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The binary collision theory derives the approximate
result that

(14)

Equations 14 and 12 provide a simple theory for the
density and temperature dependence of 7 which can
be checked by nmr experiments performed on high-
density fluids. Preliminary comparison with experi-
ment indicates that the theory is fairly accurate.28.34
The physical picture associated with eq 14 is reason-
able. From the definition of 7, we expect that 7,
should be proportional to the inverse of the average
collision frequency since each collision should help a
molecule “forget” about its initial angular momen-
tum. It can be shown that the collision frequency is
proportional to rg—1. Thus, we expect 75 « 7g, which is
what eq 14 says.

The orientational correlation functions measured
by ir experiments2® (eq 15) and by Raman scatter-

Cilt) = - ult)) = (Pyfu-u@)])  (15)
ing28 (eq 16) can also be described with the binary

C,y(t) = (Blu-u®)]) (16)

collision theory. In these equations, u(t) denotes the
unit vector parallel to an axis of molecule 1 at time
t, and Pi(x) is the Ith Legendre polynomial of x. The
results of the theory are expressed most simply in
terms of the Laplace transforms of C;(t); they are

Cils) ~ C,1¥(s + 7,7 /1 = 7,71, 40 (s +
r,7hHl an)

"(34) J. DeZwaan, R. J. Finney, and J. Jonas, J. Chem. Phys., 60, 3223
(1974).
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where (;'1d)(s) denotes the Laplace transform of C;(t)
for a system of ideal gas (free) molecules. Equations
17 and 14 constitute Gordon’s J diffusion model ap-
proximation for C;(¢).3% Experimental tests indicate
that the approximation is qualitatively accu-
rate.26.34.36 We note that the microscopic theory
used to derive eq 17 does not require one to adopt
the unphysical assumptions that are often attributed
to Gordon’s results. The interested reader should see
ref 26.

In summary, we have emphasized the following
concept: at the high densities which characterize
most of the liquid phase, the dynamic and static
structures of liquids are dominated by steric (exclud-
ed volume) effects. This idea, together with the ap-
proximation that the dynamics of hard spheres can
be described in terms of uncorrelated binary colli-
sions, gives rise to specific predictions about the den-
sity and temperature dependence of several relaxa-
tion times and correlation functions. These predic-
tions should be qualitatively accurate for high densi-
ty liquids composed of fairly spherical molecules.
Further, the predictions can be tested by nmr, ir,
and Raman experiments. We hope that in the near
future constant density and temperature experi-
ments will be performed on dense fluids to investi-
gate fully the strengths and limitations of the theory
we have described.
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Much can be and has been learned by conventional
research on rates, activation energies, and solvent
and substituent effects, all at atmospheric pressure.
High-pressure kinetic studies, however, offer yet an-
other probe, yielding information unobtainable by
other means, yet invaluable in elucidating the struc-
ture and properties of the reaction transition state.

High-pressure kinetics in solution permits observa-
tion of the volume of activation of a chemical reac-
tion

Aavi = —RT(5 \n /3P), (1)
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and this volume change has proven quite useful as
an interpretive tool for determining mechanisms of
reaction.! Rigorously,? the volume of activation is
the difference in partial molal volumes between the
transition state M and the reactants A and B, for a
bimolecular reaction (eq 2). The partial molal vol-

At = Ty - T, ~ Ty 2)
ume of the transition state itself may be evaluated
from eq 2 by separate determination of the reactant
partial molal volumes. The variations of this quanti-
ty Om have been used in evaluating several properties
of the transition state, such as dipole moment, inter-
nal secondary interactions, and specific solvent in-
teractions.?

The purpose of this Account is to demonstrate how
appropriate application of new high-pressure kinetic
data has markedly enhanced our understanding of
cycloaddition reactions. Specifically, we wish to re-
port how a number of mechanistic ambiguities for
Diels-Alder reactions have been resolved by recent
determinations of activation volumes. The Diels-
Alder reaction is of considerable importance in syn-
thetic organic chemistry, primarily because of the
ease in using it for the introduction of heterocyclic
and aromatic rings, as well as the formation of bicy-
clic compounds. Yet, in spite of the importance of
this reaction, the interpretation of its mechanism
had been ambiguous until the advent of recent high-
pressure kinetic studies.

The mechanistic interpretation is most straightfor-
ward for 1,2 cycloadditions, as the thermal concerted
reaction is forbidden by the principle of the conser-
vation of orbital symmetry.# Theoretically, a thermal
concerted 2 + 2 cycloaddition would: be permitted
only by means of a suprafacial-antarafacial align-
ment of the orbitals, but this would be virtually im-
possible because of the extreme distortion required
in the small ring. Many investigations substantiating
the two-step mechanism have been reported.?

