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COMMENTS

other volume elements affecting the reaction profile, and ruling
them out as invalidating the approach.

However, in the past few years, the high-pressure argument
has been revisited by Swiss and Firestone (S&F), who were
led to do so by the well-known fatthat the viscosity of liquids
tends to rise when the pressure is raised. Presenting data
apparently showing that the rates of some Didtder reactions
are higher in more viscous media, they ardgdethat the
activation volume needs to be corrected because it is partly of
a phantom nature, and that when this is done, the remaining
and presumably real part is insufficient to support the claim of
concertedness. S&F further used their data to support the concept
of “vibrational activation”, in which the cycloaddition process
more fruitful than that of molecular orbital symmetry control requires “reactants, one of which is vibrationally excited.” These
of the stereochemistry of pericyclic reactiona.simple count ideas were subsequently questioieahd defended on theo-
of electrons suffices to divide such reactions into “allowed” and retical grounds.

“forbidden” ones and then to predict their configurational The two cycloaddition reactions studied by S&Were the

outcomes. Despite its usefulness, only two generally applicable dimerization of cyclopentadiene and the dipolar addition of
approaches have been designed to serve as experimental suppatiphenyldiazomethane (DPDM) and ethyl phenylpropiolate
for the concerted nature of allowed reactions: stereochemistry (EPP). The first of these two reactions, the rates of which were

Comment on “Phantom Activation Volumes”
Sefton D. Hamann* and William J. le Noble#

43/155 Warrigal Road, Burwood, Victoria 3125, Australia,
and Department of Chemistry, State Weisity of New York,
Stony Brook, New York 11794

Receied: August 22, 2003; In Final Form: March 9, 2004

Introduction

Few ideas in physical organic chemistry have proved to be

and piezochemistry. The DietAlder reaction may serve to
illustrate the point.

7N
]
.-

If the reaction is concerted, with a single transition state, the
dienophile centersiustmaintain the same configuration through-
out the process, including the product stage; if it is stepwise,
the open-chain diradical intermediateednot. Bartlett has on
that basis provided beautiful examples of some Didlkler
reactions that fit the concerted mold, and others that d& not.
To make the distinction, it is necessary to assume that the
diradical intermediate is sufficiently long-lived to undergo one
or more single-bond rotations. The iconoclast may of course
maintain that retention of configuration only proves that the
intermediate was too short-lived to permit such rotations, and
not that it did not occur at afl.

The high-pressure approach makes use of the fact that bond
formation is characterized by volume shrinkage. Because the

activation volume of DielsAlder reactions thought to be
concerted is generally close in magnitude to the overall reaction

volume, the argument is that both bonds must have made

significant progress toward formation when the transition state
is reached.In this field, Stewart has providédtriking examples

of Diels—Alder reactions in which some of the molecules do,
and others do not, follow the concerted pathway. In recent times,
Klarner has refinetithe argument by accounting in detail for
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measured in a series af-alkanes ranging from octane to
heptadecane, showed a pronounced maximumdodecane,
followed by a decline in the higher MW solvents. S&F used
the rising part of the curve to support their notion of phantom
activation volumes, but offered only unsubstantiated sugges-
tions!3 to explain the return to more nearly normal values in
the most viscous solutions. When new data are used to propose
the negation of a substantial body of literature and its replace-
ment by a radical new idea, one criterion on which its possible
acceptance must rest is laboratory information of unquestionably
superior quality. Van Eldik therefore tried to extend the available
rate data for the first reaction by measuring the monomer
concentration over a wider range of conversion but came to the
conclusiod“ that there simply was no viscosity dependence of
the sort that S&F had claimed, and which they subsequently
defended® We have now carefully scrutinized S&F’s data for
the second reactichthe details of which have hitherto appeared
only in their unpublished Supporting Information, and report
our analysis here.

One reason for our interest was the fact that S&F treated the
data as a pseudo-first-order proc&sthe initial concentration
of the EPP having been about 10 times higher than that of the
DPDM. We therefore recalculated the second-order rate con-
stants more rigorously on the basis of the exact expression (1):

1 b(a—x)
= a-b "ab—x @

wherea andb represent the initial concentrations of EPP and
DPDM andx is the concentration of the product formed in a
timet. The results are recorded in Table 1; the valuek;@ire
those arrived at by means of a linear least-squares fitting
procedure, which assumes no errortiand which allows a
nonzero intercept. An example of our calculations may be seen
in our Supporting Information. Table 1 reveals several features
worth noting.

One of these is the precision of the measurements: this is
uniformly good, with an average deviation of the individual
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0.05 | TABLE 2: RSOS- and k; Ratios in Duplicate Runs
. ° n-alkane  RSOS (2)/RSOSE) ko(2)ka(1)P  Koapd2)Kzapd 1)
©
CgH1s 0.97 1.00 1.02
Lk
ka. 1/mol.h 3 CasHas 0.98 0.99 1.00
- - - = - — _’;/{-::”,_“":/j-_: CiaHzs 1.02 1.13 111
w/____—ge—"o ® °© C14H30 1.02 0.87 0.86
004 - — CisHs2 1.03 0.91 0.90
CigH34 1.00 1.02 1.01
° CiHse 1.01 1.40 1.38
o aReported by S&P. ° Calculated by the present authors on the basis
n, cP of eq 1.¢Calculated by the present authors on the basis of the
—_— approximate eq 3.
03 . . : = . .
00 0 | 2 3 error, we established that the numerical values of the RSOS

Figure 1. Plot of the rate constants of the reaction of DPDM and EPP conform to the following relationship:

in variousn-alkane solvents vs solution viscosity. In one of the two “3 b b

cP experiments”, the viscosity was not measured and was assumed (by RSOS= 10° a In b_ )
us) to be the same as in the other. X

