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ABSTRACT: Aqueous solutions of guanidinium perchlorate (GnClO,), bromide (GnBr), chloride (GnCl) and acetate
(CH3COOGn) inhibit the reaction rates and endo products for the cyclopentadiene—methyl acrylate (CPMA) reaction,
whereas that of guanidinium sulfate (Gn,SO,4) accelerates them. These contrasting results obtained for the
guanidinium salts are interpreted in terms of the salting-in and -out phenomena and by salting coefficients computed
from the scaled particle theory. The contrasting effect of Gn,SO, on the kinetic profiles of the Diels—Alder reactions
reported for the first time can be attributed to the dominant role of SO,*~ over Gn™ ion. It is also shown how the
salting-out effect of NaCl can be neutralized by the salting-in effect of GnCl in the above reaction. This effect can also
be explained in terms of mixing of hydrophilic with hydrophobic cationic species. The effects of the guanidinium salts
are also supported by experimental data on solubility, surface tension, volume, compressibility and activation volume.
The activation volume of the CPMA reaction calculated from the experimental volumetric data is shown to be salt

dependent. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Salt solutions prepared in aqueous and non-aqueous
solvents have a pronounced effect on the reaction rates of
Diels—Alder (DA) reactions, in spite of the fact that these
reactions involve isopolar activated complexes (for a
recent comprehensive review, see Ref. 1). For instance,
LiCl enhances reaction rates of DA reactions, whereas
LiClO4 and guanidinium chloride (GnCl) inhibit them.
During the course of our studies on the kinetics of these
reactions, we noted some interesting features of several
guanidinium salts on the cyclopentadiene-methyl acry-
late (CPMA) reaction. In this work, we show that
guanidinium sulfate, Gn,SO,, accelerates the reaction
rates of CPMA reaction, in contrast to other guanidinium
salts such as GnBr, CH;COOGn and GnClO,, which
reduce them. This interesting effect of Gn,SO4 on the
above reaction is supported by several properties of
solutions, such as surface tension, solubility, salting
behavior and volumes. We make use of our published
information on the neutralization of water-ordering and
-disordering characteristics obtained from thermody-
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namic properties of the mixing of Na™ and Gn™ species”
and show how the mixture of hydrophilic and hydro-
phobic ions can alter the reaction kinetics. We also
analyze the experimental rate data in terms of experi-
mentally determined activation volume of this reaction.
This work is a part of our continuing efforts to delineate
the forces responsible for the effect of salts on kinetics of
Diels—Alder reactions.'”

EXPERIMENTAL

Commercially available AR-grade NaCl, GnCl and
Gn,SO, purchased from Aldrich Chemical were recrys-
tallized from water and dried under vacuum. GnBr,
CH3;COOGn and GnClO,4 were prepared as reported in
the literature.* The salt solutions were prepared in
deionized water.

Cyclopentadiene (CP) was freshly cracked from its
dimer (Merck) just before its use. Methyl acrylate (MA)
obtained from Merck was used after distillation.

In a typical run, 0.6 ml (7.26 mmol) of the freshly
cracked CP was dissolved in 2 ml of the salt solution.
Then, 0.6 ml (6.66 m mol) of MA was dissolved in 10 ml
of the salt solution. The solution containing CP was
added to the solution containing MA. The reaction
mixture was magnetically stirred for about 5 h.
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Fiqure 1. (a) Dependence of the rate constants, &, (I mol™’
s~ '), on the salt concentration for the CPMA reaction in
Gn,SO, (M), CH3COOGN (A), GnCl (@), GnBr (), GnClO,
(W) and Na,SO,4 (). (b) Endo (%) versus salt concentration
for the CPMA reaction in the guanidinium salts; symbols as in

(a)

The endo and exo products were determined using
NMR as discussed in the literature.” Each reaction was
carried out three times and the average was treated as the
final reading.

The reaction rates were determined by a procedure
outlined elsewhere.® This study was performed under

pseudo-first-order conditions with 4 mmol of CP and
39.5 mmol of MA. The progress of the reaction was
followed at 250 nm, in which the first-order disappear-
ance of CP was observed over two half-lives. The
pseudo-first-order rate constant was recorded to be first-
order in MA, yielding a second-order rate constant
k, =25 % 107* Imol ! s7! in water. The rate constants
were precise to within 1.6% as calculated from triplicate
measurements.