On the other hand, two mechanisms are permitted
for the 1,4 cycloaddition of a diene, [ (which may be
substituted), to a dienophile, II (generally a conju-
gated olefin), and the evidence for either path has
often been vague or contradictory. The reaction may
be a concerted four-center mechanism, with two

(1) (a) 8. D. Hamann in “High Pressure Physics and Chemistry,” Vol. 2,
R. S. Bradley, Ed., Academic Press, New York, N. Y., 1963 ChapterS (b)
E. Whalley, Aduan Phys. Org. Chem., 2, 93 (1964) (c) W. J. le Noble,
Progr. Phys. Org. Chem., 5, 207 (1967); (d) K. E. Weale, ° Chemxcal Reac-
tions at High Pressures,” Spon, London, 1967; {(e) R. C. Neuman, Jr., dc-
counts Chem. Res., 5,381 (1972).

(2) For eq 1 to be rigorous without correction terms for compressibility,
it is essential that the rate constant k be expressed in pressure-indepen-
dent concentration units rather than the more conventional moles/liter,12
In this work we shall express all rate constants in mole fraction concentra-
tion units,

(3) (a) H. Heydtmann, A. P. Schmidt, and H. Hartmann, Ber. Bunsen-
ges. Phys. Chem., 70, 444 (1966); (b) J. R. McCabe, R. A, Grieger, and C.
A. Eckert, Ind. Eng. Chem., Fundam., 9, 156 (1970); (c) R. A, Grieger and
C. A, Eckert J. Amer. Chem Soc., 92, 2018, 7149 (1970); (d) J. R. McCabe
and C. A, Eckert, Ind. Eng. Chem., Fundam., 13, 168 (1974).

(4) R. B. Woodward and R. Hoffmann, “The Conservation of Orbital
Symmetry,” Verlag Chemie, Weinheim, 1970.

(5) (ay E. E. Lewis and M. A, Neylor, J. Amer. Chem. Soc., 69, 1968
(1947); (b) E. C. Coyner and W. S, Hillman, ibid., 71, 324 (1949); (c) H. W.
B. Reed, J. Chem. Soc., 685 (1951); (d) E. F. Silversmith, Y. Kitahara, M,
C. Caserio, and J. D. Roberts, J. Amer. Chem, Soc., 80, 5840 (1958); {e) J
D. Roberts and C. M. Sharts, Org. React., 12, 1 (1962); (f) P. D. Bartlett
L. K. Montgomery, and B. Seidel, J. Amer. Chem. Soc., 86, 616 (1964); (g)
P.D. Bartlett, L. K. Montgomery, and K. Schueller, ibid., 86, 622 (1964).
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bonds forming in the transition state IlII. Alterna-
tively, the reaction may go by a two-step route in
which the first and rate-limiting step is the one-bond
closure to form a true diradical intermediate, IV,
which may then proceed to form the product.

Classical mechanistic studies, including atmo-
spheric pressure kinetics, provided substantial evi-
dence to support either of the two proposed mecha-
nisms.® The issue was further confused by early and
less precise high-pressure kinetic results. It is our
purpose to demonstrate in this paper the role played
in understanding this reaction by newer, more accu-
rate, high-pressure kinetic data taken in our labora-
tories using a new technique and to show the value
of very accurate determinations of the activation vol-
umes as a tool for studying both the structure and
the properties of reaction transition states. Certainly
the success of these new experimental techniques in
studying Diels-Alder reactions suggests strongly that
these methods should be applicable to mechanistic
studies of many other reaction types.

Mechanistic Applications of High-Pressure
Kinetics

The interpretation of volumes of activation as
evaluated from high-pressure kinetic data by eq 1 is
quite straightforward. Normally, formation of each
bond corresponds to a molal volume shrinkage of
10-15 cm3, and for nonpolar reactions, solvation and
electrostriction effects are generally small. Thus, for
the two-step mechanism one would expect Avi to be
—10 to —15 cm?, and for the concerted case, ~-20 to
—30 cm3.

Early high-pressure studies? of 1,4-cycloaddition
reactions were interpreted with respect to the vol-
ume change on reaction (see Table 1), However, the
data were of limited precision, and the inconclusive
results were questioned with respect to both accura-
cy and analysis.® Walling and coworkers™-¢ inter-
preted the results of reactions 1 and 3 in terms of a
two-step mechanism. Benson and Berson® used a dif-
ferent analytical method to evaluate the activation
volume from the isoprene dimerization data and ob-
tained a value of AvI = --38 ¢m3/mol, suggesting a
concerted mechanism. Similarly, Gonikberg? correct-
ed the older cyclopentadiene dimerization data for
compression of reactants and products and found

(6) (a) J. Sauer, R. Huisgen, and R. Grashey, in “The Chemistry of Al-
kanes,” S Patai, Ed., Interscience, New York, N. Y., 1964; (b) H. Charton,
J. Org. Chem., 31, 3745 {1966); (c) W. C. Herndon and L. H. Hall, Tetra-
hedron Lett., 82, 3095 (1967); (d) J. Sauer, Angew. Chem., Int. kd. Engl.,
6, 16 (1967); (e) S. Seltzer, Aduan Chem. Alicycl. Campounds 2,1(1968);
(f} M. Taagepera, Ph.D. Thesis, University of Pennsylvania, Philadelphia,
Pa., 1970; (g) S. Kunichika, T. Okamoto, and K. Yoshikawa, Bull. Inst.
Chem. Res., Kyoto Univ., 49, 109 (1971); (k) 1. Inukai and T. Kojima,
ibid., 86, 921 (1971).

