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The kinetics of reaction of ortho-substituted phenylmercuric chlorides, 2-R-CqH,HgCI (R = H,
CH3, CH;0, C,H;0, CF; COOC,H;, CI, Br, F, NO,), with hydrochloric acid in absolute
ethanol in the presence of sodium iodide has been studied. The reaction is of the overall
second order, first order with respect to each reactant. The rate constant determined at a
fixed temperature decreases in the order of R: C,H;O > CH;0 > CH; > H > COOC,H; > F >
Cl > Br > CF5; > NO,. The role of inductive, resonance and field effects of the ortho-substitu-
ents, and the relation between steric demands of the ortho-substituents and volume of at-
tacking species are discussed. The underlying mechanism is proposed on the basis of
experimental results.
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The reactivity of a large number of benzylmercuric halides and their deriva-
tives has been investigated®. In contrast to this, studies of phenylmercuric
halides and their derivatives, in particular ortho-substituted phenylmercuric
halides, are scarce. Yadav et al. examined the reaction between iodine and
2-R-C4H,4HQCI (R = H, OH, CH3, NO,) in ethanol, and found that the over-
all order of reaction is two, the rate constant for the derivatives of phenyl-
mercuric chloride decreasing in the order OH > H > CH; > NO,. They
proposed that the proximity of the methyl to the HgCI group (in ortho-posi-
tion) is responsible for the reverse effect?. However, Fujita and Nishioka® re-
ported that the steric effect of a single ortho-substituent in a benzene
derivative is not straightforward. In general, the influence of ortho-substitu-
ents on the reaction rate, including electronic inductive, steric and field ef-
fects, more complex than that of para- and meta-substituents. Besides these
effects, other factors have to be considered, such as the attacking species in
the case of second order reactions. In order to get revealing information
about the effects of ortho-substituents, we have studied the kinetics of the

Collect. Czech. Chem. Commun. (Vol. 65) (2000)



36 Wang, Wu:

reaction of ortho-substituted phenylmercuric chlorides, 2-R-CzH,HgCI (R =
H, CH;, CH;0, C,H;0, CF;, COOC,H;, ClI, Br, F, NO,), with hydrochloric
acid in absolute ethanol in the presence of sodium iodide.

EXPERIMENTAL

Materials

2-Trifluoromethylphenylmercuric chloride (m.p. 132.5-132.7 °C) was prepared from
2-trifluoromethylnitrobenzene and 2-fluorophenylmercuric chloride (m.p. 151.5-152 °C)
from 2-chloronitrobenzene®. Phenylmercuric chloride (m.p. 258 °C), 2-methylphenylmercu-
ric chloride (m.p. 143 °C), 2-chlorophenylmercuric chloride (m.p. 149 °C), 2-bromo-
phenylmercuric chloride (m.p. 157-159 °C), 2-(ethoxycarbonyl)phenylmercuric chloride
(m.p. 150-151 °C), 2-nitrophenylmercuric chloride (m.p. 186-187 °C), 2-ethoxyphenylmer-
curic chloride (m.p. 114-114.5 °C), and 2-methoxyphenylmercuric chloride (m.p. 178 °C)
were prepared and purified using the literature proceduress. Sodium iodide was purified by
recrystallization from distilled water and dried at 160 °C for 24 h. Hydrochloric acid, special
purity grade, was used as purchased. Absolute ethanol was prepared by treating anhydrous
ethanol with iodine-activated magnesium.

Kinetic Measurements

All the reactions were conducted in absolute ethanol at temperature ranging from 35 to 50 +
0.02 °C. Concentration range of reactants: [ArHgCl] = [HCI] = 2.17-4.90 - 10~ mol I%. The
molar ratio of reactants to catalyst was [ArHgCI] : [Nal] = 1 : 7, which is the same as that for
Nal-catalyzed reactions of phenylmercuric bromide with HCI in aqueous dioxane mixtures®.
All reactions were conducted in a glass reactor (Fig. 1), with the upper and lower chambers
connected by a ground glass passage, and with a ground hollow glass stopper with a long
hollow glass handle fitted to the passage. The reactor has a ground glass cover on the top.
When the cover is removed and the stopper is pulled out, a reaction solution can be put
into the lower chamber of the reactor with a pipet. The stopper is then put back to block
the passage and another reaction solution is put into the upper chamber of the reactor.
Finally, the cover is put on to prevent evaporation of the reaction solution. Thus, ArHgCI
and Nal were dissolved in absolute ethanol (10 ml) in the lower chamber of the glass reac-
tor. HCI was dissolved in absolute ethanol (10 ml) in the upper chamber. Ethanol was pre-