The solubilities of MA were determined by measuring
the optical densities of a solution saturated with MA in
both pure water and salt solutions with a Lambda 15 UV
spectrophotometer (Perkin-Elmer) at 196 nm.” The
changes in the ionic concentrations produced negligible
changes in the absorptivity of MA.

The entire experimental work was conducted at 298 K
using a constant-temperature bath (Julabo) with an
accuracy of £0.01 K.

RESULTS AND DISCUSSION

The CPMA reaction was carried out at different
concentrations of GnCl, GnBr, CH;COOGn, GnCIlO4
and Gn,SO,4. The rate constants and endo products
obtained are listed in Tables 1 and 2, respectively. In Fig.
1(a) we plot the concentration dependence of the rate
constants, kp, in different guanidinium salts. Similarly,
the variation of endo products with the salt concentration
is shown in Fig. 1(b). GnCl decreases both the reaction
rates and endo products for this reaction throughout the
concentration range studied. Examination of the plots of
rate constants, k, versus salt concentration in Fig. 1(a)
suggests a decrease in the rate constants with respect to
the salt concentration of GnCl, GnBr, CH;COOGn and
GnClO,. For example, CH;COOGn, GnCl, GnBr, and
GnClOy4 at 2 M salt concentration decrease the reaction
rates by 44, 56, 63 and 84%, respectively. Thus, the order
in which these guanidinium salts affect the progress of
the reaction is CH;COOGn < GnCl < GnBr < GnClQy,.
This is also true for the endo products obtained for this
reaction. For example, at a 1 M salt solution, the endo
product is decreased by 7, 13, 16 and 21% in aqueous
CH3;COOGn, GnCl, GnBr and GnClO,, respectively,
compared with that in water alone. The decrease in the
endo products, at 1 M, for instance, is linearly related to

Table 1. Rate constants, k,, for the CPMA reaction in different guanidinium salts (k, in pure water =25 x 1074 Imol~" s

kr x 10* Imol~! s71)

Salt Na,SO, ks x 10*
(mol 171 GnCl GnBr CH;COOGn GnClO, Gn,SO, (mol 171) (Imol~'s™h
0.5 20.0 185 21.0 16.8 30.0 0.25 29.5
1.03 17.0 15.5 20.1 10.5 33.1 0.48 32.1
1.51 13.3 11.0 17.0 7.8 36.2 0.78 34.3
1.95 11.0 9.2 14.1 4.1 39.3 1.01 37.3
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Table 2. The endo (%) products of the CPMA reaction in aqueous solutions of different guanidinium salts (endo product in pure

water = 66.6%)

GnCl GnBr GnClO4 CH3COOGH ansO4 Nast4

Salt Endo Salt Endo Salt Endo Salt Endo Salt Endo Salt Endo
mol 1™ (%) (mol 1™ (%) (mol 17" (%) (mol 17" (%) (mol I7Y (%) (mol 17" (%)
0.42 61.8 0.32 61.6 0.22 61.4 0.3 65.2 04 70 0.18 71.0
0.68 61 0.7 59.2 0.5 57.9 0.61 62 0.7 73.5 0.4 72.5
1.01 58.2 1 56.4 0.8 55.6 0.85 61.6 0.94 74.5 0.64 77.1
1.28 57.4 1.02 55.8 1.1 49.8 1.2 58.8 1.39 77.6 1 79.2
1.5 54.8 1.58 52.4 1.14 52.4 1.25 59.5 1.7 80

1.84 54.2 1.89 52.1 1.8 47 1.9 55.4 1.9 81.5

1.9 53 22 49.8

the anionic radii of the guanidinium salts (with correla-
tion coefficient r = 0.9857), confirming that the effects of
guanidinium salts in a DA reaction follow the Hofmeister
series.® We noted that Gn,SO, did not follow the
Hofmeister series, possibly owing to ion-pair formation.
This point is discussed later.

The most important point of this investigation is the
effect of Gn,SO,4, which is observed to enhance both the
reaction rates and endo products. A 56% increase in the
rate constant, k,, at 2 M Gn,SQOy is noted with respect to
that in pure water. Similarly, the endo products are
enhanced to 81.5% at 2M of Gn,SO,4, compared with
66.6% obtained in pure water.