(7) (a) B. Raistrick, R. H. Sapiro, and D. M. Newitt, J. Chem. Soc.,
1770 (1939); (b) C. Walling and J. Peisach, J. Amer. Chem. Soc., 80, 5819
(1958); (c) C. Walling and H. J. Schuger, ibid., 85, 607 {1963).

(8) S. W.Benson and J. A. Berson, tbid., 84, 152 (1962).

(9) (a) M. G. Gonikberg and L. F. Vereshagin, Zh. Fiz. Khim., 23, 1447
(1949); (b) M. G. Gonikberg, ibid., 34, 106 (1960).
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Table I
Early Diels-Alder High-Pressure Data
Avt, AVrxn,
Reaction cm3/mol cm?/mol
(1) Isoprene dimerization™ —24.3 —45.5
(2) Cyclopentadiene dimerization’ —-22.3 —-32.2
(3) 2,3-Dimethylbutadiene + —22.6 —42.2
butyl acrylate™
Table I1
Diels-Alder Activation and Reaction Volumes
Avi, AUrxn,
Reaction, solvent, temperature, °C cm3/mol cm?/mol
Maleic anhydride + piperylene, —44 .7 —33.3
1,2-dichloroethane, 35° #d
Maleic anhydride + isoprene, —39.0 -35.9
acetone, 35° 1
Maleic anhydride 4 chloroprene, —41.6 —36.9
acetonitrile, 65° 34
Maleic anhydride -+ 1-methoxy- —43.7 -30.4
butadiene, 1,2-dichloroethane,
350 13b
Maleic anhydride + 2-methoxy- —-36.2 —34.1
butadiene, acetone, 50° 34
Acrylonitrile + isoprene, butyl -33.1 -37.0
bromide, 21° 14
Methyl acrylate 4 isoprene, butyl -30.8 —36.9
bromide, 21° 4
Methyl vinyl ketone + isoprene, -36.9 -37.1
butyl bromide, 21° 14
Maleic anhydride + 1,3-cyclo- —-39.6 -30.3
hexadiene, dichloromethane, 35° 3¢
Dimethyl acetylenedicarboxylate— -30.2 -33.9

cyclopentadiene, ethyl acetate,
100 ¢

that the activation and reaction volumes were essen-
tially equal, consistent with a one-step mechanism,
Because of experimental difficulties and disagree-
ment over the treatment of high-pressure data, as in-
dicated above, the early results could not be regard-
ed as mechanistically conclusive.

All of these results indicated the need for a more
accurate high-pressure kinetic technique and a more
rigorous, unambiguous treatment of the experimen-
tal data. Since Avi really represents the second de-
rivative of the actual concentration vs. time raw
data, the highest precision is required to minimize
all uncertainties and errors. For this purpose, we de-
veloped the improved in situ initiation techniquel®
which eliminates errors due to heat of compression
and starting time uncertainties.l? Also, the analyti-
cal method for evaluating the derivative in eq 1 is
critical. By our procedure,12 we feel we can deter-
mine activation volumes to an uncertainty substan-

(10) R. A. Grieger and C. A. Eckert, AIChE J., 16, 766 (1970).

(11) The classical technique for high-pressure kinetic studies involves
compression of a premixed reaction solution, using either blank run cali-
bration or precooling to minimize error due to heat of compression. This
heat of compression is quite appreciable, such that the adiabatic heating
in a typical organic solvent might amount to as much as 50° at 3000 atm.
Typically the thermal half-life of high-pressure equipment is in the range
of 3-5 min, so even for moderately slow reactions, large corrections are re-
quired to account for this effect. The result is appreciable error in the reac-
tion temperature and/or time. The in situ method® involves compression
of the unmixed reactants followed by thermal equilibration. Then the reac-
tants are mixed magnetically, in a few seconds, and in dilute solution the
thermal effects are negligible. Moreover, in the work reported here a new
high-pressure sampling technique was used,'® so that the uncertainty in
reaction time was a few seconds for each point. As a result very good accu-

racy and precision were possible for reactions with half-lives of as little as
10 min.

(12) C. A. Eckert, J. S. Smith, and C. K. Hsieh, Abstracts, 165th Na-
tional Meeting of the American Chemical Society, Dallas, Texas, April
1973. .
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tially less than 1 cm3, and some typical results
from our laboratories3c:d.13 and others!# are shown in
Table II.

