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Activation volumes∆V* are presently obtained by measuring the effect of pressure on the reaction rate. It is
implicitly assumed that the entire response of rate to pressure is volume related, i.e., acceleration by high
pressure reveals shrinkage as the reactants progress to the transition state, and vice versa. However, we now
demonstrate that high pressure accelerates some bond-making reactions in an additional, nonvolume-related
way, through its elevation of solvent viscosity. Diels-Alder reactions, 1,3-dipolar cycloadditions, and Claisen
rearrangements are accelerated by rising viscosity and are therefore subject to viscosity-associated acceleration
at raised pressures. This gives rise to the illusion of volume shrinkage along the reaction coordinate toward
the transition state, which we term phantom∆V*. Thus the true∆V* for these reactions, while negative, is
less negative than previously believed. Corrections in∆V*, calculated from experimental rate-viscosity plots,
range up to 61%.

Introduction

Volume of activation (∆V*) is an important criterion of
mechanism. It is defined in eq 1.2

Acceleration of a reaction by pressure means that the size of
the transition state (TS), which includes not only the reacting
atoms but also the surrounding solvent molecules, is smaller
than that of the reactants, and retardation by pressure means
that the TS is larger. For example, bond-forming reactions are
usually pressure accelerated and bond-breaking reactions pres-
sure retarded. However, sometimes solvent effects are over-
whelming, as with solvolyses which, although bond breaking,
are pressure accelerated owing to electrostriction of solvent by
the polar TS.3 Another example of solvent domination is the
Diels-Alder reaction. It is pressure accelerated as expected for
a bond-forming reaction, but the∆V* term arises predominantly
from reduction of empty space in the solvent around the TS
rather than from bond formation itself.4

It is generally assumed that the∆V* calculated from eq 1 is
truly a volume term. It is our thesis, however, that∆V* is only
partially volume derived, because increasing the pressure can
induce kinetic effects that do not arise from volume changes.
We propose the term “phantom activation volumes” for pres-
sure-induced rate changes that are defined as∆V* in eq 1 but
are in fact not volume related. It is important to identify them
because otherwise erroneous decisions regarding mechanism
might be made.

How can phantom∆V*s come about? One way is to have a
reaction whose rate is sensitive to solvent polarity. Since solvent
polarities rise modestly with pressure,5 such a reaction would
respond to increased pressure by a rate increase caused, not by
shrinkage in the TS, but instead by the pressure-induced increase
in solvent polarity.6 Of course, superimposed on this rate

increase might be another arising from electrostriction (a true
volume effect), and yet another positive or negative rate effect
resulting from bond formation or breakage. Thus only a portion
of the∆V* calculated from eq 1 would be a true∆V*, and the
other portion a phantom (negative)∆V*.

Another possible source of phantom∆V*s is the fact that
solvent viscosity usually rises geometrically with pressure.7 The
isomerization of azo compounds and benzylideneaniline, which
is normally slowed by high viscosity, shows a strong pressure-
induced retardation that arises, not from shrinkage, but instead
from the increase in viscosity created by the pressure.8 In this
instance the viscosity-derived phantom∆V* is positive, but a
negative one can also come about (vide infra).1,9,10

The Diels-Alder Reaction

Diels-Alder (DA) reactions are strongly accelerated by
pressure, with∆V*s ranging from-30 to-50 cm3/mol, which
are not far from the overall reaction volumes,∆VR (∆VR )
Vproduct - Vreactant).11 This has been interpreted in terms of a
concerted mechanism, in which both new bonds are forming in
the TS, rather than a stepwise-diradical mechanism, where only
one new bond is created in the rate-determining step (RDS).
We have opposed this interpretation4 on two grounds: (1) a
concerted mechanism would have an early TS while a diradical
one would have a late RDS TS, so that contraction arising from
bond formation would not differ much between them; (2)
shrinkage at the TS is so dominated by reduction in empty space
among solvent molecules that bond formation hardly affects
∆V* at all. Thus drawing mechanistic conclusions is not
warranted.

Another controversy involves the observation that|∆V*| often
equals or even exceeds|∆VR|,11 i.e., the TS is apparently no
larger, and may even besmaller, than the cycloadduct. This
has been attributed to secondary orbital interactions, but they
can be ruled out since often endo and exo cycloadditions do
not differ in their∆V*s.12 It is impossible for a partially formed
bond to be the same size, not to mention smaller than a fully
formed bond.
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∆V* ) -RTδ logk/δP (1)
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We propose that this apparent paradox can be resolved by
recognizing that a significant portion of the published negative
∆V*s for DA reactions are phantom volumes. This is because
solvent viscosities rise geometrically with increasing pressure7

and DA rates rise with increasing viscosity.13 This was first
recognized more than a decade ago,10 in an intramolecular case
(reaction 1) run in mono-, di-, tri-, and tetraglyme. Unfortu-
nately, quantitative calculation of phantom volumes was not
then possible owing to our somewhat imprecise viscometry, and
also to the fact that viscosity data had been obtained on pure
solvents but not the reaction mixtures themselves.

