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ABSTRACT: A study was made of the influence of temperature on the reactions between 1-fluoro-2,6-dinitrobenzene
and each of the secondary amines pyrrolidine, piperidine and homopiperidine (hexahydro-1H-azepine), carried out in
ethyl acetate—chloroform binary solvent mixtures. It involved the analysis of both global activation parameters and the
corresponding Arrhenius plots from the k, values at three amine concentrations. These values were obtained by
carrying out the reactions at 5, 15, 25, 40 and 50 °C over the whole range of chloroform mole fraction. The analysis of
Arrhenius lines allowed us to prove the existence of isokinetic relationships, which were used as a diagnostic tool in
order to infer a changeover in the nature of the rate-determining transition state as a function of solvent composition.
The experimental evidence together with theoretical quantum mechanical calculations suggest that the reactions with
the secondary amines explored carried out in pure ethyl acetate and ethyl acetate—chloroform solvent mixture at
Xcuer, = 0.1 and in some cases also at Xcpc, = 0.3 proceed via the formation of a six-membered orientated dipolar
aggregate in which the specific base—general acid (SB—GA) mechanism may take place. The reactions carried out in
the remaining solvent mixtures evolve towards the classical SB—-GA mechanism. Copyright © 2004 John Wiley &
Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

We have recently studied the kinetics of nucleophilic
aromatic substitution (SyAr) reactions between 1-fluoro-
2,6-dinitrobenzene (2,6-DNFB) and each of the second-
ary amines homopiperidine (HPIP, hexahydro-1H-aze-
pine), pyrrolidine (PYR) and piperidine (PIP) in ethyl
acetate—chloroform or acetonitrile and acetonitrile—
chloroform binary solvent mixtures.' Those studies eval-
uated the influence of the nucleophile structure and
solvent effects on the corresponding reactive systems. It
was concluded that the amine structure has a great
influence on second-order rate constants, especially on
partial rate constants related to the catalyzed step. The-
oretical quantum mechanical calculations confirmed that
the origin of these results lies in stereoelectronic effects
due to the conformational difference between the amino
moieties in the o intermediates as they release the
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nucleofuge. It was also concluded that solvation effects
are dominated by non-specific interactions and that the
order of incidence of the molecular-microscopic solvent
properties on the k5 second-order rate coefficient is
dipolarity/polarizability > hydrogen-bond donor ability
(HBD) > hydrogen-bond acceptor ability (HBA).

In order to obtain a deeper insight into the kinetic
behavior of the reactions between 2,6-DNFB and the
secondary alicyclic amines PYR, PIP and HPIP, we
analyzed the temperature effect on these reactive sys-
tems. In this direction, the reactions were carried out at
five temperatures, ethyl acetate (EAc)—cosolvent CHCly
being the binary solvent system selected. Additionally,
from Arrhenius plots obtained for a group of reactions
carried out at different temperatures with varying solvent
composition, we looked for the existence of an isokinetic
relationship. We used this extra-thermodynamic tool in
order to infer a possible change in the reaction mechan-
ism of the reactive systems explored.

RESULTS AND DISCUSSION

The kinetics of the SyAr reactions between 2,6-DNFB
and PYR, PIP and HPIP in the EAc-CHCI; solvent
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system was determined at 5, 15, 40 and 50 °C. The results
corresponding to 25 °C have been reported elsewhere.'

Each reaction was explored at different solvent com-
positions and the influence of the amine concentration
was studied in all cases. The reactions were carried out
under pseudo-first-order conditions, i.e. with a large
excess of the secondary amine. They yielded the expected
products in quantitative yield, N-(2,6-dinitrophenyl)pyr-
rolidine, N-(2,6-dinitrophenyl)piperidine and N-(2,6-di-
nitrophenyl)homopiperidine, and proved to be first order
in the corresponding substrate. Second-order rate con-
stants k, were calculated by multiplying the observed
pseudo-first-order rate constants, k., by the appropriate
amine concentration, kx =k, [B].

We assume that the reaction proceeds by the classical
two-step mechanism shown in Scheme 1 (where
S = substrate, B = amine, ZH = zwitterionic intermediate
and P = product). Application of the steady-state approx-
imation for the concentration of ZH, d[ZH]/d[¢] =0,
yields the following equation for the second-order reac-
tion rate constant ku:

ki (ko + K3[B))
kA == k—B (1)
1+ k+ k3 [B]

Three main situations of interest with respect to the
reaction shown in Eqn (1) were considered:

(a) k_y < ky+k;® [B]. In this case no base catalysis
is possible, Eqn (1) simplifies to ky =k; and the
formation of the zwitterionic intermediate is rate
limiting.

(b) k_y>> k» +ks® [B]. This situation indicates the rapid
formation of ZH followed by its rate-determining
decomposition. Eqn (1) reduces to

ka = kiky/k_y + kiks/k_,[B] (2)

which predicts base catalysis with a linear depen-
dence of k on [B].

(¢) k_y~ky+ k3® [B]. In this situation, Eqn (1) indicates
that base catalysis is observed with a curvilinear
dependence of k5 on [B]. At low [B], the plot of kx
vs [B] should be a straight line which will change to a
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plateau at high [B], indicating that the formation of
ZH is rate limiting.