The large negative activation volumes reported
can be interpreted only in terms of a concerted
mechanism, especially when compared with the vol-
ume changes on reaction. Although one cannot say
whether the partial formation of one bond is farther
advanced than the other, certainly both bonds are
partially formed in the transition state. The fact that
in some cases the activation volume is more negative
than the volume change on reaction, meaning that
the transition state is actually more compact than
the product, probably indicates the existence of sec-
ondary = interactions in the transition state, to be
discussed below.

Competitive 1,2 and 1,4 Cycloadditions

Some cycloaddition reactions give both 2 + 2 and
2 + 4 adducts, but the variations in mechanism are
clearly discernible from the available high-pressure
kinetic studies. For example, Stewart® reported that
tetracyanoethylene and 4-methyl-1,3-pentadiene
react under mild conditions to give both the cyclobu-
tane and cyclohexene adducts and that the relative
amounts of each were strongly solvent and tempera-
ture dependent. If both adducts were formed from a
common, rate-limiting transition state, which could
collapse to form either product (i.e., a two-step
mechanism), the product distribution would be en-
tirely independent of these effects; thus these data
indicate that two separate mechanisms must be in
operation,3f.8,16

The 1,2 cycloaddition does proceed by a diradical
mechanism, but the case is not conclusive for either
the diradical or concerted mechanism for the 1,4 ad-
dition when in competition with the 1,2 addition.
Stewart!7 has recently presented a good case for the
existence of both mechanisms in competition from
high-pressure studies of product distributions and
kinetics. He showed that the thermal dimerization of
chloroprene yields both cyclobutane (V, VI) and cy-

o
ac\lmb
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(13) R. A. Grieger and C. A. Eckert, Trans. Faraday Soc., 66, 2579
(1970); (b) R. A. Grieger and C. A. Eckert, Ind. Eng. Chem., Fundam., 10
20(1971).

(14) C.Brunand G. Jenner, Tetrahedron, 28, 3113 (1972).

(15) C. A. Stewart, J. Amer. Chem. Soc., 84, 117 (1962).

(16) (a) P. D. Bartlett and L. K. Montgomery, J. Amer. Chem. Soc., 86,
628 (1964); (b) J. C. Little, ibid., 87, 4021 (1965); (c) R. E. Banks, A. C.
Harrison, andR N. Haszeldine, Chem Commun., 338, 556 (1966); (d) J. J.
Eisch and G. R. Husk, J. Org. Chem., 31, 589 (1966) (e) W. C. Herndon
and J, Feuer, ibid., 33, 417 (1968); (f) P. D. Bartlett, Science, 159, 833
(1968).

(17) (a) C. A. Stewart, J. Amer. Chem. Soc., 93, 4815 (1971); (b) C. A,
Stewart, ibid., 94, 635 (1972).
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Table III
Chloroprene Dimerization Isomers
Isomer
V VI4+ X IX VII VIII
% isomer, 1 atm 4.2 12 13 17 16
% isomer, 10,000 atm 4.6 2.8 3 59 30
— Avi, cm?/mol 22 22 22 31 29
— AU;xqn, cm?/mol 27 27 32 32 32

clohexene adducts (VII, VIII, IX), and some cyclooc-
tadiene adduct (X), as shown in Table III.

A comparison of the isomer distributions and acti-
vation volumes clearly indicates that there are two
different mechanisms occurring. Isomers V, VI, and
X should result from a diradical reaction, which is
favored only with head-to-head orientation of the
reacting molecules. Isomers VII and VIII are made
by a concerted reaction, favored only with the un-
substituted vinyl group serving as a dienophile. If all
isomers resulted from a common transition state, the
distribution would be independent of pressure, but
the results in Table III indicate a large increase in
the percentage of VII and VIII isomers with pressure.
The difference of 7-9 ¢cm®/mol in activation volumes
is about what would be expected as the difference
between the formation of one bond and of two bonds
in the transition state. Also, the activation and reac-
tion volumes are nearly the same for the VII and VIII
isomers, a typical circumstance with concerted
Diels-Alder reactions (see Table II), but the activa-
tion volumes for the diradical isomers are 5-10 cm3/
mol less than the reaction volumes, indicating that
only one bond is completely formed in the transition
state. Stewart’s work indicates the value of high-
pressure studies in elucidating a complex reaction
mechanism in a situation where ordinary atmospher-
ic pressure evidence could be inconclusive. As a re-
sult, we may now paint a reasonable picture of com-
petitive 1,2 and 1,4 cycloadditions. The situation can
best be visualized by considering a free-energy di-
agram proposed by Bartlett?® as shown in Figure 1.