The behavior of the guanidinium salts with different
anions seems very interesting, particularly as Gn,SO,
displays opposite effects to those shown by GnCl, GnBr,
CH;COOGn and GnClQy4. The associated anions of the
guanidinium, i.e. C1~, Br~, CH;COO™ and ClO,, are
seen to offer higher exo products. However, Gn,SO,
reverses this trend by yielding higher endo products.

Since guanidinium is a common cation in all the salts,
this effect is expected to emerge as being due to anions.
The variations in the reaction rates and endo products can
be attributed to the salting-out (S-O) and -in (S-I)
phenomena.6’9 It appears that GnCl, GnBr, CH;COOGn
and GnClO, act as S-I agents and Gn,SO4 as an S-O
agent. The guanidinium salts with SCN™, CI™ and
CH;COO™ ions are known to be potential destabilizers
of proteins.g On the other hand, Gn,SO, was noted to
enhance the transition temperature of the proteins, thus
acting as a stabilizer, unlike other guanidinium salts.'® It
is suggested that although the effect of guanidinium
cation is to decrease the transition temperature, the
overall effect of the salt on the system depends on the
constituent anion of the guanidinium salts.'®'" The
SO4>~ ion in aqueous solution is known to be an S-O
species.'? In general, salts containing SO4>~ anion act as
S-0 agents. The S-O nature of SO4>" is reasonably strong
to influence the S-O or S-I nature of a cation to an
appreciable extent. On the other hand, Cl1O,4 " is a strong
S-1 species. We have recently shown that an S-O ion
converts into an S-I agent depending on the nature of

Copyright © 2002 John Wiley & Sons, Ltd.

solvent which is used to prepare a salt solution.*® Thus, a
strong S-O anion, such as SO4*~ will over-compensate
the S-I tendency of guanidinium ion. The contrasting
effect of Gn,SO, was also observed during the
investigation of efficacy of various protein denaturants
(guanidinium salts) as hydrophobic bond breakers (in
Ref. 13, the molecular basis of the relationship between
the nature of ionic solutes and surface tension is
described). It was observed that GnSCN showed a strong
disruptive effect and increased the critical micelle
concentration by several orders, of magnitude, whereas
Gn,SO, stabilized the micelles. On the other hand, S-I
anions such as C1™, Br, SCN—, ClO, ", etc. will further
enhance the destabilizing behavior of their salts with
guanidinium ion.

From the results on proteins and this study, it appears
that these anions themselves increase the rate-retarding
power of Gn' in the order ClO,~ >Br~ >CI~
>CH3COO™, as these anions act as S-I species, which
further supports the S-I tendency of Gn™. If S-I and S-O
play effective roles in the reaction kinetics, it would be of

0.9 1 1 1 i
0.0 0.5 1.0 1.5 2.0

[salt] / mol I

Figure 2. Relative solubilities of methyl acrylate, (5/So)ma, in
guanidinium salts; symbols as in Fig. 1
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Figure 3. Plot of k, (Imol™" s™") versus (5/So)ma (A) and plot
of endo (%) versus (5/So)ma (©) for the CPMA reaction in 1 M
salt solution. 1=Gn,S04 2=H,0; 3=CH3COO0Gn;
4 =GnCl; 5=GnBr; 6 =GnClO,4

interest to investigate the solubilities of reactants in the
aqueous guanidinium salts. In Fig. 2, we plot the relative
solubilities of methyl acrylate (S/Sp)ma (S and Sy are the
solubilities of MA in the salt solution and water,
respectively) in aqueous CH3;COOGn, GnCl, GnBr,
GnClO,4 and Gn,SO,4 solutions as solid symbols. It is
noted from Fig. 2 that CH3COOGn, GnCl, GnBr and
GnClOy increase the solubility of MA up to 2M salt
solutions, indicating the S-I behavior of these salts. The
(8/So)ma values are weakly altered by CH;COOGn. The
decrease in the solubility of MA in Gn,SO, clearly
indicates the S-O phenomena governing the rate accel-
eration. To elucidate the direct correlation of (Syia/So)ma
with the rate profiles, we have plotted in Fig. 3 the values
of k, and endo products as a function of (8/Sp)ma at 1 M of
each salt. The linear plots with steep slopes indicate the
effective role of the increase or decrease in solubilities of
the reactants on the kinetic progress of the DA reactions.
Both the experimental solubility data and the calculations
confirm that the S-I and S-O can be assigned as rate-
controlling factors in the D-A reactions. Log(Sy/S) = logf,
where f'is the molar activity coefficient, when calculated
from the above solubility data correctly predicts the sign
of the S-I and S-O coefficients.