In polar aprotic solvents, the specific base—general acid
(SB-GA) mechanism for the decomposition of ZH has
been well established.? Scheme 2(a) illustrates the differ-
ent paths: the formation of ZH, a rapid deprotonation
equilibrium of this intermediate, followed by rate-limiting,
general acid-catalyzed nucleofuge departure from the
anionic o complex Z~, which evolves to products. The
derived k4 expression for this mechanism is

o kiky + kikBHK;[B]
AT kL + ko + KBIK[B]

3)

where k2™ is the rate coefficient for acid-catalyzed
expulsion of the leaving group and K3 is the deprotona-
tion equilibrium constant.

Kinetic results

Reactions with PYR. Table S1 (Electronic Supplemen-
tary Information, ESI; available in Wiley-Interscience)
presents the kn values for the reactions between 2,6-
DNFB and all nucleophiles performed at 5, 15, 40 and
50°C in the explored mixtures. The data in the pure
solvents are additionally presented. The corresponding
results for the reactions with PYR follow the expected
tendency: the k values increase as the working tempera-
ture increases. As was observed at 25°C, the kinetic
results reveal a satisfactory linear dependence of the
rate on amine concentration, showing a null intercept
(Table S2 and S3, ESI). As a consequence, the reactions
are clearly base catalyzed.

Reactions with PIP. As can be appreciated from the
data, the k, values corresponding to the reactions carried
out in pure EAc and in the EAc-rich mixtures vary
slightly with increasing temperature. Moreover, in some
mixtures the values at 40 and 50 °C are smaller than those
at 25, 15 and 5°C.

As in the case of the reactions with PYR, in all
instances the second-order rate constant k varies linearly

(e C”}
K,J Ky N

H no, /‘\ ON NO,

ks [B]
ZH P

Scheme 1
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with the amine concentration, exhibiting a null intercept
(Tables S4 and S5, ESI).

Reactions with HPIP. In pure EAc and in the EAc-rich
zone, this reactive system exhibits a kinetic behavior
similar to that of the reactions with PIP. For the whole
range of temperatures, the k, values vary linearly with
the amine concentration, exhibiting a null intercept in the
HBD solvent-poor mixtures (Tables S6 and S7, ESI). The
incidence of the base catalysis decreases with the CHCI;
mole fraction.

Activation parameters. The global activation para-
meters AH", AS* and AG" corresponding to reactions
with PYR, PIP and HPIP, respectively, are shown in
Table 1. Table S8 (ESI) presents the respective Arrhenius
parameters. These data were obtained from the k5 values
at three different amine concentrations (0.03, 0.07 and
0.15M) for the reactions of all the reactive systems
performed in the solvent mixtures selected.

From the analysis of the respective data, the following
tendencies can be observed. In the reactions with all
amines, the AH" and E, values are significantly low,
particularly in the reactions with PIP and HPIP, in which
these values are almost zero or negative when they are
carried out in pure EAc and in EAc-rich mixtures. The
AH* values vary between 5.243 and 21.17kJ mol_l,
—6.041 and 20.38 kI mol ' and 0.714 and 24.35 kI mol '
for the reactions with PYR, PIP and HPIP, respectively.

The activation entropies exhibit large negative values.
This trend is particularly manifested in mixtures with low
cosolvent mole fraction and with PIP and HPIP as nucleo-
philes. The corresponding values vary from —203.4 to
—169.7Jmol ' K™, from —277.8 to —202.6 Jmol ' K"

Copyright © 2004 John Wiley & Sons, Ltd.

and from —272.9 to —192.6 Jmol ' K~! for the reactions
with PYR, PIP and HPIP, respectively.

Isokinetic relationships (IKR)

In order to assess the possibility that a specific group of
reactions carried out in the different solvent mixtures may
be included in an isokinetic relationship (IKR), the
corresponding Arrhenius lines were plotted. An /KR
refers to a common point (or small area) of intersection
of Arrhenius lines.> This would imply that the reactions
forming part of the group are similar, constituting a
‘series of reactions’, and that the reactions go through
an equivalent mechanistic pathway. The occurrence or
non-occurrence of a common intersection point of the
respective lines (even when non-linear behavior is ob-
served?) allows us to confirm that possibility. In fact, a
common point of intersection of Arrhenius lines is
mathematically equivalent to a linear relationship be-
tween activation energies and pre-exponential factors or
between enthalpy and entropy terms; thus

AH" = BAS" 4 ¢ (4)

where (=T, (isokinetic temperature; K) and c=
constant = AG#[,.

However, this mathematical equivalence does not al-
ways hold from a statistical point of view because
experimental uncertainties of the derived parameters
(e.g. E and log A or AH" and AS™) can all too often
lead to an artificial linear dependence without a signifi-
cant meaning.* Therefore, a common point of intersec-
tion allows one to infer a linear relationship between AH”
and AS* but the opposite does not hold, i.e. if the
corresponding plot renders a linear relationship, this
does not necessarily imply that all the reactions constitute
a single series of reactions. Krug® suggested that the plots
of AH" vs AGhym or AGhm vs AS" were statistically
more meaningful (7}, is the harmonic mean of the
experimental temperatures). These terms are related by
the following equations:

AH* = (1 - 9)AGH +yAGH,, (5)

AGHy = AGH + (B — Tym) AS* (6)

where v = 1/(1 — T,/ ).

