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Solvent effects in the reaction between piperazine and benzyl bromide
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Abstract. The reaction between piperazine and benzyl bromide was studied conductometrically and the
second order rate constants were computed. These rate constants determined in 12 different protic and
aprotic solvents indicate that the rate of the reaction is influenced by electrophilicity (£), hydrogen bond
donor ability (o) and dipolarity/polarizability (z*) of the solvent. The LSER derived from the statistical
analysis indicates that the transition state is more solvated than the reactants due to hydrogen bond dona-
tion and polarizability of the solvent while the reactant is more solvated than the transition state due to
electrophilicity of the solvent. Study of the reaction in methanol, dimethyl formamide mixtures suggests
that the rate is maximum when dipolar interactions between the two solvents are maximum.

Keywords. Solvation; solvent electrophilicity; hydrogen bond donor ability; linear solvation energy re-

lationship (LSER).

1. Introduction

Modelling of solvent effects is one of the most use-
ful methods to obtain information about the mecha-
nism of organic reactions. During the last few years
special attention is being paid towards study of sol-
vent effects on different reactions."® A solvent
would provide not only a background for the reac-
tion to occur but would stabilize the reactants and
the transition state by solvating them. This solvation
is due to solvent—solute interactions during which a
solvent can act either as a nucleophile or an electro-
phile by donating or accepting electron pairs from
the solute. It can also form hydrogen bonds with the
specific sites of the solute molecules. Any solvent
dependent property like rate constant of a reaction
(Y) can be correlated with the solvation properties of
the solvent (x) using a multiparametric equation’

Y=ax +bx; +cx3 + -,

where a, b, c¢ are the sensitivity of ¥ towards xi, x,,
x3, etc. From the sign and magnitude of a, b and ¢ in
the above equation one can get an idea about the
relative solvation of the reactants/transition state
when Y is rate constant of the reactions. Thus the study

*For correspondence

of any suitable solvent sensitive property in a pure
solvent provides information regarding solvation due
to solvent—solute interaction. According to Golami®
solvent—solute interactions are much more complex
in mixed solvents than in pure solvents due to the
preferential solvation by any of the components pre-
sent in the solvent mixture. Due to this, the local
composition of the solvent shell will be different
from that in the bulk.” "' In addition to this in binary
solvent mixtures, the solvent—solvent interactions
dominate the solute—solvent interactions since sol-
vent is present in large excess compared to solute.
These solvent—solvent interactions may be due to
hydrogen bond formation or due to dipolar effects
which would affect the property under consideration.
Thus by studying any solvent dependent property in
binary solvent mixtures one can get an idea about in-
ter solvent interactions. With this end in view these
solvent—solvent and solvent—solute interactions have
been estimated taking the reaction between benzyl
bromide and piperazine as a model reaction.

2. Experimental

Benzyl bromide (Riedel), piperazine (Sd-fine) were
used without further purification. The solvents metha-
nol, n-propanol, i-propanol, #-butanol, i-butanol,
benzyl alcohol, acetone, ethyl methyl ketone, di-
methyl formamide, dimethyl sulphoxide, acetonitrile
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and benzonitrile were all analytical grade and of
Merck or Sd-fine make. After checking their boiling
points, they were distilled by literature methods
wherever necessary and then used. The temperature
of the reaction was maintained constant with an ac-
curacy of £0-5°C using a thermostat (INSREF make).
The reactions were initiated by mixing the thermally
equilibrated reactants in appropriate solvents. In the
benzylation of piperazine HBr is liberated. There-
fore the reaction was followed by measuring the
conductance of the reaction mixture at different time
intervals. Preliminary study indicated that the reac-
tion is first order with respect to both the nucleo-
phile and benzyl bromide. The reactions are studied
in different solvents using 0-02 mol dm™ piperazine
and 0-02 mol dm* benzyl bromide. The second order
rate constants k; are computed from the slopes of
the linear plots obtained when C/C,, — C, was plotted
against time ¢ according to the equation'”

C

t

c,-C~°

0 t

ky=1/at

where a is the initial concentration of the reactants
C, and C,, are the conductances of the reaction mix-
ture at time ¢ and at the end of the reaction. The &y
values determined from duplicate runs were found to
be reproducible within + 5% error.