Fic. 1
The sketch of the reactor employed in this study
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heated to the reaction temperature before use. The reactor containing the reactants was
placed in a thermostat for 15 min to reach the reaction temperature. Immediately after the
glass stopper in the centre passage had been pulled out, the reaction mixture was shaken to
achieve through mixing. The reaction time was taken from this moment on. Samples (2.00
ml) withdrawn at certain time intervals were quickly transferred to conical flasks containing
distilled water (4 ml). The unreacted HCI was titrated with standard NaOH using Methyl
Red/Methylene Blue as indicator. The reaction rates were calculated from the decrease in
HCI.

RESULTS AND DISCUSSION

The observed reaction of ortho-substituted phenylmercuric chlorides with
HCI in absolute ethanol catalyzed by Nal is described by Eq. (1):

2-R-CgH,HgCl + HCI O M« R-C4Hg + HgCl, , (1)

where R = H, CH3, CH;0, C,H;0, CF;, COOC,H;, ClI, Br, F and NO,.

The overall order of the reaction equal to two was found by linear regres-
sion of X/(Cy — X) vs time. The results at 40 °C are depicted in Fig. 2. The
first order with respect to each reactant was evidenced by monitoring the
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FiG. 2
The reaction of 2-R-CqH,HgCI (R = OC,H;, CH;, OCH,4, H, F, Cl, COOC,H;, Br, NO,, CF;)
with HCI in absolute ethanol at 40 °C

Collect. Czech. Chem. Commun. (Vol. 65) (2000)



38 Wang, Wu:

decrease in the HCI concentration, keeping the concentration of arylmercu-
ric chlorides constant.
The rate law that represents the experimental kinetic data is given as Eq. (2)

—d[2-R-§teH4HQC|] = k,[2-R-CgH,HgCI][HCI] . )

Integrating Eq. (2) fromt=0to t =T gives EqQ. (3)

X
C, - X

k2 :i
CO

, 3

=~

where Cy and X represent the initial and decreased concentration of the re-
actants at the reaction time, t, respectively. The rate constants k, at various
temperatures were obtained from the slopes of the X/(C, — X) vs time plots,
multiplying by 1/C,. The experiments were repeated several times so that
the relative precision, o, falls in all cases below 4.4%. The values of the
rate constant k, are summarized in Table I.

According to the Arrhenius equation (4)

k= Ae ™" 4)

the energy of activation, E, for the protonolysis of each ortho-substituted
phenylmercuric chloride was obtained from the linear regression of log k vs
1/T. The frequency factor, In A, was also calculated. The entropy of activa-
tion, AS*, was obtained from Eq. (5):

z #
Ink:In§EE+AS _AHT (5)
NhO R RT

where AH* = E — RT, and the other symbols have their usual meaning. The
values of E, In A, AS* and AH* are given in Table II.

Inductive and Resonance Effects of ortho-Substituents on the Reaction Rate

The ortho-substituents impose electronic, inductive, steric and field effects.
The overall picture is more complex than in the case of para- or meta-sub-
stituents. In general, the main approach to understanding the effects of
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ortho-substituents includes attempts to specify quantitatively the polar ef-
fect and then to draw inferences about the contribution of the other fac-
tors. In recent years a more complete analysis through multiple regression
on appropriate parameters has become possible in some cases. In Table III,
we have summarized the reaction rate constants at 40 °C in absolute etha-
nol together with the corresponding substituent constants, o,, 63, og(BA)
and o}, (ref.”), to facilitate ready comparison. The regression of log (k/k)
with o, and og shows the dual-parameter equation (6)

k
|097:p|0'| +pR0R (6)
I(H

fit the reaction series.
In the case of oy = 03, the fit is expressed as Eq. (7)

TABLE |
Rate constants for the reaction of 2-R-CzH,HgCl with HCI in absolute ethanol

R A3ngCI . Temp. |§z . o, R ArHgCl Temp. k, o,
10°Cmol I’ °C M* s % 10°Cmol I °C M*s? %