To give one example, the first run imoctane is reported as

i _ _ _ 1
TABLE 1. Summary of S&F’s Rate Data for the Reaction having a slope;-[In{b/(b = x)}}/t, equal t0-0.01692 [,

of DPDM with EPP ‘in Various n-Alkanes at 30°C and indeed, if this value and the initial concentration valaes,
= 0.423 andb = 0.0479 mol =1, are substituted into eq 2,
n-alkane exp no. %reacn no.ofdatq, Limolh) % error 4, cP RSOS is found to be 19167k which is the value reported
CgHis 1 42 8 0.0415 26 054 (though without the units). All RSOS given in S&F’s Supporting
2 40 4 0.0415 0.5 056 Information agree closely with the values calculated on the basis
Caztze % gg 11 8'3‘&3 g% 1%3 of eq 2, except for the second runrirheptadecane where it is
CiHos 1 34 10 0.0368 17 155 Treported as 1770, whereas eq 2 yields a value of 2185 h
2 73 9 0.0415 1.2 157 Equation 2 is obviously wrong as a means of calculating second-
CiHzo 1 50 10 0.0474 04 1.88 order rate constants, whether relative or absolute. That can be
2 53 7 0.0411 13 187  geen simply from the fact that the concentration units in eq 2
CisHs2 1 41 9 0.0464 1.2 2.21 ;
5 38 7 0.0420 03 o231 cgncel and tha? the values qf RSOS therefore h_ave the units of
CaeHaa 1 51 9 0.0429 04 262 “time~1" only, instead of “time! x concentration”. The
2 68 11 0.0438 05 258 correct relation for the pseudo-first-order approximation in a
CiHzs 1 35 6 0.0346 0.3 bimolecular reaction is
2 57 8 0.0486 1.6 3.08
s =t B @A)
2(approximately) ta b-x

points from the least squares lines of only 1%. The accuracy is \yhich has the right units. Comparing this with eq 2, we see
much less impressive, however; in only three of the seven that in addition to the factor 0 S&F have mistakenly
solvents do the duplicate values agree to within the precision myltiplied (3) by the initial concentratiob, which, in their
|ImItS, Whereas n the fOUI‘ OtheI’S d|fferences betWeen dup“cate experiments’ Vaned arb”:rar”y by up to 23% for Various reac“on
runs occur which amount to #B5%. It seems certain that some  ryns. That was the main cause of their errors. However, there
uncontrolled or poorly controlled experimental variable suffuses s another aspect of the results that astonishes us. The RSOS
S&F’s study. duplicate results, as reported by S&F on the basis of an incorrect
A second point becomes more obvious when the rate relationship equivalent to eq 2, agree much more closely with
constants are plotted against viscosity, as shown in Figure 1:gach other than do the corresponding duplicate valuds, of
the sort of dependence discerned by S&Hust not there. There  \hich we have calculated from the same experimental data using
is no peak. Though fitting a least-squares straight line through the exact correct rate eq 1 and the approximation (3). This may

these points (as S&F did for an intramolecular Diefdder be seen in Table 2.
reaction in a series of glymes) does produce a slightly rising  Finally, if one assumes that the viscosity effect is real, it is
dependency (solid line in Figure k; = 0.00117% + 0.0400), of interest to recalculate the phantom activation volumes based

the average deviation of the rate constants from this line amountspn the correct values d6,. Firestoné® has recommended the

to 5.7%, and when the possibility of no viscosity dependence yse of an expression containing the slépia k»/d In 7, which
at all is tested in the same way (dashed likes= 0.0422), the  he gave the value of 0.277. The actual magnitude of this term,
average deviation is only barely larger, at 6.0%. It is obvious ifit s real at all, would be 0.0346, 8 times smaller than claimed.
that no reliable nonzero relation betweknand has been  The plot from which we calculate this value and which is similar
demonstrated. in appearance to Figure 1, is shown in our Supporting Informa-
These results left us wondering how S&F, using the same tion. The phantom activation volumes for all of the 11 1,3-
data, arrived at their conclusions; the errors introduced by their dipolar cycloadditions quoted by Firestdfshould be reduced
assumption of a pseudo-first-order process should not haveaccordingly, to the range-0.50 to —0.71 cn#mol, which is

exceeded a few percent. Figure 4 in S&F’s pdjiea graph of  generally less than the uncertainty in the activation volumes
“relative rate constants” vs the solution viscosity; these con- themselves.

stants, shown without units, are portrayed as being in the range )

1747-2216. The value im-octane appears at about 1890. The Conclusion

same numbers are given in their Supporting Information, there  We have shown that serious errors were made by S&F in
called “Relative Second-Order Slopes” (RSOS). By trial and their computations of the effect of solution viscosity on the rate
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constant of the cycloaddition of DPDM to EPWhen the (5) Gonikberg was the first chemist to advance this argument:
calculations are done correctly, no effect is discernitTais Gonikberg, M. G.; Vereshchagin, L. Eh. Fiz. Khim 1949 23, 1447~
. . . 1448. For reviews of numerous additional examples, see: le Noble, W. J.
removes the reaction as one supporting the novel notion of prog phys. Org. Cheml967, 5, 207-330. Asano, T.; le Noble, W. J.
“phantom activation volumes”, which, to borrow a phras&re Chem. Re. 1978 78, 407-489. van Eldik, R.; Asano, T.; le Noble, W. J.
not usefu| as Criteria Of the D|e+$|der mechanism”_ Chem. Re. 1989 89, 549-688. Drijaca, A Hubbard, C. D.; van E|dik,
R.; Asano, T.; Basilevsky, M. V.; le Noble, W. ©Chem. Re. 1998 98,
2167-2289.
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