We now report accurate viscosities of the actual reaction
mixtures,1 enabling the determination of a reliable figure for
the rate-viscosity relationship. This relationship is also reported
for another DA, the dimerization of cyclopentadiene (reaction
2), run in pure linear saturated hydrocarbon solvents.1 For this
intermolecular case, as viscosity rises to about 1-2 centipoise
(cP), the rate first rises and then falls. The rise stems from
viscosity-induced acceleration in the collision-controlled regime.
Only the rising portion of the curve concerns us here, because
it is over this viscosity range that published activation volumes
were determined. These rate-viscosity relationships permit the
determination of what the accelerations would have been in the
pressure-accelerated DA cases had they arisen solely from
viscosity effects. The viscosity-induced acceleration turns out
to be a significant factor of the observed pressure-induced
acceleration. Clearly, therefore,all published ∆V*s are too
negatiVe for DA and other reactions that are viscosity-acceler-
ated, e.g., Claisen rearrangements (vide infra).

The simplest relationship between rate and viscosity is a linear
one, which was permitted by the 1981 data and tentatively
adopted at that time for parsimony’s sake.10 However, after
examination of all the DA pressure-rate data11 for which the
solvents’ pressure-viscosity relationships were available,7 it
became apparent that only a log-log relationship (natural log,
base e) gives straight lines (Figures 1 and 2).14 We therefore
calculated the phantom volumes in this manner. Since∆V*s
are usually based on the initial slopes, i.e., at atmospheric
pressure,2 the calculations involve little if any extrapolation
beyond our range of measured viscosities.

Figures 1 and 2 depict typical cases from the literature of
rates vs viscosities. The viscosities were obtained by replacing
the pressures in the original kinetic papers by the corresponding
viscosities at those pressures for those solvents.7 Of course only
a portion of the slopes arises from viscosity effects, but the
linearity is very good up to∼1 - ∼2 cP,15 and this is significant
because the viscosity-induced rate effects are a large portion of
the total.

Table 1 provides literature data for a large selection of
intermolecular DA cases for which both apparent∆V*s and
solvent viscosities under pressure are available, along with the
phantom∆V*s. These are defined as that portion of the apparent
∆V*s that arise from viscosity rather than from true volume

effects. Viscosity effects on the rates were taken as the initial
slope (0.96) of log reduced rate vs log reduced viscosity for
reaction 2, and of necessity were all assigned the same slope,
clearly an approximation. Phantom activation volumes, then,
are the ratios of 0.96 and each total slope, times apparent∆V*s.
In all entries the closest temperature between reaction and
literature pressure-viscosity data was used (e 20 °C); extrapo-
lation or interpolation with respect to temperature was not done.
Phantom∆V*s are as high as 61% and true∆V*s as small as
39% of the apparent∆V*s, a significant correction (but vide
infra).

Table 2 provides three literature examples of intramolecular
DA cases for which both apparent∆V*s and solvent viscosities
under pressure are available, along with the phantom∆V*s
which were calculated as before, but using the slope (0.204) of
the intramolecular DA (reaction 1) in ref 1. In all entries the
closest temperature between reaction and literature pressure-
viscosity data was used. In entries 2 and 3 which were done at
153 °C in hexane, we were limited to use pressure-viscosity
data of 75°C.16 Phantom∆V*s are as high as 21%, and true
∆V*s as small as 79% of the apparent∆V*s, a significant
correction (but vide infra).

We recognize, of course, that the use of only a single case
each of intermolecular and intramolecular DA to calculate
phantom activation volumes for all cases is only semiquanti-
tatively justified, since rate-viscosity slopes undoubtedly vary
from case to case. Thus only approximate conclusions can be
drawn, except for CPD itself.

Figure 1. Log reduced viscosity vs log reduced rate of selected
literature data. Data taken from Table 1 entry 4 (symbol1), entry 5
(symbolb), entry 17 (symbolO).

Figure 2. Log reduced viscosity vs log reduced rate of selected
literature data. Data taken from Table 1 entry 10 (symbolO), entry 13
(symbolb), entry 19 (symbol1).
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TABLE 1: Diels-Alder Cycloadditions
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Although it is clear that phantom∆V*s are indeed large, the
corrections do not settle the mechanistic controversy of con-
certed vs diradical, but they do resolve the paradox of TSs
seeming impossibly small. In all the cases where (|∆VR| -
|∆V*|) appeared to be<0, TSs are now seen to be comfortably
larger than the cycloadducts.