Krug based the previous proposal on the fact that the
data plotted in the enthalpy—entropy plane appear to
display a linear compensation effect that is entirely due
to the linear propagation of measurement errors. On the
other hand, the data plotted in the AH'—-AG";;,m plane
display structured variations due only to chemical effects
because the measurement errors propagate in a random
manner into this plane.

J. Phys. Org. Chem. 2005; 18: 336-346



339

REACTION MECHANISM BETWEEN 1-FLUORO-2,6-DINITROBENZENE AND ALICYCLIC AMINES

DoSTIW
TLTFOU6L SLOTFLYOCT—  CTLTFOI'ST 16T F 0708 6'661— 16TF €80T 9SEFHLI8 06LF9ITOI— 9S'¢ FSeve  dIdH
0€TFIS9L LISIF660C— 0€TFOCTHI TCOFOS8L  TOEFLYICT— TCOF8S VI 96’0 FSL08 90ET F9C0C— 96'0 F 8€°0¢ did
660FISLY SEEFO08T— 660FL8EI ITTFEF69 STEFSILI— ITTF¥L91 00T FPLIL ¥ OTFLEIT— 00T FLI'IC AAd 01
TSTFEL8L TOLFTIIC— TSTFO6LSI 0CTTFLI08 0691 FL90C— 0CTFLSSI LOTFP6'IS  6€8FT0CC— L9TFTE9T  dIdH
0COFS8F9L 6E€SFLICC— ILTFIVO0I 960FLI'SL LYCFV¥LTC— 96’0 F I¥°01 IE€TFIE08 TTSF6ESIT— 1€T1FL6ST did
ICTF6899 €69F6S8I— ICTFO6¥II TTIFTILSY  8SPFSI8I— TTIFE9PI LETFILOL TP F9LLI— LETFETLI JAd 60
SSTFOS8L LSOFOVIT—  SSTFSSHI LOTFSO08 +'ST1 FT60T— LOTFILLI 6STF60C8 S0EF6TEC— 6€'TF69CI dIdH
0C0F66SL  V'EFOPPC— L6I'0OFS8TE LIOFSLLL  SOIFLOYCT— +880F €509 8 0F LL'6L L6FE€9¢C— 9LV OTF Ehy6 did
TETFET99 T80T F668I— CETFEP96 I€0F 6089 TIIFCTISI— I1€0F 60+1 PPOF600L €8IF6T8I— v 0OF6SSI AAd L0
8CTFQE8L 0TIFOCIT— 8CTFELYI LTCIFV6'6L OV9FLIIC— LTTF+891 T90FE€IT8 €TIFISET—  TOOFSI'II dIdH
SOOFSLSL  LOFLTST— 900F LYY 0 LIOF8ELL  9TFSIST—  6910F9EHT 69°0F0S6L €TIFECEHT— T690F 6669 did
0S'0 F#9°59 9961 — 00S'0F SSO'L LLOFSS'LY  $ErFS981— LLOFLETI 0CIF6r69 T6SFIS8I— 0TI FECH! JAd S0
OFTFINSL SESFECLIT— I TFICEl PPTFOL6L  90SFS8IT— YT FOSTI 0S°0 F €28 P8F 08— 80S0OF8EH'8 dIdH
YCOFVESL  OCFV69T— LETOFCVOY— 600FCTLL  TIFR09Z—  9800F 96+ 0—  $TOFOI'6L  9EF6VST—  0¥T0OF00T€ did
80F€0S9 THIFH+661— 087 0F0I9°S STOFTR99 €91 F1881— STOFLLOIT TCOF 6069 T6SFIS8I—  CTCOFILTI AAd €0
OFOFEOLL 9TIF666T— SOFOFTIF6  TTOFS96L SEFSIST—  STTOFPIOT 9T 0FT1'C8 CEFP8IT— SITOTFSEIT dIdH
€O0F00SL 9P 0OFT99C— SEO0F6CEHP— TI0FE89L  HIFE69Z—  60I'0FLIFE—  900F988L +CO0F € 89— 8500 F 880 1— did
YTOF98C9 6CTLIFLI6I— OFTOFEYTS LEOFILSY 96I1F9S6I—  99¢0F ¥TrL SI'0FSLLY 60F+'€0C— TSIOFEEIL JAd 10
SSOFI8LL 90T F96E£C— SSSOF6SH9 61'0F€9°6L STFYTIT— 98T 0F6Er'1 800 F#0'C8 OTF6TLZ— 0800FHILO dIdH
OL'0FOSYL  ¥T1FT99C— €OI'0FI90€— SFOFITIL  9SFO9LZ— O08F0FI+¥09— 69C0F 8T'8L I'€FQLLZ—  69T0F 667 +— did
OSTFSTEY  PSIFITOI— 96TTF6009  €LOFTTS9 T69F6061— 1€L0F6TES €C0FTOL9 €L6T— 0€€0F 12T'8 AAd 00
(;_Tou ) (-3 ,_tow ) (;_Tou ) (j_towpy) (3, _[owp) (;_Tow ) (;_Tou ) (3, _touwry) (;_Tou )
eIV SV JHY eV SV JHY wolvs SV JHY uIuy SOy