Since the solubility of cyclopentadiene is very low in
water, the reaction is likely to occur at the interface,
hence a correlation of the rate profiles with the surface
tension of aqueous guanidinium salts should be informa-
tive. These correlations for k, and endo products with
respect to the change in surface tension of water upon
addition of salts, Ao (data are from recently published
work),'* are given in Fig. 4(a) and (b), respectively. Both
k, and endo products are linearly related with Ag in all
the salt solutions. Although in the case of Gn,SO, the ky—
Ac plot is slightly curved, it can be treated as linear
considering the experimental errors in the determination

Copyright © 2002 John Wiley & Sons, Ltd.

of k,. In Table 3 are listed the slopes of the plots obtained
from the linear regression of the data plotted in Fig. 4(a)
and (b). The values of slopes are positive for both k, and
endo product in the case of Gn,SO,. The negative slopes
and their magnitudes indicate the abilities of other
guanidinium salts in retarding the rates of the reaction.
These strong correlations also prove that the surface
tension of the guanidinium salts can be an effective
property in determining the progress of the reaction. In
fact, the slope values for the guanidinium salts, except for
Gn,S0Oy, vary linearly with the anionic radii.
Concerning the surface tension data, both the cavita-
tion and solvation phenomena assume importance. Our
published data'* show that for GnClOy, the increase in the
surface tension of water is the least among the entire rate-
retarding guanidinium salts. The slow increase in surface
tension at a given concentration follows the order
GnClO4 < GnBr < GnCl < CH3COOGn. This change
in surface tension implies that the formation of cavities is
not easy in these salt solutions. Hence the effect should
originate from the solvation, i.e. the interaction of ions
with the hydrocarbons of organic molecules. This
argument is consistent with the S-I behavior of the rate-
retarding guanidinium salts. Let us now examine the
surface tension of aqueous Gn,SO,, which increases
sharply with increase in salt concentration. This change is
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Figure 4. Plots of (a) k> (Imol~" s~") and (b) endo (%) versus
Ac (Nm~"in guanidinium salts; symbols as in Fig. 1
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Table 3. Values of ky/(As) and endo/(Ac) in different
guanidinium salts for the CPMA reaction

ko/(Aa) endol(Aa)
Salt (Imol~ ' s7' N~! m) (N"''m)
GnCl —0.11 —10600
GnBr —0.14 —14600
CH;COOGn —0.07 —7667
GnClO, —0.19 —24333
Gn,SO, 0.0812 8375

similar to that observed with the rate-enhancing salts
such as LiCl, NaCl, etc.,'"> where the rate enhancing
effect is attributed to increased electrostriction'® among
other forces operating in the solutions.

Next, we examine the issue of the rate acceleration by
Gn,SO, in contrast to other guanidinium salts. The S-O
effect of Gn,SQ,, as discussed earlier, is the result of
dominant S-O interactions due to SO,>~ over the S-I
interactions arising from Gn™. It is possible to obtain
information on the ion—water interactions from the
volumetric measurements of the guanidinium salts.
Ion—water interactions in a salt solution can be under-
stood in terms of volume and its pressure dependence. In
this connection, the partial molar volume, ¢+°, and
compressibility ¢°, yield valuable information. The ¢v°
values from our recent work'’ are 69.92, 79.84, 54.94,
92.33 and 18.66 x 107 m’mol~' for GnCl, GnBr,
CH3;COOGn, GnClO,4 and Gn,SO,, respectively, and
the ¢° values for GnCl, GnBr, CH;COOGn, GnClO,
and Gn,SO, are —10.04, —9.09, —21.61, —1.51 and
—3823x 107" m*mol™" Pa”’, respectively. The
values of ¢°y and ¢°k for Gn,SO, are the lowest among
the guanidinium salts studied here. For instance, ¢v° and
¢x° for Gn,SOy,, a rate- promoting salt, is about 5 and 25
times, respectively, lower than those of GnClO,4, a most
effective rate-retarding salt. These low values of ¢°y and
¢°k for Gn,SQ, indicate the increased electrostriction
compared with that in other guanidinium salts.'® The
increased electrostriction or decreased volume around
ionic species causes the reactants to squeeze out and then
participate in the reaction, leading to the rate accelera-
tion. GnClO,, the most effective rate-retarding salt, is
characterized by the highest ¢v° (18.66 x 107
m’mol™") and ¢x° (—1.51 x 107" m’ mol™" Pa™h),
indicating the least degree of electrostriction or the
dominance of anti-electrostriction effects. Both ¢v° and
¢k follow the order in which these guanidinium salts
affect the reaction rates and endo products of the reaction.

