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The rates of Diels-Alder reactions increase with pressure, giving 
rise to large negative activation volumes that are similar to re- 
action volumes. These negative volumes are generally ascribed 
to contraction occuring during bond formation, with the further 
inference that the reactions are concerted because the parity of 
-AV* and -AV* implies that both new bonds are forming in 
the transition state, rather than one bond at a time. We hold that 
this is diflicuit to reconcile with the Bell-Evans-Polanyi-Ham- 
mond postulate, and from calculations of intrinsic molar volumes 
we have reached different conclusions. (1) The intrinsic contrac- 
tion arising from bond formation is very small. In the product it 
is only 11 - 16% of AV, and in the transition state, only 3-5% 
of A V + .  (2) Almost all the shrinkage in the system that occurs 
during reaction results from the loss of empty space surrounding 
the molecules, and not from the reaction itself. (3) Therefore the 
activation and reaction volume data are not useful as criteria of 
the Diels-Alder mechanism. 

The effect of high pressure on reaction rates is a well- 
established tool in the investigation of mechanism2J). If the 
transition state (TS) is smaller than the reactants, then the 
reaction is accelerated by pressure and A V *  is negative, 
while if the TS4) is larger than the reactants, the reaction is 
pressure-retarded and AV’ is positive. One way the system 
can shrink on entering the TS is for bonds to form between 
atoms previously not bonded to each other, so that they 
approach bonding distance from the larger van der Waals 
distance. Such reactions are expected to be pressure-accel- 
erated, and conversely for bond-breaking reactions. Another 
source of contraction leading to pressure-acceleration is the 
separation in the TS of electrostatic charge (as in, e. g., sol- 
volysis), which gives rise to solvent electrostriction, a vol- 
ume-decreasing event. This too can occur in the opposite 
direction and cause pressure-retardation. 

* )  Present address: Bristol-Myers Co., P.O. Box 5100, Walling- 
ford, CT 06492-7660. 

Die Bedeutung der Bindungsvorgiinge gegeniiber dem Packungs- 
anteil bei der dnuekduzierten Besebleunigung der Diels-Alder-Re- 
aktion 
Die Reaktionsgeschwindigkeit der Diels-Alder-Reaktion steigt 
mit zunehmenden Druck, begleitet von einem grokn negativen 
Aktivierungsvolumen, das dem Reaktionsvolumen in etwa gleich- 
Iauft. Diese negativen Volumina werden meistens den wahrend 
der Bindungsvorgange auftretenden Kontrak tionen zugeschrie- 
ben, wobei weiter angenommen wird, daD es sich urn konzertierte 
Reaktionen handelt, da die Paritat von - A V +  und - A V  an- 
deutet, daO die beiden neuen Bindungen im fibergangsstadium 
und nicht nacheinander gebildet werden. Unserer Meinung nach 
ist diese Annahme schwer mit dem Bell-Evans-Polanyi-Ham- 
mondschen Postulat zu vereinbaren. Unsere Berechnungen der 
inhlrenten Molvolumina haben uns zu einer anderen SchluDfol- 
gerung gefiihrt (1) Die auf die inharenten Bindungsvorgiinge zu- 
riickzufiihrende Kontraktion ist auBerst gering. Sie betragt im 
Produkt nur 11 -16% des AV und im Ubergangszustand nur 
3-5% des A Y 4 .  (2)  Fast die gesamte wahrend des Reaktions- 
ablaufs auftretende Volumentraktion ist auf Verlust an Leerraum 
um die Molekiile zuriickzufuhren und nicht auf die eigentliche 
Reaktion. (3) Aus diesem Grund sind Daten uber Aktivierungs- 
und Reaktionsvolumina bedeutungslos fur die Aufklarung des 
Diels-Alder-Reaktionsmechanismus. 

Table 1. High pressure Diels-Alder reaction (diradical mechanism) 

A V *  [cm3/mol] AV 

Dimerization of isoprene6) -24.3 -45.5 

Free radical polymerization 2, 

Dimerization of cyclopentadiene 
(CPD)” - 20.0 -31.6 

- 22 

It has been known since 1939 that the Diels-Alder reac- 
tion is accelerated by pressure5’, as expected for a bond- 
forming process. Since its rate is generally not sensitive to 
solvent polarity, transient charge separation with concom- 
itant solvent electrostriction is not expected to play a role. 
In the pioneering studies of Walling and co-workers (Table 
l), it was found that IAV” I was about half the volume of 
reaction AVI, leading them to propose that only one of the 
two new bonds existed in the TS. as would be the case if 
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there were a diradical intermediate6’. With the advent of 
more sophisticated equipment, however, the preponderance 
of recent data have lAF*l and IAVI about equal, so that 
the present climate of opinion holds that both new bonds 
are forming in the TS, i.e. that the reaction is 
Table 2 has some typical cases. 