WG = [ouruy]

W00 = [ouruy]

W00 = [uruy]

WGL'0 PUE £0°0 ‘€0°0=[2UIWe] 38 ‘didH PUe did "YAd PUB 4N-9'Z U99M13q Suol1deas sy} 0} bulpuodssiiod sisyauleled UolleAllde [e10] °L d|qel

336-346

J. Phys. Org. Chem. 2005; 18

Copyright © 2004 John Wiley & Sons, Ltd.



340 P. M. MANCINI, G. G. FORTUNATO AND L. R. VOTTERO

Additionally, the existence of an /KR must be demon-
strated statistically. In this direction, Linert proposed a
simplified statistical test.” When this method yields a
positive IKR proof, it does so at such significance level
that any /KR found by this means also holds for the non-
simplified method.*

In this direction, Arrhenius lines were plotted for the
reactions with PYR, PIP and HPIP at three amine con-
centrations varying the cosolvent molar fraction. The
AH"-AS* and AGH,,—AS* plots are also presented.

[PYR] groups. Figure 1 presents the Arrhenius lines
belonging to reactions with PYR: [PYR] = 0.03 M group,
[PYR] = 0.07 M group and [PYR] = 0.150 M group. AH"—
AS*, AH'-AG4,, and AGh,..—AS” plots for each group
of reactions are shown in Figs S1, S2 and S3 (ESI),
respectively.

The Arrhenius lines clearly yield two intersection
points in all cases, indicating in the first instance that
the reactions are included in two different groups. The
AH*-AGh,m and AGh,,—AS" plots also indicate an
equivalent tendency and from the linear treatment of
the respective straight lines it was possible to estimate
the (3 values (Table 2) according to Eqns (3) and (4). For
the [PYR] =0.03 and 0.07 M groups, the AH*~AS* plots
suggest that all the reactions constitute only one series but
the AH*~AGp, and AGH,,—AS” plots confirm that they
are involved in two groups.

Linert’s simplified statistical /KR analysis was applied
to Group 2 for each amine concentration. The respective
Tiso, kiso and F-distributed values are shown in Table 2.
The test allowed us to accept the existence of an /KR at
the 95% confidence level in all cases.

As a consequence, the reactions can be distributed as
Group 1, Xcos=0.0, 0.1 and Group 2, Xc,s=0.1, 0.3,
0.5, 0.7, 0.9, 1.0. For the reactions corresponding to
[PYR]=0.03 and 0.07 M, that carried out in the solvent
Xcos =0.1 would represent an inflection point. Other-

A

wise, the system corresponding to [PYR]=0.15M is
distinguished by a break between the two groups.

[PIP] groups. Figure 2 presents the Arrhenius lines
belonging to the reactions with PIP at the explored amine
concentrations. Figures S4, S5 and S6 (ESI) present
AH*-AS*, AH'-AGh,, and AGih,—AS" plots for
each group of reactions.

As in the previous groups, the Arrhenius lines yield
two intersection points for the three amine concentra-
tions, indicating that the reactions conform to two reac-
tion series. While the AH*-AS* plot yields a linear
relationship, the corresponding AH-AGH,, and
AGHm—AS" plot reveals that two groups of reactions
are involved. Linert’s simplified statistical /KR-analysis
was applied to Group 2 for each amine concentration and
to Group 1 for [PIP] =0.15M. The respective T, kiso, 3
and F-distributed values are shown in Table 3. The test
allowed us to accept the existence of an /KR at the 95%
confidence level in all cases.

For the reactions corresponding to [PIP]=0.03M and
[PIP]=0.07M the series are constituted as follows,
Group 1: Xcos =0.0, 0.1 and Group 2: Xc.s=0.1, 0.3,
0.5, 0.7, 0.9, 1.0. The one carried out in solvent
Xcos =0.1 would represent an inflection point between
one Ti, and another. The reactions corresponding to
[PIP] =0.15M are distributed as Group 1: Xc,5=0.0,
0.1, 0.3 and Group 2: Xcos =0.3,0.5,0.7, 0.9, 1.0. As in
the previous case, the reaction at Xc,g = 0.3 is indicating
a change from one series to the other. It must be pointed
out that the Ti, (46.7°C) corresponding to Group 2 is
very close to the experimental one (50 °C) which coin-
cides with the fact that the reaction rate is almost
constant.

[HPIP] groups. Arrhenius lines belonging to the reac-
tions with HPIP at the explored amine concentrations are
presented in Figure 3. The AH'-AS*, AH*-AG};, and

[PYR] =0.03 M

log ka
N

EAc

2] CHCI,

[PYR] =0.07 M

[PYR]=0.15M

EAc

03 1

CHCY,

.7

0.

.14

2 r
T T T
0.000 0.002 0.004 0.006 0.008 0.000 0.001

T T T T T T
0_(;03 0_0'04 0_0'05 0.006 0.000  0.001 0.002  0.003  0.004 0.005  0.006  0.007

»
»

T!/K!