C,H,O 3.15 35.0 4.03 2.3 CO,C,H, 4.90 40.0 159 010" 2.1
2.47 40.0 5.57 1.1 3.906 45.0 2.50 010 25

2.55 45.0 7.83 2.3 3.87 50.0 3.45 010™ 3.5

3.30 50.0 10.13 27 F 4.54 40.0 1.52 010™ 4.0

CH,O 3.48 35.0 3.27 3.1 ClI 3.23 35.0 6.60 010" 4.0
3.29 40.0 4.65 2.2 2.25 40.0 9.25010° 2.0

3.88 45.0 7.08 2.0 2.98 450 152 010" 23

2.99 50.0 9.50 2.3 3.03 50.0 2.18 10" 3.1

CH, 2.79 350 2.05 3.0 Br 4.02 35.0 4.80010° 3.0
2.77 40.00 4.12 2.0 3.95 40.0 6.58 (1107 1.9

3.65 45.0 8.40 2.3 4.12 45.0 1.11 O10™ 2.1

3.97 50.0 12.73 3.0 3.57 50.0 1.51010° 35

H 3.56 350 121 26 CF, 4.53 350 9.25010° 238
2.17 40.0 1.73 1.9 3.78 40.0 1.16 0107 2.2

2.77 45.0 3.02 2.0 3.99 45.0 1.50 010% 1.9

2.38 50.0 4.30 25 4.23 50.0 1.89 010° 3.3

CO,C,H, 4.23 350 1180 3.0 NO, 4.21 40.0 478 010° 4.3
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TasLE Il
Thermodynamic parameters for the Nal-catalyzed reaction of 2-R-CgH,HgCI with HCI in ab-
solute ethanol and Swain-Lupton field parameters, 0

AS AH?

R Fa In A JK mol™ kJ mol™ o
C,H;0 50.71 21.19 -77.43 48.11 0.61
CH;0 58.21 23.89 -54.98 55.61 0.54
CH, 101.86 40.53 83.39 99.26 -0.10
H 70.92 27.78 -22.62 68.32 0.00
CO,C,H;5 76.44 27.52 -24.95 73.84 0.47
Cl 66.33 23.09 -61.63 63.73 0.72
Br 63.57 21.69 -73.27 60.97 0.72
CF, 38.75 10.42 -166.95 36.15 0.64
TaBLE 111

Rate constants for the Nal-catalyzed reaction of 2-R-C¢H,HgCI with HCI at 40 °C in absolute
ethanol and the corresponding substituent constants

R k, M st log k/ky o, of og(BA) o} ol o

CH;0O 4.65 4.29 0107* 0.26 -0.41 -0.61 -1.02 0.047 -0.778
CH, 4.12 3.76 010! -0.05 -0.10 -0.11 -1.25 -0.066 -0.311
H 1.73 0 0.00 0.00 0.00 0.00 0.000 0.000
CO,C,H 1.59 (107! -1.04 0.31 015 014 014 0366  0.482
F 1.52 Mo -1.06 0.15 -0.34 -0.45 -0.57 0.352 -0.073
Cl 9.25 02 -1.27 0.47 -0.21 -0.23 -0.23 0.399 0.114
Br 6.58 072 -1.42 0.45 -0.16 -0.19 -0.19 0.405 0.150
CF, 1.16 M02 -2.17 0.41 0.13 0.08 0.08 0.520 0.612
NO, 4.78 M0 -2.56 0.64 0.19 0.15 0.15 0.674 0.790
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|ogk£ = -36180, —14860° . (7)

H

The equation is significant at a = 0.025 (F = 10.62 > F, [4, 4; 0.025[= 9.600).
The coefficient of determination, R?, and the adjusted coefficient of deter-
mination, RZ,, are 0.7798 and 0.7431, respectively.

In the case of oz = 0x(BA), the fit is expressed as Eq. (8)

IogkL = -35760, -0.52970,(BA) . (8)

H

The equation is significant at a = 0.05 (F = 8.267 > F_ [4, 4; 0.050= 6.390).
The coefficient of determination, R?, and the adjusted coefficient of deter-
mination, R,jdj, are 0.7337 and 0.6894, respectively.

In the case of oy = 0, the fit is expressed as Eq. (9)

IogkL =-362320, -0.51100 . 9)

H

The equation is significant at a = 0.05 (F = 9.539 > F, [4, 4; 0.050= 6.390).
The coefficient of determination, R?, and the adjusted coefficient of deter-
mination, RZ;, are 0.7607 and 0.7209, respectively.