The diene can exist in either the cisoid or the tran-
soid form, with the transoid form having a lower en-
ergy level. The Diels-Alder 1,4 addition occurs only
with the cisoid diene via a concerted mechanism, as
predicted by the Woodward-Hoffmann orbital sym-
metry rules. However, a diradical is possible, al-
though at a higher energy level, which can lead to

(18) P.D. Bartlett, Quart. Rev. Chem. Soc., 24, 473 (1970).
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both 1,2- and 1,4-addition products. The transoid
diene reacts thermally only vie a diradical mecha-
nism to form the cyclobutane adduct.

Secondary Interactions

The possibility of secondary interactions between
nonbonding sites in the transition state was first pro-
posed by Woodward and Katz.1® Woodward and
Hoffmann2° have also shown that the orbital interac-
tions between unsaturated centers in a concerted cy-
cloaddition reaction, such as that between a cyclic
diene and a cyclic dienophile, will tend to lower the
energy of the endo transition and thus determine the
stereospecificity of the reaction. Houk?! has found
that the presence of a second double bond in the di-
enophile in cycloadditions with cyclic reactants
transforms a nonselective process into a stereoselec-
tive one. This last finding is seen as the result of sta-
bilization of the transition state by secondary orbital
interactions.

High-pressure kinetic studies of several Diels-
Alder reactions (see Table II) show strong evidence
for secondary interactions in that, for all of the reac-
tions of maleic anhydride, the volume of activation
was more negative than the volume change on reac-
tion. This results in a transition state more compact
than the adduct, and a typical volume profile along
the reaction coordinate is shown in Figure 2. This
effect can be visualized for the transition state for
1,4-diene addition to maleic anhydride in Figure 3
where carbon atoms 1’ and 3 and 4" and 4 are bond-
forming centers, while secondary interactions occur
between atoms 3’ and 5 and between 2’ and 2.

The last reaction shown in Table II, cvclopenta-
diene + dimethyl acetylenedicarboxylate, does not
exhibit a volume minimum in the transition state.
This is to be expected if the volume minimum is due
to secondary interactions, since the nonbonding car-
bons in the acetylenic dienophile are situated such
that they do not allow secondary = interactions with
the diene to occur. Also, no minima are observed for
the three reactions reported by Brun and Jenner,14
but these all involve singly conjugated dienophiles,
which thus have only a single site available for sec-
ondary interaction as opposed to two in the maleic
anhydride.

Table IV indicates how diene substituents affect
the secondary interactions occurring in the transition
state. It can be seen that 1-substitutions in the diene
lead to a more compact transition state than 2-sub-
stitutions. This seems unusual since it is the 2 and 3
positions in the diene which would be involved in
secondary interactions, as indicated in Figure 3.
However, it should be noted that the methyl and
methoxy groups are both electron donors in the 1 po-
sition. Since a partial transfer of charge from the
electron-rich diene to the electron-deficient dieno-
phile occurs in the course of most Diels-Alder reac-
tions, electron-donating groups on the bond-forming
carbon 1 should enhance this electron flow. This may
explain the larger effects of secondary interactions
observed with 1-substitutions.

(19) R.B. Woodward and T. J. Katz, Tetrahedron, 5, 70 (1959).

(20) R. B. Woodward and R. Hoffmann, JJ. Amer. Chem. Soc., 87, 4388
(1965).

(21) K. N. Houk, Tetrahedron Lett., 30, 2621 (1970).
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200 Table V
190 b | Relative Solvent Effects
@
e JTrans Relative
E 180 I state uu, Sol eff, rate
8_ 170 ¥ = Reaction Debyes ka/kp? constant®
g '
£ 160 } ‘ - Maleic anhydride + 7 6.1 95
§ 150 Av=-454 co/mole | 1-methoxybutadiene
5 A, =~355cc/mole M;lelc anhydride + 4 7.4 3
S 140 + i -methoxybutadiene
= Maleic anhydride -+ 4 3.9 19
S 130 I | . 1-methylbutadiene
g 2o - | Maleic anhydride + 3 3.9 11
i Product 2-methylbutadiene
110 Reactants Transition State roducts Maleic anhydride -+ 3 6.5 0.4

Reaction Coordinate
Figure 2. Volume profile along the reaction coordinate for the
reaction of maleic anhydride with 1-methoxybutadiene in n-butyl
chloride at 35.00°.

Figure 3. The transition state for Diels-Alder diene additions to
maleic anhydride.

Table IV
Substituent Effects on Secondary Interactions
Act.
Vol minimum,* energy,*
Reaction cm?/mol kcal
Maleic anhydride -+ —11.6 11.0
1-methylbutadiene?d
Maleic anhydride + —2.4 13.1
2-methylbutadienese 13
Maleic anhydride + —11.8 10.0
1-methoxybutadienelst .
Maleic anhydride + —-1.9 13.9
2-methoxybutadiene?d
Maleic anhydride + —4.7 15.3

2-chlorobutadiene3d

« Average of values in six to nine solvents.