Figure 1. Arrhenius lines for [PYR]=0.03, 0.07 and 0.15m
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Table 2. ki, Tiso, F and 3 values corresponding to the reactions with PYR
[Amine] GrOUPS5 kis(i Tiso (K) FOAOS(fl’ f2) FO.()S(fl’ f2) 6 (K)
M) solvent (Imol™ sfl) (°0) calculated tabulated
mixtures AGH . —AS* AH*-AG*
0.03 Group 1: 0.57 175.8 (—=97.2) 178.3 178.3
Xcos =0.0, 0.1
GI'Ollp 2: 26.9 423.5 (1595) 0.58(5’18) 2~77(5,18) 420.4 (l’: 0987) 423.0 (I‘:0993)
Xcos =0.1, 0.3, 0.5,
0.7,0.9, 1.0
0.07 Group 1: 2.13 192.7 (—80.3) 193.7 193.3
Xcos =0.0, 0.1
Group 2: 94.0 492.8 (219.8) 0.59s.18) 2.77s,13) 496.4 (r=0.980) 504.9 (r=0.993)
XCOS - 01, 03, 05,
0.7,0.9, 1.0
0.150 Group 1: 3.62 167.7 (—105.3) 165.4 165.9
Xcos =0.0, 0.1
Group 2: 62.3 421.4 (148.4)  0.065(4:5) 3.06¢4,15) 422.0 (r=0.993) 426.2 (r=0.995)
XCOS — 03, 05, 07,
09, 1.0
A
2.
[PIP] = 0.03 M 044 [PIP] = 0.07 M [PIP] =0.15M
<
2

T T
0.0030 0.0035

0.0040

T
0.0025

T
0.0030

T
0.0035 0.0040

v

T
0.002

T
0.001

Figure 2. Arrhenius lines for [PIP]=0.03, 0.07 and 0.15Mm

Table 3. ki, Tiso, F and 8 values corresponding to the reactions with PIP

T T T
0.003 0.004 0.005

[Amine] Groups: kisol . Tiso Foos(fi. f2)  Foos (fi /2) B (K)
M) solvent (Imol s ) (K)(°O) calculated tabulated
mixtures AGhH—AS* AH*-AG*
0.03 Group 1: 0.104 358.9 (85.9)  0.58(s.13) 277513 359 359
XCOS - 00, 01
Group 2: 0.099 326.6 (53.6) 0.29(s17) 2.81s,17 327 (r=0.998) 327 (r=0.999)
XCOS = 01 5 03, 05,
0.7,0.9, 1.0
0.07 Group 1: 0.197 388.0 (115) 390.5 390.2
XCOS - 00, 01
Group 2: 0.205 328.8 (55.8)  0.25(s 16) 2.85(5,16)  328.9 (r=0.997) 329.1 (r=0.998)
Xcos =0.1, 0.3, 0.5,0.7,
09,10
0.150 Group 1: 0.617 207.6 (—68.4) 0.26056, 51406 206.6 206.6 (r=0.999)
Xcos =0.0, 0.1, 0.3
Group 2: 0.362 319.7 (46.7)  1.56(4.12) 3.26(4,12) 319.1 (r=0.990) 319.4 (r=0.990)
Xcos =0.3,0.5,0.7,
09, 1.0

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 3. Arrhenius lines for [HPIP]=0.03, 0.07 and 0.15m

AGH—AS" plots for the reaction at [HPIP] =0.15 M are
presented in Figure 4. The plots corresponding to the
reactions at [HPIP]=0.03M and [HPIP]=0.07m are
presented in Figures S7 and S8 (ESI).

In all cases, Arrhenius plots clearly yield two intersec-
tion points indicating the occurrence of two reaction
series. This is confirmed by the AH*-AGh., and
AGH—AS* plots and by the statistical test. Table 4
presents [ values obtained from these plots and T, ki
and F-distributed values graphically obtained from the
Arrhenius lines and by means of the respective test. The
reactions at [HPIP] = 0.03 M are involved in the following

20 1.0 20
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184 ° 18 [
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4 1 o3 _-%e
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ka [HPIP]=0.15m group
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groups: Group 1, Xcos=0.0, 0.1, 0.3 and Group 2,
Xcos =0.3, 0.5, 0.7, 0.9, 1.0, the reaction at Xc,5=0.3
indicating a change from one series to the other. Reac-
tions of Group 1 exhibit a Tj, value (35.7°C) almost
equivalent to the experimental value, indicating that the
reaction rate at that temperature is not influenced by the
solvent. Group 2 reactions present a T, value (14.2°C)
which also belongs to the experimental temperature range,
with the following consequences: (i) the k, second-order
rate coefficients corresponding to the reactions carried
out at 15°C exhibit little change as the CHCl; mole
fraction increases; (ii) at that temperature, the solvent
effect is reversed: the reaction rates at 25, 40 and 50°C
increase with increase in CHCl; mole fraction whereas
those at 5 °C do the opposite.