Table 2. High pressure Diels-Alder reaction (concerted mechanism) 

Reaction A V  A V ’  
[cm’/mol] 

CPD + dimethyl acetylenedicarboxylate 

Isoprene + acrylonitrile ”1 - 35.4 - 37.0 
2-Methoxybutadiene + MA”’ - 33.5 -31.9 

(ECCE)” - 30.2 - 33.9 

We feel that there are inherent contradictions in both 
conclusions. 

Diels- Alder, Diradical vs. Concerted 

13’ 

I A \  I 

Figure 1 depicts the reaction coordinate (RC) for the two 
mechanisms. Since the diradical mechanism has a high- 
energy intermediate, the Bell-Evans-Polanyi-Hammond 
(BEPH)”’ principle predicts a late TS closely resembling the 
diradical, with one of the two new bonds almost fully 
formed. The contraction in the TS then should be about 
one-half the total, as Walling said. In contrast, the concerted 
pathway has no intermediate, and since the reaction is 
highly exothermic, the BEPH principle predicts an early TS. 
Thus, although both new bonds form simultaneously (but 
not necessarily to the same extent) in the concerted TS22), 
bond formation is much less complete than in the diradical, 
so that one expects contraction in the TS to be much less 
than in the product23), perhaps even less than half24). We 
conclude that although Walling’s early data support the 
diradical mechanism they do  not exclude the concerted one, 
and that the recent data do not unambiguously support the 
concerted mechanism because they conflict with the BEPH 
principle. 

There are other difficulties with the concerted interpre- 
tation. First, there are now many examples (Table 3) of 

Diels-Alder (DA) reactions in which IAV* I > IAVI 2), i. e. 
in which the TS appears to be smaller than the cycloadduct ! 
Carried to its logical conclusion, this would mean that a 
partially formed bond can be smaller than a fully formed 
one. This anomaly can reach 10 cm3/mol, a significant frac- 
tion of a typical IAV*l .  We believe this to be a physical 
impossibility. The phenomenon is not simply an artifact of 
the calculation, o r  due entirely to the experimental difficulty 
in obtaining accurate activation volumes, because at least 
one example is now known (Table 3) in which a retrodiene 
reaction, which goes in the volume-increasing direction, is 
pressure-accelerated. 

Table 3. High pressure Diels-Alder reaction where - A V *  exceeds 
-A V (selected examples) 

Reaction A V *  [cm3/mol] AV 

Cyclohexadiene (CHD) + MA ’) - 37.2 - 30.3 
1-Methoxybutadiene + MA” -45.4 - 35.5 
2-Methylfuran + acrylonitrile, 

retrodiene 2 5 )  - 1.0 to - 3.4 

The problem has not gone unobserved 26). The most rea- 
sonable rationalization7) has been that secondary orbital 
interactions in the TS, i. e. transient bonding between atoms 
in the diene and dienophile that do not remain bonded to 
each other in the final product, produce transient shrinkage 
whose magnitude more than offsets the incompleteness in 
contraction during formation of the two permanent new 
bonds. Bearing in mind that a concerted cycloaddition must 
have an early TS2”, the interpenetration of interacting sec- 
ondary orbitals must greatly exceed 10 cm3/mol. 

If this were so, then there ought generally to be a differ- 
ence of this magnitude in the volume requirements of exo 
vs. endo cycloadditions in those examples where secondary 
orbital interactions are possible. However, this is not 
observed27). It is seen in Table 4 that such differences are of 
insignificant magnitude, and inconsistent in sign. Thus the 
anomaly remains unexplained. 

Table 4. Can secondary orbital interactions explain - A V *  > 
- A V ?  

Reaction AAV + endo-exo COOMe2’’ [cm3/mol] 
~ ~~~~~~ 

C P D  + methyl acrylate 
C P D  + dimethyl maleate 

-0.52 
-0.82 

C P D  + =(“ +0.21 
COOMe 

C P D  + =(Br + 0.52 
COOMe 

A second problem with the concerted interpretation con- 
cerns the relationship between A V *  and rate. Straightfor- 
ward application of the BEPH principle leads to the expec- 
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tation that the faster the reaction, the earlier the TS on the 
RC4) and consequently the smaller the amount of contrac- 
tion. However, exactly the opposite is found. Table 5 shows 
a series of closely related cases in which in general IAV* I 
increases with rate. [cm’/moI] 

principally from some source other than contraction during 
bond formation. 