For the Eqgs (7)—(9) the ratios of the two regression coefficients (pgr/p,) are
0.411, 0.148 and 0.141, respectively. This indicates that for the studied re-
action series the inductive effects of the ortho-substituents are more signifi-
cant than the resonance effects. The same conclusion can also be drawn
from the comparison of the relationships between log (k/k,) and meta-
Hammett-Brown substituent constants, o, , and para-Hammett-Brown
substituent constants, g, for the studied reaction series, using g, and o,
to substitute for g, respectively.

The corresponding Hammett-Brown substituent constants® for the meta-
and para-substituents are collected in Table Ill. Considering the large range
of reactivity covered by the protonolysis, the linear relationship between
o, and log (k/k,) is good (Fig. 3, correlation coefficient 0.982). Least
squares treatment of these points leads to a value for the reaction constant,

= -4.35. It is known that the ortho- and para-substituents always possess
similar electronic effects on aromatic substitution, for the resonance effects
of substituents exist in both cases, but the resonance effects are not obvious

in the case of meta-substituents. Nevertheless, it was observed for the reaction
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series that the linear relationship between c; and log (k/ky) (Fig. 4, correlation
coefficient 0.915) is not as apparent as that between a;, and log (k/k,), which
suggested that the resonance effects of ortho-substituents are weaker.

One explanation for the small resonance effects of ortho-substituents is in
their intramolecular coordination at the mercury atom, which was con-
firmed by our previous study of the crystal structure of 2-(ethoxycar-
bonyl)phenylmercuric chloride®. This intramolecular coordination transfers
the p- or rrelectron pairs from the heteroatoms of ortho-substituents to
d-orbitals of mercury to form coordination bonds between the atoms.
Hence, the ortho-substituents have no p- or Tm-electrons capable of
mesomeric interaction with the reaction centre in the benzene ring.

Mechanism

While analogies to other electrophilic substitution reactions of organo-
metallic, in particular arylmercuric compounds!® can be cited, we have
presently got some direct evidence for a Sg2i mechanism (Scheme 1).

It is believed that the protonolysis of ortho-substituted phenylmercuric
chlorides involves: (i) coordination of I~ at the mercury atom; (ii) slow
electrophilic attack of the electrophilic H atom of the HCI reagent at the
mercury-bonded C atom, and coordination of the Cl nucleophile at the

05 CH30
log k/ky

0.0 [~ o —
-0.5 - T
-1.0 EES

-15 | — i

NO,

| I | | | | L | 1
-01 01 03 05 07 -06 -02 02 +0.§
g’ (a?) g, (0,)
Fic. 3 FiG. 4
Relationship between o}, and log (k/k,,) Relationship between o and log (k/ky)
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mercury atom to produce a four-centre transition state (the rate-determining
step); (iii) fast decomposition of the transition state and (iv) regeneration of
the catalyst I-.

R R
k 3° 3@ _
GHQC' + 1° ka @—chuo (i) fast
-a
ko >> kp R
@ kb €] -
HgCIIe + CI --HgCll (ii) slow andr.d.s.
© 50 Kp .
H--Cl
R R
@ “HgCl® ke @ +  HgClLI® (iii) fast
B
K .
HgCl,l © kd Hgcl, + 1° (iv) fast
-d

ScHEME 1

The coordinated complex, 2-R-C¢H,HgCII~, produced in the first reaction
step, was identified by its absorption band at about 303 nm in the UV spec-
trum?l. In fact, this equilibrium precedes other steps, since before the
protonolysis begins, arylmercuric chlorides and sodium iodide have been
mixed and preheated. The nucleophilic catalytic action of I~ on increasing
the reactivity of the C-Hg bond in arylmercurials and the relationship be-
tween the concentrations of I~ and reactants were reported in a previous pa-
per8. The nucleophilic catalytic action of I~ was also confirmed by our
observation that no protonolysis occurred during one day at 40 °C if the
system contained no Nal. The rate-determining coordination of the
nucleophilic part (N) of the electrophilic agent (E-N) at the metal atom ap-
pears to be quite significant for occurrence of such reactions!®. The influ-
ence of the coordination of the nucleophilic part (Cl) of HCI at the mercury
atom on occurrence of the protonolysis was revealed by the fact observed
in our study that the Sg2i protonolysis did not occur when HCI completely
ionized in the aqueous ethanol solvent.

For the dual-parameter equation (6), the applicability of three resonance
substituent constants, o3, 0g(BA) and o}, is obvious from Scheme 2.