The strong secondary interactions noted with 1-
substituted dienes also seem to have the effect of
stabilizing the transition state and lowering the acti-
vation energy with respect to the reactions with 2-
substituted dienes. As indicated in Table IV, the ac-
tivation energies of the reactions with 1-substituted
dienes are 2-5 kcal/mol lower than those with 2-sub-
stituted dienes. Houk?! has also reported a stabiliz-
ing effect of 2.5-5 kcal/mol for reactions which ex-
hibit stereoselectivity due to secondary orbital inter-
actions.

Substituent Effects

Many studies of substituent effects on rates of
Diels~Alder reactions have been reported,®a.d.e.22

(22) (a) E. J. Dewitt, C. T. Lester, and G. A. Ropp, J. Amer. Chem.
Soc., 78, 2101 (1956); (b} D. Craig, J. 4. Shipman, and R. B. Fowler, ibid.,
83, 2885 (1961); (c) J. Sauer, D. Lang, and A. Mielert, Angew. Chem., 74,
352 (1962); (d) D. Lang, Ph.D. Thesis, University of Munich, 1963; (e) C.
A, Stewart, Jr., J. Org. Chem., 28, 3320 (1963); (f} J. Sauer, H. Wiest, and
A. Mielert, Chem. Ber., 97, 3183 (1964); (g) T. Inukai and T. Kojima,
Chem. Commun., 1334 (1969).

2-chlorcbutadiene

a A = acetonitrile, ¢ = 37.5; B = n-butyl chloride, ¢ = 7.4.
¥ Average value for six to nine solvents.

but in general such results yield little conclusive in-
formation about how the properties of the transition
state itself are influenced by substituents; we can
elucidate substantially more information if the effect
of pressure on the reaction rate is also measured.

As mentioned above, the partial molal volume of
the transition state itself, by, as found from eq 2, is
frequently useful in ascertaining properties of the
transition state, such as, for example, its dipole mo-
ment. Application of the Kirkwood23 approach for an
ideal dipole u in a dielectric continuum of dielectric
constant ¢ can be used to yield a relationship for the
solvent dependence of the activation volume on the
dielectric properties of the solvent. The limitations
involved in the simplifying assumptions of this tech-
nique are many, but it does provide the only basis
currently available for semiquantitative estimation
of dipole moments of reaction transition states.

The Kirkwood relationship has the form

- S0 _ b’ B __5_1_1)

Tu =00 = 5 5P (Ze 1 ®)
where 0y° is the partial molal volume of the transi-
tion state in the absence of electrostriction and (d/
dP)[(e = 1)/(2¢ + 1)] is a property of the solvent.
Permitting the many assumptions involved in deriv-
ing eq 3, then a plot of Oy vs. (8/dP)[(e — 1)/(2¢ +
1)] should be linear with a slope proportional to
um?2.2¢ If the radius of the transition state is approxi-
mated from the molar volume, uy may be estimated.

The relative polarities of the transition states of
five substituted butadienes reacting with maleic an-
hydride have been evaluated from eq 33¢ and are
shown in Table V. Only the transition state with 1-
methoxybutadiene is significantly more polar than
either reactants or products. In general, the effect of
substituents on transition-state polarity appears to
be OCHg > CHj3; > Cl, with substitution at the 1 or
bond-forming position resulting in a more polar tran-
sition state than 2-substitution.

The discovery of a quite polar transition state in a
Diels-Alder reaction suggests that perhaps the reac-
tion will show kinetic solvent effects more typical of

(23) J. G. Kirkwood, J. Chem. Phys., 2, 351 (1934).

(24) Although this method is really only semiquantitative at best, due to
the limiting assumptions involved in the Kirkwood treatment, it is clearly
superior to other methods proposed?a involving plots of difference quan-
tities, such as k, Avi, or Asi, vs. dielectric properties, which have been
shown to yield much poorer estimates of uy.3¢
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Figure 4. A Hammett oc—p plot for the addition of substituted
1,3-butadienes to maleic anhydride in four different solvents.
Values of opara are used for 1-substitution and of ometa for 2-sub-
stitution.,

polar reactions. However, the relative solvent effects
observed indicate that this is not the case (see Table
V). With a polar reaction one would expect to see
the largest solvent effect with an increase in solvent
polarity for the reaction having the most polar tran-
sition state. The fact that the reaction with the least
polar transition state (maleic anhydride + chloro-
prene) shows a greater kinetic solvent effect than the
most polar one confirms the nonpolar nature of this
Diels-Alder reaction.

Moreover, the relative rates correlate rather poorly
with the values of uy, but fall in the exact order of
the activation energies (see Table 1V). Thus, it ap-
pears that the kinetic substitutent effects are pri-
marily due to the electron-donating and -withdraw-
ing characteristics of the substituents rather than
any effects they may have on the transition-state po-
larity.