The ¢v° and ¢°k data for other guanidinium salts show
that both Gn™ and its constituent anion together exert the
S-I effect. Both ¢v° and ¢°k follow the order in which
these guanidinium salts affect the reaction rates and endo
products of the reaction. In fact, if we analyze the ¢v°
and ¢°¢ data for Gn,SO, in terms of principle of
additivity for volumetric properties,'® we note a large

Copyright © 2002 John Wiley & Sons, Ltd.

non-ideality in the case of Gn,SO,. Is this non-ideality in
the thermodynamic properties due to the ion pairing by
species GnSO4~ ? The conductance data (A. Kumar,
unpublished data; the conductance data on aqueous
Gn,SO, give log K5 =0.31 indicating ion pairing in the
solution) on aqueous Gn,SO, solution confirm the
presence of the ion pairs, but how these ion pairs affect
the reaction rates is not yet clear to us. The aqueous
Gn,SO, possibly behaves like a mixture of free Gn™,
S0,>~ ions and GnSO ™, ion pairs, of which S0O,* is the
most effective. The rate enhancements with increasing
Gn,SO,4 concentration, however, indicate that free SO42*
ions dominate over the solubilization of hydrocarbons by
Gn™ and ultimately accelerate the reaction. The ¢y° and
¢°x data for other guanidinium salts show that both Gn™
and its constituent anion together exert the S-I effect. In
terms of McDevitt and Long’s theory” of salting effects,
the use of ¢° values together the molar volumes of CP
and MA can yield the salting coefficients, kg, as positive
for Gn,SO4 and negative for other guanidinium salts.
This theory, however, fails to predict the salting
coefficients due to simplified assumptions made during
its development.

In order to confirm the role of ¢v° and ¢°k on the
salting phenomena, we calculated the x, values for each
salt by using the scaled particle theory,'” as described by
Shoor and Gubbins.'*? According to this theory, the
salting coefficient g is calculated by combining the
contributions due to the cavity formation, x,, and
introduction of an organic molecule to the cavity, Kp.
The number density of solution species is given by x.. The
input parameters for computing x, values for the
guanidinium salts are the ionic radii and the diameter of
water molecule taken from the compilation of Marcus.*”
The ¢+° values required in the calculations are taken from
our work?! as noted above. The «, values can be estimated
from the energy and polarizibility parameters of CP and
MA molecules taken from earlier work.?’ The K. values
are estimated from ¢v° of the individual salts in water.
The x, values for each salt listed in Table 4 indicate the
expected trend in the salting coefficients. Negative i
values are obtained for all the rate-retarding guanidinium
salts and a positive i for the rate-promoting Gn,SOy.
Further, a linear correlation exists between k and ¢° of
these salts with an intercept and slope of —0.446 and
—0.0175 x 10" m~* mol Pa, respectively. Both «k, and x,
for these salts follow the order in which the latter affect
the rate constants and endo products. The effects arising
due to x, and «;, compete with each other to yield the total
salting coefficient. In the case of CH3;COOGn, GnCl,
GnBr and GnClOy, higher negative values indicate strong
solute—solvent interactions, i.e. solvation of hydrocar-
bons. The higher negative k;, values out-compete the
small positive k, values leading to the phenomenon of
solvation of hydrocarbons by the rate-retarding salts. In
contrast, a high positive k, value is obtained for Gn,SQOy,
suggesting the high cost of cavitation. The roles of the x,
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Table 4. Components of the salting coefficients, ks, of GnCl,
GnBr, CHsCOOGn, GnClO, and Gn,SO, solutions as
computed using scaled particle theory for the CPMA reaction
(’is =Ka+ kp + "'fc)

