtures
at different temperatures, because these systems present
synergetic effects at 25°C. The former binary mixture under
consideration has the highest synergism in the series
explored and the latter corresponds to a mixture with a
negligible synergetic effect.

In addition to the E(30) values at 25°C corresponding to
the cited binary solvent systems given in Table 2, further
measurements were made at 15 and 40°C. Figures 8 and 9
show the shifts in molar transition energy E;(30) with
increasein chloroform concentration for (EAc+ chloroform)
and (AcN +chloroform), respectively, at 15, 25 and 40°C. In
each system the E;(30) values decrease with increase in
temperature, which is in agreement with the expected
temperature effects.

In generd, it is found that synergism increases with
decrease in temperature because the change in temperature
has a large effect on the equilibrium constant for hydrogen
bond formation. This can be observed in Figure 8 for ethyl

47
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Figure 8. Plot of E;(30) vs co-solvent mole fraction for (EAc+
chloroform) solvent system at 15, 25 and 40°C
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Figure 9. Plot of E;(30) vs co-solvent mole fraction for (AcN-
+chloroform) solvent system at 25, 25 and 40°C

acetate-chloroform mixtures [AE;(30),,,=2-3 kcal mol *
at 15°C, 2-2 kcal mol ~* at 25°C and 2-0 kcal mol ~* at 40°C]
and in Figure 9 for acetonitrile—chloroform mixtures
[AE;(30),,,=0-4 kcal mol ~* at 15°C, 0-3 kcalmol ~* at 25°C
and 0-2 kcal mol ~* at 40°C]. This would also be connected
with the different variations of the E(30) values of the
hydrogen bond complex with temperature.”® In the two
cases explored it is possible to note that the solvent systems
support the model of preferential solvation for the chemical
probe with independence of temperature. We observed only
for the (AcN+chloroform) system a dight shift of SE, .,
towards the PHBA solvent-rich zone with an increase in
temperature.

Syner getic binary mixtures for E;(30): Solvent effects
on aromatic nucleophilic substitution reactions

Solvent effects on aromatic nucleophilic substitution (ANS)
reactions involving halonitrobenzenes with amines were
reported in the 1960s, including mixed solvents.® The rate
of ANS reactions is notably affected by the solvent
properties. Since the first pioneering studies® different
contributions have been reported to show how extensive and
complex the interactions of the substrate and/or the
intermediates with the solvent molecules are.”

The gross mechanism of ANS reactions in all solvents
when either primary or secondary amines are the nucleo-
philes is represented in Scheme 1: the breakdown of the
zwitterionic o intermediate, ZH, can occur spontaneously or
by a base-catalyzed mechanism. The transition state leading
to the ZH intermediate is expected to be favored by
increasing solvent polarity.

The reactions between 1-halo-2,4-dinitrobenzenes and

© 1997 John Wiley & Sons, Ltd.

k1 _ X k,
AX+RRNH =—= A T ANRR'
\+
kaq NHRR —™————~
K4[B]
ZH
Scheme 1

aiphatic amines were extensively investigated in both polar
and apolar solvents. In polar solvents the reactions followed
a second-order kinetic law (first in both reagents), while in
apolar solvents the experimental order in amine was in the
range 1-3, depending on the nature of the solvent and the
nature of the amine®®* Recently, the evidence for the
mechanisms proposed for ANS reactions by primary or
secondary amines in aprotic solvents of low relative
permittivity has been reviewed.® The reaction order >1 in
nucleophiles was explained by the presence of base
catalysis (usual two-step mechanism), and the catalysis can
be performed by the reacting amine (autocatalysis). When
catalysisis observed, the spontaneous breakdown of the ZH
intermediate becomes the rate-limiting step and this prefers
to evolve towards the products via a catalyzed pathway.
This interpretation is generally accepted but it does not
explain some experimental kinetic results (e.g. the kinetic
behavior of the primary aliphatic aminesin comparison with
the kinetic behavior of the secondary aliphatic amines).® As
an aternative interpretation, a different reaction pathway
has been proposed to explain the enhancement of the
reaction rate by increasing the initial amount of the
nucleophile. This explanation agrees with the presence in
the reaction mixture of interactions between the substrate
and the amine yielding molecular complexes. An n—m
donor—acceptor interaction was reported for interactions
between nitroaromatic compounds and aiphatic amines,
and the fact that fluoro derivatives are more prone to interact
than the chloro derivatives confirms the possibility that
hydrogen bonding would be an important additional inter-
action.”