With respect to the reactions corresponding to
[HPIP] =0.07 and 0.15Mm, they are distributed in the
same groups as the previous amine concentration:
Group 1, Xcos=0.0, 0.1, 0.3 and Group 2, Xco.s=0.3,
0.5, 0.7, 0.9, 1.0, the reaction at Xc,5 = 0.3 also indicat-
ing a change from one series to the other. The T, values
corresponding to Group 1 from [HPIP]=0.07M and
0.15m belong to the experimental range. For the
[HPIP] =0.07™m group, Tj, is ~25°C so that reaction
rates at this temperature are not influenced to a great
extent by the change in solvent composition. Otherwise,
the reaction rates at 5 and 15 °C decrease with increase
in CHCl; mole fraction whereas the reactions carried
out at 40 and 50 °C exhibit an increase in reaction rates.
For the [HPIP] = 0.15 M group, T, is 37 °C. Therefore, it
can be observed that below this temperature, reaction
rates decrease with increase in CHCl; mole fraction and
above that temperature they do the opposite, although
slightly.

The above results suggest the occurrence of a change in
the nature of the mechanistic pathway for all the amines
explored as a function of solvent composition.
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Table 4. ki, Tiso, F and 3 values corresponding to the reactions with HPIP

[Amine] Groups: kiso
M) solvent (Imol 's™h
mixtures

XK) (°C)

Tiso Fo.05(f1, /2)
calculated

Fo.os (1, /2) B (K)
tabulated
AGhH—AS*

AH*-AG*

0.03 Group 1: 0.027
Xcos =0.0, 0.1, 0.3
Group 2: 0.020
Xcos=0.3,0.5,0.7,
0.9, 1.0
0.07 Group 1: 0.070
Xcos=0.0,0.1, 0.3
Group 2: 0.150
XCOS - 03, 05, 07,
0.9, 1.0
0.150 Group 1: 0.165
Xcos =0.0, 0.1, 0.3
Group 2: 0.027
XCOS - 03, 05, 07,
0.9, 1.0

308.7 (35.7)
287.2 (14.2)

299.0 (26)

337.8 (64.8)

310.0 (37)

308.7 (35.7)

0'34(2,6)
0.03(4’15)

118027,

0.054.15)

1.58(2‘7)

0'34(2,6)

51406 309.7 (r=10.996) 309.7 (r=10.996)

47407 298.0 (r=10.958) 298.0 (r=10.958)

3.064,15y 337.7 (r=0.998) 337.8 (r=0.999)

47407 309.6 (r=0.985) 309.7 (r=10.986)

51406 309.7 (r=0.996) 309.7 (r=10.996)

Mechanistic aspects

In pure EAc and in its richest mixtures, the reactions are
highly catalyzed over the whole range of amine concen-
tration at all temperatures and the zwitterionic intermedi-
ate decomposition can be considered as the slow step.
The reactions are characterized as exhibiting low activa-
tion energies and enthalpies and for the reactions with
PIP and HPIP they are practically zero and in some cases
negative. The reactions are also characterized by large
negative entropies of activation. The k, values remain
nearly constant and in some instances they decrease
slightly with increasing temperature.

With respect to the above results it can be considered
that: (i) total third-order reactions are characterized by
low activation energies, large negative entropies of acti-
vation and rates exhibiting little change with increasing
temperature;6 (ii) these parameter magnitudes were found
in the mechanism involving the formation of EDA-type
complexes;’ (iii) they characterize reactions that are
second order in amine, involving a six-membered cyclic
transition state with two molecules of amine, with ku
values varying slightly as the reaction temperature is
increased;™” (iv) null activation energies, negative AH"
and large negative AS" were also found in reaction
mechanisms third order in amine: dimer mechanism,'®
cyclic transition state involving eight-membered rings."!
Moreover, in these mechanisms the reaction rates were
found to increase slightly with increasing temperature
and in some instances reaction rates decrease with in-
creasing temperature.

The dimer nucleophile mechanism was proposed by
Nudelman and Palleros.'® This mechanism exhibits a
third-order dependence on the amine involving the attack
of the dimer of the nucleophile superimposed on the
classical reaction with the monomer. A cyclic intermedi-

Copyright © 2004 John Wiley & Sons, Ltd.

ate is formed straightforwardly in the addition step
through the dimer of the amine. This intermediate is in
mobile equilibrium with the classical intermediate and
either of them can react to form ultimate products, by
spontaneous or base-catalyzed decomposition. A simpli-
fied reacting scheme, where only attack of the dimer is
considered, is shown in Scheme 2(b). The dimer of the
nucleophile (B:B) attacks the substrate, S, forming the
intermediate, SB,, and a third molecule of amine assists
the decomposition step. The derived expression for k4 in
this simplified reacting scheme is

_ kik2K[B] + kik;K[B]

k
A k_1 + ky + k3[B]

(7)

Plots of k4 vs [B] exhibit an upward curvature and when
k_1 > ko + k3 [B] the previous equation can be simplified
to

kA/[B] :klkz/k_l +k1k3/k_1[B] (8)

which predicts a linear dependence of k/[B] vs [B].
When k_ =k, + ks [B], at high [B], Eqn (7) can be
transformed into the equation k/[B]=k;K, which is
responsible for the plateau observed in some cases in
the plot of kx/[B] vs [B]."°

In reference to our reactive systems, reactions with all
the nucleophiles for the explored amine concentrations
do not exhibit the characteristic upward curvature over
the whole range of temperatures. Otherwise, the plots of
ka/[B] vs [B] do not afford straight lines.