Salt Ka Kp K Ks

GnCl 0.090 —0.323 —0.032 —0.265
GnBr 0.066 —0.350 —0.037 —0.321
CH;COOGn 0.125 -0.215 —0.005 —0.095
GnClO, 0.046 —0.373 —0.056 —0.383
Gn,SOy4 0.258 —0.069 0.050 0.239

and x;, terms in the reaction kinetics can be easily
explained based on surface tension data.

In order to assess the effect of SO,>~ on the kinetic
progress of the reaction, we carried out a few reactions in
Na,S0,. Addition of Na,SO, in an aqueous environment
is noted to increase both the rates and endo products.
These results are within our expectation as both Na™ and
S0,>~ are S-O species. The effect of Na,SO,4 on the
reaction rates and endo products is more pronounced than
that of Gn,SQO,, as the effect of SO42_ in Gn,SOy is
reduced by Gn™, whereas in the case of Na,SO,, both
Na™* and SO,*~ being S-O ions combine to enhance the
reaction profiles. A comparison of two salts over the full
concentration range is not possible, however, owing to
low solubility of Na,SO,4 in water. These results (from
Tables 1 and 2) are plotted in Fig. 1(a) and (b).

If we argue that the decrease in the rates and endo
products in the presence of GnCl results from the ion—
water interactions, reactant solubilities and other salt-
specific properties, more information can be extracted by
carrying out the reactions in the ionic environment with
contrasting ionic effects. We have recently demonstrated
the mixing effects in the aqueous NaCl-GnCl system
where the excess Gibbs free energy, AmGE, volume,
AnVE, and compressibility, A,K" of mixing were
computed from thermodynamic and volumetric data.”
At a given ionic strength of this mixture, negative A,,G"
values in the GnCl-poor region indicate that water
molecules are ordered in this concentration range. Above
20% GnCl, further addition of GnCl in the NaCl solution
increases A,,G" until it reaches nearly zero at about a
50% mixture of the salts. The A,G" values in the
extremely GnCl-rich region are positive, suggesting a
water-disorder zone. A neutralization of water-ordering
and -disordering effects takes place in about 50% NaCl
and GnCl mixtures. Other properties, Ap,V® and A, K",
obtained from independent experimental density and
sound rates also confirm this finding overall, it can be
stated that appropriate mixing of a hydrophilic cation
(Na™) with a hydrophobic cation (Gn™) can give rise to a
reaction environment similar to that offered by water.

Guided by this experimental observation, we first set
out to carry out the reaction in 1 M GnCl and then in a
series of mixtures having different concentrations of
NaCl. The concentration of GnCl was kept constant at

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 5. Variations in the reaction rates, k, (Imol~" s7"),
and endo products for the CPMA reaction in mixtures of
GnCl (1 M) and increasing NaCl concentrations

1 M throughout. The results of this study are plotted in
Fig. 5 for the endo products and reaction rates. The k,
value at 1 M GnCl (17 x 107* 1mol~" s7') increases on
addition of NaCl and reaches the values recorded in pure
water (i.e. 25 x 107 Imol ™' s™") at about 1 M NaCl. A
similar trend is also observed in the case of the endo
products. The endo product at 1 M GnCl, i.e. 58%, also
increases on addition of NaCl and reaches the value
obtained in pure water (66.6%) at about 0.9 M NaCl. The
concentration of NaCl required in both the cases is almost
same. Beyond ~1 M NaCl, k, and the endo product vary
in the expected manner. The values of k, and endo
product with a mixture of 1 M GnClI and ~1 M NaCl are
identical with those obtained in pure water, suggesting
that this mixture gives rise to an ionic environment which
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Figure 6. Variations in the relative solubilities of MA (5/Sg)ma
in mixtures of GnCI (1 M) and increasing NaCl concentrations
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Figure 7. Calculated activation volume, AV# (m® mol™"), of
the CPMA reaction versus the salting coefficients, ks, of
different guanidinium salts; numbering as in Fig. 3

is similar to pure water in terms of rate-influencing
properties. This is an important point in the current
investigation. In a broader sense, the S-I effect produced
by 1 M GnCl is neutralized by the S-O effect of 1 M NaCl.
This is possibly the reason why the use of an NaCl-GnCl
mixture with definite composition yields reaction rates
and endo products which are also obtained in pure water.
The details of binary and ternary interactions are given
elsewhere;2 however their role in determining the
kinetics of DA reactions is difficult to determine.