In previous studies, we have reported the influence of
solvent effects on the reactions of 1-halo-2,4-dinitro-
benzenes with piperidine in an attempt to produce a more
systematic analysis of the ways in which solvent may affect
reaction rates, especially in connection with the employ-
ment of the empirical solvent polarity parameter E(30).
Particularly detailed studies of solvent effects have been
carried out with one of the simplest systems of ANS: the
reaction of 1-chloro-2,4-dinitrobenzene (DNCB) with
piperidine (PIP).2 The kinetic data in severa aprotic
solvents are well correlated by the Dimroth—Reichardt
solvent polarity scale E(30), and the correlation is
remarkably good if HBD solvents are excluded. On the
other hand, the second-order rate coefficients for the
reaction development in different alcohols are not well
correlated by E;(30) parameters. The reactivity in hydroxy-
lic solvents is inversely proportional to the hydrogen bond
donating ability of the solvents. In addition, the kinetics of
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the reaction between 1-fluoro-2,4-dinitrobenzene (FDNB)
and PIP were determined in several polar and apolar aprotic
solvents with different structural characteristics.”® Except
for the HBD solvents (chloroform, acetonitrile and nitro-
methane), the second-order rate coefficients in the rest of
the solvents explored were sensitive to an increase in amine
concentration, indicating neat base catalysis. These results
were interpreted as an indication that in this reaction the
detachment of the nucleofuge is the rate-limiting step in
most of the aprotic solvents; those solvents which are HBD
assist the departure of fluorine with the formation of the
intermediate being the rate-determining step. A simple
linear energy solvation correlation was found between the
E(30) parameter and the second order-rate coefficient
obtained at [B]<10"2wm. For higher amine contents
increasing deviations were found.

More recently, we have studied the CDNB +PIP reaction
in two different models of completely non-aqueous binary
mixtures on which preferential solvation is the rule, but
without synergetic effects for the E;(30) parameter.®® For
(aprotic solvent+toluene) mixtures a property of mixed
solvents would be defined by means of E;(30) values. In
this kind of mixture the solvent effects on the reaction were
similar to those of pure aprotic solvents. For (aprotic
solvent+methanol) systems the presence of the protic
solvent in the mixture strongly determines the solvent
effects on the reaction and the chemical probe under
consideration may not be valid to interpret the reaction
solvation model.

Kinetic determinations

In the first part of this work, we have characterized severa
completely non-agueous binary mixtures [(HBA aprotic
solvent+chloroform or dichloromethane)] that present a
synergetic effect for the E-(30) parameter. In this connec-
tion, the kinetics of the reactions (CDNB +piperidine),
(CDNB +n-butylamine) and (FDNB +n-butylamine) were
studied at 25°C in three of those mixtures. (EAc+chloro-
form), (AcN+chloroform) and (DM SO+ chloroform). The
first one shows the highest synergetic effect among al the
mixtures explored, and the other two were classified as
moderately (or scarcely) synergetic.

Each binary mixture was explored at different composi-
tions and the influence of amine concentration was studied
in the three kinds of reactions. In all cases, the reactions
were carried out under pseudo-first-order conditions; they
yielded the expected product in quantitative yield [N-
(2,4-dinitrophenyl)piperidine and N-(2,4-dinitrophenyl)-
butylamine, respectively], and proved to befirst order in the
corresponding substrate. The second-order rate coefficients,
k,, caculated from the experimental pseudo-first-order rate
coefficients, k,, are listed in Tables 4 (CDNB + piperidine
reaction), 5 (CDNB+n-butylamine reaction) and 6
(FDNB +n-butylamine reaction). The kinetic data show a
general tendency for adecrease in k, values and an increase
in co-solvent concentration due to the decrease in the

© 1997 John Wiley & Sons, Ltd.