After completion of the reaction the solution was
concentrated and extracted with ether. The solid sepa-
rated from ether solution was recrystallized using
benzene. This had a melting point of 134 + 1°C. The
IR absorption spectrum (with KBr) did not show any
absorption around 3300 cm ' indicating the absence
of N-H group. It had an absorption around 2800 cm '
showing the presence of N-CH, group."” The mass
spectrum of this product shows a molecular ion peak
at 267 m/z indicating that the product is CsHsN,
(CH,C4Hs),. This suggests that both the N-H hydro-
gens of piperazine ring are replaced by benzyl
groups.

3. Results and discussion

Piperazine is a cycloaliphatic secondary amine with
two —NH group. It is used as an intermediate for a wide
range of pharmaceuticals, polymers, dyes, corrosion
inhibitors and surfactants. The reaction between this
secondary amine and benzyl bromide was studied in
12 different protic and aprotic solvents and the second
order rate constants ky estimated are presented in
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table 1. Correlation of these rate constants with dif-
ferent solvent parameters namely polarity (¥),"* po-
larizability (P).'* electrophilicity, (E)" nucleo-
philicity (B)." hydrogen bond donor ability (a),"
hydrogen bond acceptor ability (£)'® and polarity/
polarizability parameter (7*)'® indicated that there is
poor correlation between log &y and any of these pa-
rameters individually as indicated by the correlation
coefficients. Some of these are presented in table 2.
The results given in the above table indicate that the
strength of the correlation increased slightly, by us-
ing a two parameter equation (6 and 7). However the
correlation is not satisfactory. When the correlation
is extended using a triparametric equation involving
three significant parameters £, o and 7* (eqn. 8)
there is an increase in the correlation coefficient R,
with an explained variance of 0-85 suggesting that
85% of the data can be explained by this equation on
the values given in parentheses are standard errors
of the estimates. The validity of this equation is
tested by F-test.'” The F., is 13-54 while the table
values is 3-:27 at 1% level of significance. Another
test used to test the validity of the above equation is
to correlate the observed and calculated (from the
above LSER) values of kj;. This correlation of log &y
(obs) with logky; (cal) gives the following relation

log ki(obs) = 1-07log ki(cal); » = 0-99,

with an excellent correlation coefficient 7. The signi-
ficance of the individual parameters used in the
above LSER is tested by Student #-test.'” Compari-
son of ., with the table value (3:25) suggests that
the parameters £, o and #* are significant at 99%
confidence levels. The percentage contribution of
cach parameter in the above LSER is estimated by
normalizing the coefficients of the parameters used.'®
This analysis indicates that £, o and #* contribute
37, 40 and 23% towards the total solvent effect on
rate. The negative coefficient of £ in the above
LSER suggests that the reactants are more solvated
than the transition state due to solvent electrophilicity.
The positive coefficient of « indicates that the tran-
sition state is more solvated than the reactants due to
hydrogen bond donor ability of the solvent. The di-
polarity/polarizability parameter 7* also contributes,
indicating that the transition state is more solvated
than that of the reactants due to this property.

From these observations the following solvation
model can be proposed in the dibenzylation of
piperazine.
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Table 1.
[PPZ] = 0-02 mol dm™.
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Second order rate constants and thermodynamic parameters [benzyl bromide — piperazine system| [BZBr] =

k x 10° dm® mol ' s™" at temp./K

Ea AT * AS”* AG™ * 3G *
Solvent 293 298 303 308 313 318 (kJmol™) (kJmol™) (JK™ mol™) (kJ mol™") (kJ mol™)
Methanol 833 2333 3666 — - - 76-55 7403 -28 82-58 0-00
Ethanol - - 8750 125-00 17916 266-66  63-75 6124 -63 80-39 -2:19
n-Propanol — - 2083 27777 3703 41.66 3191 29:39 -180 83-40 0-82
i-Propanol - - 833 1000 1166 1333  23.93 2141 -195 80-50 208
n-Butanol  — - 2083 3333 41.66 6250  54.70 52-18 -105 84-00 1-42
i-Butanol - - 6-66 11.66 2500 3000  76-58 74-06 —42 86-89 431
Sec-butanol — — 4583 6944 8333 10833 4786 45.34 -121 82-01 -2:31
Dimethyl - - 9166 125-00 14166 16666  26-10 23-59 -187 80-26 232
formamide
Dimethyl - - 2750 3166 4666 7166  67-01 64-49 —43 7751 -5.0
sulphoxide
Benzyl - - 3888 4166 5208 6111  23.93 2141 201 82-42 -0-16
alcohol
Formamide — - 2500 6916 8333 9333 26:60 24.07 -196 83.54 0-96
*At 303 K