The cyclic transition state involving eight-membered
rings mechanism was proposed by Banjoko and Ezeani.''?
This mechanism also involves a quadratic dependence of
ka on [B] and the formation of a cyclic intermediate. The
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authors found that in non-polar aprotic solvents nucleo-
philic aromatic substitution involving primary amines
and substrates with fairly poor leaving groups will
proceed predominantly by a catalyzed path through a
cyclic transition state involving an eight-membered ring.
This structure is formed through a network of the inter-
hydrogen bonding between the zwitterionic intermediate
and two amine molecules. A simplified scheme of this
mechanism is shown in Scheme 2(c). The first step
involves the formation of ZH. This intermediate reacts
with two amine molecules to yield the eight-membered
cyclic intermediate [SB3], which evolves to products. The
resulting expression for k, is

kiky[B] + kyk3[B]*
k_y + ky + k3[B]

ka = 9)

In reactions of amines with poor nucleofuges, the
second step is usually rate determining so k_;>>
k, + k5 [B]” and the above expression simplifies to

ka = kiky/k_1 + kiks Jk_{[B]* (10)

showing a linear dependence between k, and the square
of the nucleophile concentration. The intercept and the
slope represent the non-catalytic and the catalytic rate
coefficient, respectively. Banjoko and Ezeani''® found
that whereas plots of k, vs amine concentration render
straight lines with negative intercepts, plots of k vs the
square of the nucleophile concentration give rise to
straight lines with positive intercepts. For reactions
involving good leaving groups, the authors observed
that the mechanism proceeds through a six-membered
cyclic intermediate formed by a similar inter-hydrogen
bonding between the zwitterionic intermediate and only
one amine molecule.

For all the nucleophiles explored in the present work
and over the whole range of amine concentrations, kx
values do not exhibit a linear dependence with [B]?
whereas plots of kn vs [B] do not afford lines with
definite negative intercepts. These results and those
corresponding to the evaluation of the dimer mechanism
allow us to reject a quadratic dependence of k5 on [B].

The six-membered cyclic transition state mechanism:
the occurrence of a six-membered cyclic transition state
was first proposed by Capon and Rees.® As mentioned
above, this transition state includes two molecules of
amine which are joined through hydrogen bonds. The
second molecule of amine may act as a proton donor to
the leaving group as well as a proton acceptor from the
positively charged nitrogen atom of the zwitterionic
intermediate, the reaction to product taking place in a
concerted manner. Ayediran er al.,’® considering the
strength and the range of electrostatic forces in solvents
of low ionizing power, proposed modifications for the
base-catalyzed path: (i) the initial formation of a suitably

Copyright © 2004 John Wiley & Sons, Ltd.

Figure 5. Six-membered cyclic intermediate structure

orientated dipolar aggregate between the zwitterionic
intermediate and the nucleophile and (ii) when the
nucleophile is a secondary amine, the breaking of the
hydrogen bond with the ortho-nitro group will occur
within the aggregate followed by proton exchange and
the electrophilically catalyzed breaking of the C—F
bond, i.e. it can be considered that the SB—-GA mechan-
ism takes place within the aggregate. Notwithstanding
what the evolution to products is like, whether it proceed
in a concerted or non-concerted way, the basic steps for
this mechanism are illustrated in Scheme 2(d). The first
step involves the formation of ZH. This intermediate
reacts with another amine molecule to yield the six-
membered cyclic intermediate [SB,], which evolves to
products. The proposed structure for this intermediate is
shown in Fig. 5. This mechanism® generally exhibits total
third-order reactions showing a linear relationship be-
tween k, values and initial amine concentration with
negligible intercepts. The resulting ko expression would
be kA:klkz/k_l +k1K3k4/k_1 [B]

The experimental evidence emerging from the present
reactive systems which strongly support this latter me-
chanism is the following:

e The reactions show a second-order dependence on
amine concentration and total third-order, exhibiting
a linear relationship between the k, values and the
initial amine concentration with negligible intercepts.

e The decomposition of the zwitterionic intermediate is
the rate-determining step. The low activation enthal-
pies and the apparent absence of activation energy
indicate that the reaction occurs stepwise; the rate-
determining step must be preceded by at least one fast
equilibrium, whereby the expected increase in rate for
the slow step with increasing temperature would be
compensated by a shift of the preceding equilibrium
toward the reagents. The negative activation enthalpies
require the exothermic formation of a weak complex
preceding the rate-determining step.

e The reactions exhibit large negative values of the
activation entropies, which corresponds to the forma-
tion of that aggregate or complex. This kind of me-
chanism was found for reactions carried out in solvents
with low ionizing power, with low dipolarity/polariz-
ability values, such as isooctane and hexane, and also
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in solvents characterized by moderate values such as
benzene and ethyl acetate. In this work, we extended
the operability of this mechanism to EAc-CHCI;
binary solvent mixtures in the EAc-rich zone.

e The extent of the influence of increasing temperature
on reaction rates is related to the stability of that weak
complex. The more stable the complex, the greater its
equilibrium constant of formation. Therefore, an in-
crease in temperature leads to an enhancement shift
towards reactants and in this way to a decrease in the
reaction rate. In connection with our experimental
results, we assume that the corresponding complex
with PYR would be less stable in comparison with
those with PIP and HPIP, taking into account the fact
that reactions with the former amine are less affected
by the increasing temperature.