Table 4. Second-order rate coefficients, k, (I mol ~* s7%), for the
reaction of 10™*m 1-chloro-2,4-dinitrobenzene (I) with piperidine
at 25°C

[Piperiding] (w)

Solvent® 0-02 004 0-08 016
EAc+chloroform
010 0232 0225 0-229 0-231
0-30 0-203 0-209 0-209 0-203
0-50 0162 0163 0-162 0-165
070 0131 0147 0-128 0135
0-90 0-104 0111 0-104 0-118
AcN +chloroform
010 0-530 0547 0-537 0-530
0-30 0-384 0-399 0-405 0-393
0-50 0-322 0334 0-330 0-320
070 0231 0-236 0-237 0-238
0-90 0-184 0192 0-193 0-188
DMSO+chloroform
010 1.88 1.80 1.80 1.87
0-30 131 1.43 1.45 1.46
0-50 0:962 0974 0-958 0-953
0-70 0514 0528 0-531 0-517
0-90 0-205 0-240 0-226 0-221

*The concentrations of the binary mixtures are in mole fraction of
chloroform.

Table 5. Second-order rate coefficients, 10? k, (Imol ~*s— 1), for
the reaction of 10™*m 1-chloro-2,4-dinitrobenzene (1) with n-
butylamine at 25°C

a [n-Butylaming] (m)
Solvent 050 1.00 150 2:00
EAc+chloroform
010 0-686 0835 0975 11
0-30 0524 0658 0:780 117
0-50 0-363 0425 0518 0-649
070 0-225 0-293 0-370 0475
0-90 0117 0159 0-209 0-287
AcN +chloroform
010 1.09 1.26 141 160
0-30 0753 0-896 1.01 113
0-50 0551 0615 0718 0-839
070 0429 0572 0675 0-885
0-90 0173 0-258 0-319 0-449
DMSO+chloroform
010 1347 1368 1116 14.71
0-30 8:68 11.72 10-80 11-64
0-50 3:86 394 4.77 515
070 2:07 251 2:64 303
0-90 0-361 0438 0-586 0-668

#The concentrations of the binary mixtures are in mole fraction of
chloroform.
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overall solvation capability of the solvent mixture. As can
be observed, no acceleration in rate is produced for an
increasing amount of amine in the three solvent systems for
(CDNB +piperidine) and (FDNB +n-butylamine) reactions.
A dlight acceleration in reaction rate with increase in amine
concentration was verified for (CDNB +n-butylamine) reac-
tionsin ailmost all the binary mixtures explored. As the ky/k,
values are <3, we do not regard these reactions as being
catalyzed and conclude that in al the amino-dehal ogenation
reactions studied the formation of the intermediate is rate-
determining. Additionally, the (CDNB+PIP) reactions
carried out in (EAc+chloroform) mixtures were examined

Table 6. Second-order rate coefficients, k, (Imol~*s™%), for the
reaction of 5X10°m 1-fluoro-2,4-dinitrobenzene (1) with n-
butylamine at 25°C

[n-Butylamine] (m)

Solvent? 0-002 0-004 0-008 0-016
EAc+chloroform
010 6:95 680 715 6-80
0-30 4.34 4.48 4.62 4.84
0-50 320 324 319 324
070 1.72 1.78 1.82 1.67
0-90 0425 0427 0421 0-425
AcN+chloroform
010 787 710 938 823
0-30 623 673 7-20 713
0-50 391 4.07 4.54 4.48
070 297 3.07 312 3:02
0-90 2:32 248 240 240
DM SO+ chloroform
010 745 815 987 950
0-30 791 60-1 80-3 740
0-50 384 415 46-3 494
070 11.0 108 112 112
0-90 261 272 2:53 271

#The concentrations of the binary mixtures are in mole fraction of
chloroform.

a 15 and 40°C. Teble 7 lists the second-order rate
coefficients, k,, and the calculated activation parameters.

In al solvent systems, when the substrate is CDNB the
variation of the rate constants with a change in amine
follows the usual pattern found in ANS reactions.®
Comparing amines of approximately the same basicity,
piperidine is more nucleophilic than n-butylamine. More-
over, the experimental results indicate that FDNB is more
reactive than CDNB.