This conclusion is further substantiated by the
success of various linear free energy models in pre-
dicting substituent effects on rates,60.n.22£,25 Qyr
high-pressure studies have led to an excellent corre-
lation of the substituent effects for reactions of sub-
stituted 1,3-butadienes with maleic anhydride by the
Hammett p-o equation,®d and an example is given in
Figure 4. Similar agreement was found with the data
sets from the literature.22b.¢ The average p calculat-
ed from these plots is about —3.5. This large nega-
tive value of ¢ indicates that the reaction rate will be
greatly enhanced by electron-donating substituents,
which have a negative value of ¢.

The success of the Hammett equation with the es-
sentially nonaromatic Diels-Alder reaction is in ex-
cellent agreement with the results of the high-pres-
sure kinetic studies, which have shown Diels-Alder
reactions to proceed via a concerted, four-center
mechanism. The transition state resembles a quasi-
aromatic conjugated ring, and thus is similarly af-
fected by the electron withdrawal and donation of

(25) (a) Y. Okamoto and H. C. Brown, J. Org. Chem., 22, 485 (1957); (b)
J. E. Leffler and E. Grunwald, “Rates and Equilibria of Organic Reac-
tions,” Wiley, New York, N. Y., 1963, p 162; (¢) D. N. Matthews and E. L.
Becker, J. Org. Chem., 31, 1135 (19686).
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substituents. The large negative p, compared with
typical Hammett p values, is likely the result of sub-
stituents being situated directly on the “ring” rather
than somewhat removed on a side chain.

Comparison of the polarities of the reactants with
those of the transition states as estimated from high-
pressure kinetic data, as well as the kinetic substitu-
ent effects, both substantiate the essentially nonpo-
lar nature of Diels-Alder reactions. These results
have also led to a good correlative and predictive
technique for kinetic solvent effects3d:26 based on
regular solution theory.??” An example of such predic-
tion is shown in Figure 5.

Catalyzed Reactions

Finally, another important example of the applica-
tion of high-pressure kinetics to the elucidation of
the structure of a transition state is provided by
studies of the mechanism of the catalyzed Diels-
Alder reaction. Although the results of many atmo-
spheric pressure investigations, mostly product stud-
ies, led to ambiguous or inconclusive conjectures
about the mechanism, the activation volume mea-
surements are quite conclusive.

Many examples have been reported?® in which
AlCl3 or other Lewis acids were useful in catalyzing
Diels-Alder reactions, especially for those cases
where the dienophile contained a conjugated carbon-
yl group. It appears clear that the mechanism of ca-
talysis involves complex formation of the AICl; with
the carbonyl oxygen, withdrawing electrons from the
conjugated system and rendering the dienophile (the
electron acceptor in the normal Diels-Alder addi-
tion) more reactive. This conclusion is supported by
infrared studies of complexes between ethyl acetate
and group III and group IV halides,?® as well as by
the reaction kinetics.30 For cases where the dieno-
phile has a conjugated carbonyl group, the initial
rate has been found to be second order overall, first
order in diene and first order in the dienophile.

Uncertainty has existed, however, about the mech-
anism of the catalyzed Diels-Alder reaction. For ex-
ample, due to the very high polarity of the dieno-
phile-AlCl; complex, one was tempted to propose a
two-step mechanism involving a dipolar open-chain
intermediate.?? Also a significant body of evidence
also existed suggesting concerted mechanism for this
catalyzed reaction,3? so, as in the study of the unca-

(26) (a) C. A. Eckert, Ind. Eng. Chem., 59 (9), 20 (1967); (b) K. F. Wong
and C. A, Eckert, Ind. Eng. Chem., Process Des. Develop., 8, 568 (1969);
(c) K. F. Wong and C. A. Eckert, Trans. Faraday Soc. 66, 2313 (1970),

(27) J. H. Hildebrand, J. M. Prausnitz, and R. L. Scott, “Regular and
Related Solutions,” Van Nostrand Reinhold, New York, N. Y., 1970,

(28) (a) W. Rubin, H. Steiner and A. Wasserman, J. Chem. Soc., 3046
(1949); (b) P. Yates and P. Eaton, J. Amer. Chem. Soc., 82, 4436 (1960);
(¢) G. L. Fray and R. Robinson, ibid., 83, 249 (1961); (d) C. F. H. Allen, R.
W. Ryan, Jr., and J. A. Van Allen, J. Org. Chem., 27, 778 (1962); (e) H.
Jahn and P. Goetzky, Z. Chem., 2, 311 (1962); (£) 1. A. Favorskaya and E.
M. Auvinen, Zh. Obshch. Khim., 33, 2795 (1963); (g) T. Inukai and M.
Kasai, J. Org. Chem., 30, 3567 (1965); (h) J. Sauer and J. Kredel, Tetrahe-
dron Lett., 7, 731 (1966); (i} V. M. Andreev and .. K. Andreeva, Reakts.
Metody. Issled. Org. Soedn., 21, 41 (1970); (j) A. W. McCullogh and A. G.
Mclnnes, Can. J. Chem., 49, 3152 (1971); (k) J. Furukawa, E. Kobayashi,
K.Haga, and Y. Iseda, Polym. J., 2, 475 (1971),

(29) M. F. Lappert, J. Chem. Soc., 817 (1961).