Table 2. Results of statistical analyses in the reaction between benzyl bromide—piperazine

system.

log ki = —5-34 (4-16) + 8-48Y (8-88) r=030(0-43) (1)
log ki = —2-10 (0-80) + 0-05B (0-05) r=029(0-41) (2)
log ki = —0-81 (0-35) — 0-06E (0-03) r=053(038) (3)
log ki = —0-93 (0-25) + 0-75 oc (0-38) r=055(038) (4)
log ki = —1:94 (0-38) + 0-817* (0-51) r=047(039)  (5)
log ki = —0-86 (0-37) — 0-02E (0-01) + 0-52 oc (0-38) R=0-56(0-29) (6)
log ki = —1-39 (0-57) — 0-05E (0-034) + 0-70 7% (0-52) R=085(039) (7)

log ki = —3+42 (0-33) — 0-37E (0-07) + 4-99c (1-12) + 3-867* (0-76)

f=  —646 ~5.04 4-46

R=0:924 (0-19) (8)
5.1

Values in parentheses are standard errors. F, = 13-54

More solvation due to hydrogen
bond donor ability and polarizability
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By studying the temperature effect on reaction the
energy of activation £, and the other thermodynamic

parameters AH”, AS”and AG™ are computed and pre-
sented in table 1. These thermodynamic parameters
are strongly dependent on the nature of the solvent.
In general AS™ values are negative as expected since
the transition state involves charge separation and
overall solvation of the transition state as indicated
by the LSER is more compared to the reactants.
From the free energies of activation AG™ is different
solvents, the differential free energy of solvation
SAG~ is evaluated' (taking methanol as a reference)
and presented in table 1. This differential solvation
is a measure of extent of change in the stability of
the transition state when the reaction system is
changed from methanol to another solvent. These
values indicate (table 1) that the transition state is
more stabilized when the reactants are transferred
from methanol to dimethyl sulphoxide, dimethyl
formamide, ethanol and isopropanol.
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Table 3. Rate constants in solvent mixtures of McOH
and DMF [benzylbromide—piperazine system| [BZBr] =
[PPZ] = 0-02 mol dm™ (7' = 303 K).

% MeOH kg x 107
) N\eoH npmr Xvreon (dm3 mol”' 571)
10 0-049 0-234 0-174 11-66
20 0-099 0-208 0-322 23-33
30 0-148 0-182 0-449 41-66
40 0-197 0-156 0-560 61-66
50 0-247 0-130 0-652 16-66
60 0-296 0-104 0-741 7-92
70 0-345 0-078 0-816 4-81
80 0-394 0-052 0-884 3.88
90 0-444 0-026 0-945 3.33

4. Effect of binary solvent mixture on rate

The reaction between benzyl bromide and piperazine
was studied in methanol dimethyl formamide mix-
tures of different compositions 10-90% (v/v). The
second order rate constants 4y determined at 303 K are
given in table 3. These values indicate that the sol-
vent composition influences the rate in a complex
way. The rate constant increases with the methanol
content of the solvent mixture up to 40% (v/v)
methanol and then decreases with increase in the
methanol content. The plot of logk;; against mole
fraction of methanol shows a maximum around 0-56
(= 40% methanol).

According to Bakshi’”*' dipolar protic solvents
like methanol mainly undergo electrostatic interac-
tions with other dipolar solvents through hydrogen
bond formation which subsequently impart signifi-
cant structural alterations in the bulk. He studied
thermodynamic behaviour of methanol, dimethyl
formamide mixtures by determining excess isoen-
tropic compressibilities, excess volumes, excess vis-
cosities, excess Kirkwood correlation factor, etc.
From the study of Kirkwood correlation factor, he
observed that data in methanol, dimethyl formamide
mixture large aggregates of dipoles with predomi-
nantly parallel alignment are formed. Further, he ob-
served a minimum in excess isoentropic compression
and Kirkwood correlation factor at 0-55 mole frac-
tion of methanol. This is attributed to maximum di-
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pole interactions at this composition. In the present
kinetic study of benzyl bromide, piperazine system
the maximum rate observed around this composition
may be attributed to these interactions between
methanol and dimethyl formamide.
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