The reaction rates and endo products in the NaCl—
GnCl mixture are further supported by the solubility
measurements of MA in these mixtures in the form of a
plot between (S/Sp)ma and the concentration of NaCl, as
shown in Fig. 6. The enhanced (S/5o)ma values in 1 M
GnCl, i.e. the S-1 effect, gradually decreases on the
addition of NaCl and approach a zero salting effect at
(8/So)ma — 1 at a concentration of about 1M added
NaCl.

The DA reactions are accompanied by negative
activation volumes (AV*).?> The AV* value for a DA

reaction is often suggested to be solvent independent. We
calculated the AV* values of the CPMA reaction in
guanidinium salts by measuring the densities and the
method suggested by McCabe et al.>* The components of
the volumetric parameters, i.e. partial volumes of CP,
MA and transition states, denoted by Vcp, Vpa and Vg,
respectively, in aqueous guanidinium salts are listed in
Table 5. The volume of transition state, Vrg, is the lowest
in Gn,SO,4 and the highest in GnClO,4 solutions. The
order in which Vg varies agrees well with the order in
which these salts affect the reaction rates. The reported
AV* value for this reaction is —30.1 x 107® m® mol~" at
the reaction temperature. The lowest AV* [i.e. more
negative; (—31.8 £0.4) x 107 m’>mol™!] value is
observed in aqueous Gn,SO,4 and the highest [i.e. less
negative; (—28 £ 0.5) x 10~° m® mol '] in GnClO,. As
can be seen in Fig. 7, the AV* values obtained correlate
linearly with the salting coefficients, kg, of the guanidi-
nium salts with a correlation coefficient of 0.9818 for the
CPMA reaction. The AV* profile of the reaction in these
solutions further confirms that addition of Gn,SO,4 will
accelerate the reaction, in contrast to GnClO,4, GnCl, etc.
The more compact transition state, i.e. with lowest AV#,
indicates the higher degree of hydrophobic packing of CP
and MA in Gn,SO, solution. Other guanidinium salts
investigated here decrease the hydrophobic effects.

In recent work, Swiss and Firestone®* suggested that
AV* obtained from the pressure dependence of rate data
was not truly an activation volume term. They incorpo-
rated a new term called the ‘phantom activation volume’
to account for the pressure-induced kinetic progress.
Their thesis is significant but in view of complex ionic
interactions in salt solutions, we are currently unable to
extend this to our system. As the salt solutions employed
in the above DA reaction are concentrated solutions, it is
not easy to separate different ionic interaction terms and
to incorporate them in the reaction kinetics. We have now
begun to calculate these effects after the work of Swiss
and Firestone.

CONCLUSION

We have shown the anomalous behavior of Gn,SO,
compared with other guanidinium salts on the kinetics of

Table 5. Volume components of CP, MA and transition states in different guanidinium salt solutions and the activation volumes

obtained from the density measurements at 298.15 K

Medium 10%Vep (m*> mol™) 104 (m> mol ™) 10%Vrs (m> mol™Y) 10°AV#* (m* mol™)
Water 83.51 91.54 144.99 —30.06
Gn,SO, 87.20 86.22 142.00 —31.42
CH;COOGn 85.60 89.68 1455 —29.78

GnCl 85.80 90.16 146.60 —29.36
GnBr 85.00 91.70 147.50 —29.20
GnClO, 84.00 92.90 148.10 —28.8
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the reaction of cyclopentadiene with methyl acrylate. The
variations in reaction rates and endo products can be
understood in terms of the salting effects. The solubility,
surface tension, volume, compressibility and activation
volume data support the experimental findings reported
above. It is possible to prepare a solvent medium
comprised of species with opposing salting effects to
exhibit a water-like influence on the kinetic data of the
reaction.
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