In the three kinds of ANS reactions anayzed, the
sequence of relative reactivities in (DMSO+chloroform),
(AcN+chloroform) and (EAc+chloroform) systems is in
agreement with the solvating power of the mixed solvents
[polarity defined by E;(30) values]. The rate constants
values decrease from (DM SO+ chloroform) through (AcN-
+chloroform) to (EAc+chloroform) binary mixtures. The
greatest change in rate occurs between (DMSO+chloro-
form) and (AcN+chloroform) solvent systems at low
co-solvent concentration. It iswell known that when amines
are the nucleophiles, the transition state for bimolecular
ANS reactions are hydrogen bond donors and are solvated
more strongly by PHBA solvents (DMSO is the polar
solvent with the highest 8 value in the series shown in Table
1; AcN and chloroform have HBD properties).

We observed no synergetic effect for the second-order
rate coefficients in any binary solvent system employed to
carry out the different ANS reactions. In relation to the
E(30) values of binary solvent systems, it is accepted that
the synergetic effects are associated with the increase in
‘polarity’ of the mixture as a consequence of the ‘PHBA
solvent-HBD solvent’ complex formation. This ‘improved
polarity’ is not ‘reflected’ by the critical states of the ANS
reactions analyzed. Figure 10 gives the profiles correspond-
ing to the evolution in each case of log k, as a function of
the co-solvent concentration. In general, the shapes of the
curves show a gradual decreasein log k, in the zonerichin
PHBA solvent and a large decrease at high chloroform
concentration. Thistype of solvent effect is more intense for
those reactions in which the nucleophile is a primary amine
and it does not depend on the halogen involved. When the

Table 7. Second-order rate coefficients, 10° k, (Imol~! s7%), for the reaction of 10 *m 1-chloro-
2,4-dinitrobenzene (1) with piperidine in (EAc+chloroform) binary mixtures at 15 and 40°C and the

activation parameters

[Piperidine] (m)

15°C 40°C
Solventt 002 008 016 002 008 016 AH* (kJmol}) —AS (Imol K Y
010 0150 0172 0182 0425 0430 0435 266 1700
030 0155 0160 0160 0387 0394 0391 251 1736
050 0110 0117 0118 0289 0293 0-290 255 174.4
070 0110 0115 0110 0290 0280 0-280 260 174-4
090 0094 0098 0094 0243 0248 0245 268 1734

#The concentrations of the binary mixtures are in mole fraction of chloroform.
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(EAc + Chloroform)

|Og kA

A FDNB and n-Butylamine

(AcN + Chioroform) ]

~ = CDNB and n-Butylamine 4 ® CDNB and n-Butylamine
.4 —| @ CDNB and Piperidine 4 —| ® CDNB and Piperidine
A FDNB and n-Butylamine
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4 = CDNB and n-Butylamine
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Figure 10. Plot of log k, vs co-solvent mole fraction for the reaction of 1-halo-2,4-dinitrobenzenes with primary or secondary amines in
(PHBA +chloroform) solvent systems at 25°C

substrate contains an o-nitro group, hydrogen bonding
occurs in the intermediate between the ammonium hydro-
gen atoms and the oxygen atom of the nitro group. When
the nucleophile is a secondary amine, there is only one
ammonium hydrogen atoms which is involved in the ‘built-
in solvation.” When the nucleophile is a primary amine, a
second hydrogen atom is available to interact with PHBA
solvents and a more significant preferential solvation would
occur.

Correlation analysis

The often linear correlation between empirical solvent
parameters and other solvent-dependent properties (e.g.
logarithms of rate and equilibrium constant, absorption
energies) can be considered as manifestations of general
linear free-energy relationships (LFERS).”* |t is possible to
interpret the solvent effects with the aid of model processes
that yield the same or similar effects. However, the use of
individual empirical solvent polarity parameters should be
limited in a first approach to largely analogous processes.
Through the analysis of solvent effects on the reaction of
DNCB with PIP carried out in several (aprotic solvents
+toluene) systems, we have recently demonstrated that
there exists a satisfactory correlation between E(30) values
and the logarithms of the rate constants.®® These binary
solvent mixtures have no synergetic effects for the chemical
probe.