It is noteworthy that the rate-viscosity slope of the intramo-
lecular DA10 is much less than that of the intermolecular one.1

This is expected, because translation of the two reacting atoms
relative to each other is much more severely restricted in the
intramolecular case, and therefore the rate has less to gain by
way of soft collisions17 when the viscosity is increased.

1,3-Dipolar Cycloadditions

1,3-Dipolar cycloadditions are well known to be pressure
accelerated.11 We examined a typical case, diphenyldi-
azomethane and ethyl phenylpropiolate (reaction 3), in pure

saturated hydrocarbon solvents.1 Like the intermolecular DA it
is viscosity accelerated up to about 1-2 cP.1 Its rising slope of
log reduced rate vs log reduced viscosity is 0.277. We attribute
this relatively low value to electrostatic preassociation of the
somewhat polar reactants, which reduces the translational
component of their relative motion in the same manner that
intramolecularity does (vide supra).

Comparison of our observed slope with those of logk vs log
η (viscosity, cP) for several examples from the literature (Table
3) again shows that a significant portion of the apparent∆V*

is actually viscosity related and that the true∆V*s, with the

TABLE 1: Diels-Alder Cycloadditions

a Pressure-viscosity data of 25°C was used (ref 7c).b Pressure-viscosity data of 30°C was used (ref 7a).c Pressure-viscosity data of 60°C
was used (ref 7c).d Pressure-viscosity data of 75°C was used (ref 7a).e Pressure-viscosity data of 40°C was used (ref 7c).

TABLE 2: Intramolecular Diels -Alder Reactions

a Pressure-viscosity data of 30°C was used (ref 7a).b Pressure-viscosity data of 75°C was used (ref 7a).
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same caveat as before, are quite a bit lower than the apparent
ones. In all entries the closest temperature between reaction and
literature pressure-viscosity data was used (e 5 °C), and
extrapolation or interpolation with respect to temperature was
not done. The viscosity-rate slope used in the calculations is
0.277.1 Phantom volumes are as high as 26% and true volumes
as low as 74% of apparent∆V*.

The Claisen Rearrangement

The Claisen rearrangement, like the DA, is pressure acceler-
ated,31,32 but unlike the DA there is little or no reduction in
size during traversal of the reaction coordinate, since the molar
volume of allylacetaldehyde is only 6 mL/mol (5.4%) smaller
than allyl vinyl ether. This is not surprising since the numbers

TABLE 3: Dipolar Cycloadditions

a Pressure-viscosity data of 30°C was used (ref 7a).
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of bonds and rings do not change. Thus, in contrast to the DA
and 1,3-dipolar cycloadditions, the Claisen rearrangement
products gain almost no thermodynamic advantage over reac-
tants when the pressure rises.34 There is then only one volume-
related kinetic factor here instead of two, namely the fact that
the cyclic TS has one more ring than the reactant. It therefore
has a higher packing fraction,4 and the ensemble (TS+ solvent)
is smaller than (reactant+ solvent), giving rise to a negative
∆V*.

We have previously published on the rate increase with
viscosity of phenyl allyl ether to 2-allylphenol in hydrocarbon
solvents (reaction 4).10 From our data in Table 4, again with
improved viscometry on the actual reaction mixtures17b (rate-
viscosity slope is 0.118), we are able to calculate the (negative)
phantom∆V* of reported Claisen rearrangements. In all entries
the closest temperature between reaction and literature pressure-
viscosity data was used. In entries 3 through 6, which were
done significantly higher than 75°C, we were limited to
pressure-viscosity data of 75°C.16 Once again there is a
significant correction of the apparent∆V*s,1 which are lowered
by 12-28%. Relatively low rate-viscosity slopes are seen for
this intramolecular reaction as with the intramolecular DA (vide
supra) presumably for the same reason.

Conclusion

All activation volumes for Diels-Alder reactions, 1,3-dipolar
cycloadditions, and Claisen rearrangements include a significant
portion that is not volume related, which we term phantom
activation volumes. They arise from the fact that these reactions
are accelerated by rising solvent viscosity. Activation volumes
are determined by running the reactions at increasing pressure,
which unavoidably causes increasing viscosity also, and this
imposes a previously unsuspected influence on rates that is
independent of volume. The corrections we have calculated,
while subject to uncertainty because rate-viscosity slopes were
experimentally determined for only a few of the many cases in
Tables 1-4, cannot but be significant fractions of the total
activation volumes.

It seems likely that many other reactions will exhibit viscosity
acceleration. Some other possible examples that we ascribe to
viscosity acceleration have previously appeared in the litera-
ture,35 and we have plans to go further afield. In all of these
cases it will be necessary to make corrections for phantom
volumes for each reaction if possible in order to uncover the
true ∆V*s, if meaningful mechanistic conclusions are to be
drawn.
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