Among the three dual-parameter equations (7)—-(9), Eq. (7) is the most sig-
nificant one at a = 0.025, and its coefficient of determination, R?, and ad-
justed coefficient of determination, Rad , are the largest. This suggests that
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the reaction centre for the reaction series under investigation is not only
concentrated on the mercury-bonded C atom, but also partly located on
the mercury atom, resulting in a four-centre transition state.

@
Scale ok or(BA) OR
e Y. O
CHo—Y ot ¢
. . X X X
Resonance interaction
at reaction centre No direct resonance Weak acceptor Strong acceptor

SCHEME 2

Based on the slow step in Scheme 1.
rate = ky[2-R-CgH,HgCIIT][HCI] (kp >> k) . (20)

Solving for [2-R-CzH,HgCIIT] from the first equilibrium gives after proper
substitution

[2-R-C4H,HgCIIT] = ||<(

[IF][2-R-C¢H,HgCl] (ky>>ky) . (11)

Equation (10) transforms on substitution for [2-R-CzH,HgCII] in Eqg. (11) to
Eqg. (12)

~d[2-R-CH,HgCl] _
dt

rate =

kb:—a [IF][2-R-CgH,HgCI[HCI] . (12)

—a

Finally, considering kyk,[1"1/k_, = k5, as the concentration of the catalyst I~
remains constant, we obtain

rate = "d[Z'R'gtﬁH‘*HgC'] = Kky[2-R-CgH,HgCI][HCI] . (13)

Equation (13) is identical with the experimentally found Eq. (2).
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Field Effects of ortho-Substituent

It is well known that the entropy of activation AS* is a measure of the
change in regularity for a process from the ground state to the transition
state. If other factors in a reaction system were ignored, the more ordered
the transition state, the smaller the entropy of activation AS*. In the process
of the formation of a four-centre transition state, the electron pair of the
C-Hg bond partly expands to the space between the C and H(CI) atoms,
which reduces the electron density at the Hg atom. At the same time
ortho-substituents with the p- or tr-electron pair coordinate at the mercury
atom, that is, the field effects of ortho-substituent arise (Scheme 3).

R:\v R\\
50 5% o N
-5 -HgCll —_ - -KHgcn®
(‘* : '
Ho—Cl H--Cl
5° o

SCHEME 3

Such coordination leads to a more orderly cyclic structure of the transi-
tion state.

In Table Il we have summarized the entropy of activation AS* of the reac-
tions together with the corresponding Swain-Lupton field effect parame-
ters’, O, to facilitate ready comparison. From Table 1l it is obvious that the
values of Swain-Lupton field effect parameters increase for the 2-R-substi-
tuents in the order

CH; < H < COOC,H; < OCH; < OC,Hg < CF; < Cl = Br

and the values of the entropy of activation for the studied reaction series
decrease in the order

CHj > H > Cl > COOC,Hs > Br > OCH, > OC,H; > CF; .

Except for the two halogens, Cl and Br, the latter series correlates with the
former series on the whole, which supports the existence of field effects of
the ortho-substituent in the studied reaction series.

For the reaction series, field effects and resonance effects caused by the p-
or trelectron pairs of the ortho-substituents are strongly competitive: the
strong one would suppress the weaker. The position of Cl and Br, in the
second series can be explained by such reasoning.
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Relationship Between Steric Effects of ortho-Substituents and Volume
of Attacking Species

It was reported that the rate constant for the reaction between
2-CH;-C¢H,HgCI and 1, in ethanol, catalyzed by I-, is smaller than that for
CgH,HQgCI. This was explained by considering the proximity of the methyl
and HgCl groups (in ortho-position) to be responsible for the reverse effect?.
However, from Table | it is obvious that in the case of HCI as attacking spe-
cies, the order of rate constants for different 2-R-substituents of phenyl-
mercuric chloride is 2-C,H;0 > 2-CH;0 > 2-CH; > H > 2-COOC,H; > 2-F >
2-Cl > 2-Br > 2-CF5 > 2-NO,. That is, the reverse effect of the ortho-methyl
group is not observed. The difference in the size of attacking species may
explain these experimental facts. In particular, the I-1 bond length in mo-
lecular 1, is 2.666 A, which is much larger than that of H-CI (1.274 A) in
the HCI molecule. In the rate-determining step, the reaction of
2-CH;-CgH,HgClII~ with |, produces a four-centre transition state, and the
methyl group would hinder the attack of I, at the mercury-bonded C atom.
In the case of the much smaller attacking HCI molecule, the steric hin-
drance by the methyl group is likely less significant.
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