We have now extended the preceding correlation analysis
to the kinetic data for the cited ANS reactions in (PHBA
solvent+chloroform) systems. The correlations were
assessed by the evaluation of the correlation coefficients (r)
and the standard deviations (s). The results are presented in
Table 8. The regression equations summarized in Table 8
are reasonably good for the (DM SO+ chloroform) systemin

© 1997 John Wiley & Sons, Ltd.

al the reactions explored (r=0-99, and s=0-09-0-17). With
the (AcN +chloroform) system the regression equations are
relatively good (r=0-95 and s=0-09-0-17), except for
(CDNB +n-butylamine) reaction data. However, the corre-
lations are very poor for the (EAc+chloroform) system at
the three temperatures explored (we have not included these
results in Table 8) (r<0-3 and s=0-6). Therefore, the
chemical probe under consideration is not generally valid
for interpreting the solvation effects produced by this kind
of solvent mixture on the reactions, and the present situation
would be related to the influence and extension of
synergism exhibited by the E;(30) polarity parameter.
Marcus's interesting point of view introduces the discus-
sion of the notion of ‘property of a mixed solvent’ and
whether such property can be defined by means of chemical
probes.® Probes which interact with the components of the
mixture less strongly than the complicated self- or mutual

Table 8. Correlation coefficient (r) standard error of the estimate

(s) and number of data points (n) of log k, vs E(30) for ANS

reactions in (PHBA solvent+chloroform) systems, including the
pure solvents, at 25°C

Reaction PHBA solvent r s n
CDNB +piperidine AcN 0962 0091 7
DMSO 0986 0094 70
CDNB +n-butylamine AcN 0916 0279 7
DMSO 0989 0170 6
FDNB +n-butylamine AcN 0946 0172 7

DMSO 0989 0170 6°

“The correlations were calculated for X ¢, =0-00, 0-10, 0-30, 0-50,
0-70, 0-90 and 1-00.

*The correlations were calculated for Xei,e1=0-10, 0-30, 050, 0-70,
0-90 and 1-00.
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interactions of the solvent would have similar environments
and provide convergence with the expression employed for
neat solvents.

Seemingly, it is possible to relate these concepts to the
results of our studies of the solvent effects on ANS
reactions. The influence of (aprotic solvent+aprotic non-
HBD co-solvent) systems on simple models of ANS
reactions is very similar to those of aprotic pure solvents;
then, a chemical property (polarity) of ‘mixed solvents
would be defined by means of the E;(30) parameter. In these
cases, convergence exists with the expression employed for
neat solvents. In contrast, for (aprotic solvent+protic co-
solvent) systems or when the aprotic co-solvent (e.g.
chloroform) has HBD ability, the mentioned convergence
does not exist and preferential solvation precludes the
practical use of E{(30) in these mixtures.

CONCLUSIONS

On the basis of the results obtained from the E(30) and
kinetic determinations using several (polar HBA solvent-
+chloroform or dichloromethane) binary systems, the
following conclusions can be drawn.

Most of the binary solvent mixtures explored presented
synergetic effectsfor the E-(30) polarity parameter, which is
generally revealed in the PHBA solvent-rich zone. The
extent of the synergism is related to the difference in
polarities of the two solvents mixed and with their ability to
form hydrogen-bonded complexes. If the PHBA solvent
part of these types of mixtures aso has some hydrogen-
bond donor property, synergism is not observed. The
synergetic effects are more significant in those systems in
which chloroform is the co-solvent.

In the cases of synergetic mixtures, the preferential
solvation models for the probe molecule and the compli-
cated interactions of the solvent mixed are not confirmed
when the solutes are the reagents and/or intermediates
corresponding to ANS reactions between hal odinitroben-
zenes and primary or secondary amines. As can be expected,
these solvent mixtures do not produce kinetic synergism,
and consequently the E;(30) parameter is not appropriate to
describe the solvent effects on these reactions when they are
carried out in such binary mixtures. This situation is more
expressive for solvent systems with strong synergism.
Instead, in mixtures which have moderate (or negligible)
synergetic effects for the indicator, the parameter—kinetics
correspondence is better.