Six-membered intermediate complex: theoretical
calculations. Semi-empirical molecular orbital calcula-
tions were performed in order to obtain a relative stability
order of the proposed intermediate complex. In this
direction, the complex intermediate structures for PYR,
PIP and HPIP were optimized at the AM1 level.'? In
order to perform these calculations, the corresponding
results obtained in previous work'® for the structures of
each amine and for each ZH were taken into account.
Figures S9, S10 and S11 (ESI) show the optimized
structures which represent a local minimum in the
potential energy surface for the complexes with PYR,
PIP and HPIP, respectively. Table 5 presents the total
energy (Et), the heat of formation (AH"), the heat of
formation with respect to reactants (AAH") of the
respective complexes and the inter-atomic distances be-
tween the ammonium hydrogen of ZH and the nitrogen
atom of the entering amine (Dyn_y) and between the
fluorine atom of ZH and the hydrogen (amino group) of

the amine (Dg_y). These values correspond to four
different optimized structures, obtained by perturbing
the system and allowing it to evolve to the respective
geometry.

The results allow us to make the following remarks:

e The negative AAH" values indicate that the formation
of these complexes is exothermic and that they con-
stitute stable structures.

e The complex with PYR is the structure with the highest
energy and is less stable than the corresponding com-
plexes with PIP and HPIP, thus verifying what we
expressed in the paragraphs above.

e The magnitudes of the Dy_g and Dg_py inter-atomic
distances suggest that the interaction forces coming
into play are electrostatic rather than hydrogen-bond
type.13 This result favors the formation of a suitably
orientated dipolar aggregate rather than an inter-
hydrogen bonding structure.

CONCLUSIONS

Based on the overall evaluation presented in this paper,
we can conclude the following: (i) the analysis of
Arrhenius lines allowed us to prove the existence of
isokinetic relationships, which were used as a diagnostic
tool in order to infer a changeover in the nature of the
rate-determining transition state as a function of solvent
composition; (ii) the reactions with the explored second-
ary amines carried out in pure EAc and EAc-CHCl,
solvent mixtures at Xc,s = 0.1, and in some cases also at
Xcos = 0.3, proceed via the formation of a six-membered
orientated dipolar aggregate in which the SB—GA me-
chanism may take place; (iii) the reactions carried out in
the remaining solvent mixtures evolve towards the clas-
sical SB—-GA mechanism.

Table 5. Total energy, heats of formation and inter-atomic distances at the AM1 level corresponding to the different

complexes?

Complex Er (kJmol™h) AH* (I mol™!)  AAH* (kImol ™) Dnn (A) Dry (A)
2,6-DNFB + PYR

1 —450766.1 —~51.59 —-90.29 2.74734 2.34827
2 —450766.1 ~51.60 —90.29 2.71905 2.38004
3 —450766.1 —51.60 -90.33 2.71585 237614
4 —450766.1 51.60 —90.33 2.71917 2.37768
2,6-DNFB + PIP

1 —480888.5 —145.1 ~136.9 2.58408 2.40092
2 —480888.5 —145.0 ~136.7 2.61162 2.48852
3 —480888.5 —145.0 —~136.7 2.62010 2.49330
4 —480888.5 —145.1 ~136.9 2.58744 2.38766
2,6-DNFB + HPIP

1 —510944.0 ~171.3 ~149.3 2.74540 2.41476
2 —510943.6 —171.1 ~149.1 2.800868 2.35458
3 —510944.0 ~-171.3 ~149.3 2.75368 2.40743
4 —510944.0 ~171.3 ~149.3 2.76642 2.40271

* Er =total energy; AH" =heat of formation; AAH" =heat of formation with respect to reactants; Dy_y; and Dy_y; = inter-atomic distances.

Copyright © 2004 John Wiley & Sons, Ltd.
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EXPERIMENTAL

2,6-DNFB was synthesized as reported previously.'*
PYR, PIP, HPIP and the corresponding solvents were
purified as usual.'> The solvents were kept over 4A
molecular sieves and stored in special vessels that allow
delivery without air contamination. All binary mixtures
were prepared prior to use. AH" and AS" were calculated
by means of the Eyring equation. The AG" values were
calculated from AH" and AS" values at 25°C. Ty, was
close to 25 °C so that this temperature was selected as the
harmonic mean temperature.

The kinetics of the reactions were studied by UV-
visible spectrophotometry. A Perkin-Elmer Model 124
spectrophotometer was used, equipped with a data acqui-
sition system. Molecular orbital calculations were carried
out using the HyperChem 5.11 system of programs.
Computational details are presented in the Electronic
Supplementary Information.
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