(30) (a) J. C. Soula, D. Lumbroso, M. Hellin, and F. Coussement, Bull.
Soc. Chim. Fr., 2059, 2065 (1966); (b) T. Inukai and T. Kojima, /. Org.
Chem., 32, 872 (1967).

(31) (a) W. J. Bailey and R. A, Baylouny, J. Urg. Chem., 27, 3476 (1962);
(b) T. Inukai and T. Kojima, ibid., 31, 1121 {1966); {¢) H. W. Thompson
and D. G. Melillo, J. Amer. Chem. Soc., 92, 3218 (1970).



Vol. 7,1974
T T T r
ACETO-
PREDICTION OF NITRICE
REGULAR SOLUTION
2r THEORY ———— 7
. lizDiCHLOROETHANE
é
X CARBON ACETONE
W 1 L TETRACHLORIDE |
= o]
<
o
w
>
=1 n-BUTYL CHLORIDE
o
@
[l o .
ISOPROPYL ETHER
| O | L L

20 60 100 140 180
32cal/ce
COHESIVE. ENERGY DENSITY

Figure 5. Kinetic solvent effects predicted by regular solution
theory for the Diels-Alder reaction of 2-methoxybutadiene with
maleic anhydride at 50.00°.

talyzed reaction, the exact nature of the mechanism
was ambiguous. However, a recent high-pressure
study®3® of the mechanism of the AlICl; catalyzed
Diels-Alder addition of 2,3-dimethylbutadiene to n-
butyl ‘acrylate has shown clearly that this reaction
follows a single-step, concerted mechanism.

As pointed out above, single-bond formation leads
to a value of Avl of —10 to —15 cm?3/mol, compared
to about twice that shrinkage for a concerted two-
bond forming reaction. For example, for the Friedel-
Crafts reaction between benzene and benzoyl chlo-
ride in the presence of AlCl3 to give benzophenone,
the volume change on reaction is —40 to —45 cm3/
mol and the activation volume is —13.4 cm3/mol.34
This is consistent with the fact that the Friedel-
Crafts reaction occurs by a two-step process with the
first step rate-determining. Thus, information about
the volume of activation for the reaction, both with
and without a catalyst, should indicate whether the
reaction is one step or two, and even more clearly
whether the addition of the catalyst alters the mech-
anism. The volumes of activation and reaction re-
ported by Poling and Eckert3® are shown in Table

(32) (a) T. Inukai and T. Kojima, J. Org. Chem., 31, 2032 (1966); (b) Y.
Inukai and T. Kojima, ibid., 32, 869 (1967); (¢) T. Kojima and T. Inukai,
ibid., 35, 1342 (1970); (d) K. L. Williamson and Y. F. L. Hsu, J. Amer.
Chem. Soc., 92, 7385 (1970).

(33) B. F. Poling and C. A. Eckert, Ind. Eng. Chem., Fundam., 11, 451
(1972).

(34) D. W. Coillet, S. D. Hamann, and E. F. McCoy, Aust. J. Chem., 18,
1911 (1965).
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Figure 6. Volume profiles along the reaction coordinate for the
addition of 2,3-dimethylbutadiene to n-butyl acrylate, both with
and without AICl; catalyst.

Table VI
Catalyzed and Uncatalyzed Diels—-Alder Activation
Volumes in Reaction of Dimethylbutadiene with
Butyl Acrylate

Catalyzed Uncatalyzed
Avi, em?/mol —-25.7 —28.6
AUrxn, cm?/mol —29 —-32

VI, and show clearly the concerted mechanism,
forming two bonds in the activation process.

The relative partial molal volume profiles along
the reaction path are compared in Figure 6. The vol-
ume profiles of both catalyzed and uncatalyzed reac-
tions are essentially identical except that the cata-
lyzed reaction is shifted upward by approximately 73
cm3/mol due to the presence of the AlClz. This not
only suggests that the two reactions proceed by the
same mechanism but also substantiates the role of
the AlCl; in the catalyzed reaction. Figure 6 indi-
cates that, as the reaction proceeds, the AlCl; re-
mains complexed with the transition state, and only
at some later time does the AlClz become available
for reuse as a catalyst by dissociation of the complex
with adduct.

This reaction provides an excellent example of the
manner in which the results from high-pressure ki-
netic studies can be used to clarify uncertain and
ambiguous mechanistic evidence. However, one
should be cautioned that specific results such as
these cannot necessarily be extended to all Diels-
Alder and related reactions.
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