The preferential solvation model produced by these kinds
of binary mixtures of solvents on al the ANS reactions
studied seems to be similar. The reaction rates present a
gradual decrease in the HBA solvent rich zone of the
mixture and a large decrease at high co-solvent concentra-
tion (chloroform is a less polar HBD solvent). Apparently,
the HBD character of mixtures play a role in the solvent
effects on reaction rate (e.g. the reaction of FDNB with n-
butylamine is not base catalyzed when it is developed in the
three binary solvent systems cited above).

© 1997 John Wiley & Sons, Ltd.

EXPERIMENTAL

Reagents and solvents. 1-Chloro-2,4-dinitrobenzene,
1-fluoro-2,4-dinitrobenzene and piperidine were purified as
described previously.”®® n-Butylamine (Aldrich, 99%, b.p.
78°C) was fractionally distilled from sodium. N-(2,4-Dini-
trophenyl)piperidine and N-(2,4-dinitrophenyl)butylamine
were prepared and purified by methods reported previously.
2,6-Diphenyl - 4- (2,4, 6- triphenyl - 1 - pyridinio)phenolate
(Reichardt’s dye, Aldrich, 95%, m.p. 271-275°C) was used
without any further purification. Cyclohexanone and buta-
none were dried for several days over anhydrous sodium
sulfate and fractionaly distilled twice. The rest of the
solvents were purified as reported previously®®? and all of
them were kept over 4 A molecular sieves and stored in
special vessels that allow delivery without air contamina
tion. All binary solvent mixtures were prepared prior to use
and stored under anhydrous conditions.

E(30) measurements. The pure solvents were mixed in
appropriate proportions by weight to give binary solvent
mixtures of various compositions.  2,4-Diphenyl-
4-(2,4,6-triphenyl-1-pyridinio)phenolate  solutions were
prepared just prior to use. Visible spectra of sample
solutions in 10 mm cells were recorded at 15, 25 and 40°C
by using a Perkin-ElImer Model 124 UV VIS spec-
trophotometer and a Zeiss PMQ 3 UV VIS
spectrophotometer equipped with a data-acquisition system
and athermostated cell holder. Temperatures were measured
in the cell and were accurate to within+0-1°C. The E(30)
values were determined from the longest-wavelength UV
VIS absorption band of Reichardt’s betaine dye and were
caculated according to the equation E;(30) [kcal-
mol ~*]=hcvN=2-859x 103 » [cm™Y].

Kinetic procedures. The kinetics of the reactions were
studied spectrophotometrically.® A Perkin-Elmer Model
124 spectrophotometer was used, with a data-acquisition
system based on a microprocessor. This set-up has a 12-bit
analog-to-digital converter which allows absorbance meas-
urements with an error of <0:1% at a maximum of 12
readings per second. The microprocessor controls data
acquisition and also measures time through a quartz crystal-
controller oscillator. Once data acquisition is completed,
data can be read in the system display and/or transferred to
a computer through an interface. In all cases, pseudo-first-
order kinetics were observed.

Standard solutions of 1-halo-2,4-dinitrobenzene and the
corresponding primary or secondary amine were prepared in
the desired binary solvent mixture at room temperature. The
reactions were run by mixing known amounts of each
solution in the thermostated cells of the spectrophotometer,
recording the absorbances at ca 400 nm. The pseudo-first-
order (k4), and second-order (k,), rate coefficients were
obtained as described previoudly. In al cases, the ‘infinity’
values, A,,, was determined experimentally for each run at
the working temperature. Within the experimental error, this
value agreed with the ‘theoretical’ vaue calculated from
application of Beer’'s law to a corresponding solution of N-
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(2,4-dinitrophenyl)amine in the working binary solvent
mixture. All the kinetic runs were carried out at least in
duplicate; the error in k, is <2-3% for al the solvent
mixtures examined. Values of AH* were accurate to
ca+0-4 kIJmol ~! and values of AS* to +8Jmol "1 K L.
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