Table 6. The intrinsic cqntraction during bond formation 

Table 5. High pressure Diels-Alder reaction (correlation between 
- A  V * and rate”’) 

Reaction AV* gy Rel. Rate Ccm3/mol, 

2,3-Dimethyl butadiene + 40 1.84 -30.2 

2,3-DMB + butyl acrylate 40 2.14 -29.6 
2,3-DMB + dimethyl fumarate 40 66.0 - 32.9 
Isoprene + MA 35 1680 - 38.0 
2,3-DMB + MA 30 3540 -41.3 

methyl acrylate 

1-Methoxybutadiene + MA 35 9340 -45.4 

Furthermore, these three observations - that activation 
and reaction volumes are usually comparable; that some- 
times IAV*I > IAVI; and that IAV*I increases with 
rate - conflict with not only the concerted but also the 
diradical mechanism. 

All of the above-mentioned arguments that favor one or 
another mechanistic interpretation of the high-pressure data 
rest on the tacit assumption that A V *  and A V  measure, at 
least significantly if not precisely, the contraction in the mol- 
ecules that arises from bond formation. Is this assumption 
valid? We decided to test it by calculating the actual vol- 
umes of the molecules themselves (“intrinsic” volumes) be- 
fore and after reaction. This “intrinsic molar volume” (IMV) 
refers to the volume of qnly the atoms and bonds of one 
mole of a given compound, as contrasted with “molar vol- 
ume” (MV) which has the usual meaning of the volume, not 
only of the atoms and bonds, but also of the intervening 
space in the normal liquid state. 

To obtain a standard figure for carbon-carbon single 
bond formation, we chose the simplest reaction first, the 
combination of two methyl radicals to form ethane. The IC- 
bond radius was set equal to that of ethylene rather than 
methyl radical in order to get the closest approximation to 
the DA situation. The total intrinsic contraction in the sys- 
tem was found to be 3.6 cm3/mol, much less than typical 
-A  V’s per bond (1 5 - 20 cm3/mol) in DA reactions. Fur- 
thermore, this does not take into account the concomitant 
stretching of double into single bonds. When this is done, 
the intrinsic contraction for the overall cycloaddition is re- 
duced from 7.2 to 4.0-5.4 cm3/mol (vide infra), which is 
only about 10-18% of typical -AV’s. These results are 
set forth in Table 6. 

Even smaller intrinsic contractions are found for TS’s 
(Table 6). With a distance of 2.3 8, between reaction part- 
ners in a concerted TS”, the contraction for two methyls 
is reduced to 1.1 cm3/mol per bond, and the range of most 
DA cases (vide infra) to 1.2 - 1.6 cm3/mol for two bonds. 
This is only 3 - 6% of typical -A  V *’s ! ”) Clearly the mag- 
nitude of AV, and to an even greater extent AV*, arises 

r = 2.3 A r = 1.54 A 

2 CHj -+ C2H6 1.1 3.6 
for 2 bonds 2.2 7.2 

Typical Diels-Alder 

2 Propene + 

(2 bonds) 1.2-1.6 4.0 - 5.4 

1-Hexene 3.429’ 

Table 7. Effect of cyclization on density of hydrocarbons (20‘C)32’ 
n-C,H2, + vs. ~ y c l o - ( C H ~ ) ~  

X n cyclo cyclo/n 

3 0.566”’ 0.677 1.20 (-30°C) 
4 0.596“’ 0.720 1.21 (5°C) 
5 0.626 0.746 1.19 
6 0.660 0.779 1.18 
7 0.684 0.810 1.18 
8 0.703 0.835 1.19 

a) Interpolated. 

If the intrinsic volume of reaction (IAV) for DA’s is only 
4.0-5.4 cm3/mole, why are AV’s so large (-30 to -40 
cm3/mol)? The reason is that cyclic molecules are generally 
more dense than acyclic ones. Typical data are presented in 
Table 732), which shows that cyclization of simple hydro- 
carbons of chain length 3-8 gives rise to about 20% in- 
crease in density. The change in molecular formula during 
cyclization is not responsible for the increase in density be- 
cause the density ratio is invariant with chain length. The 
I M V 4 )  of cyclohexane, 48.61 cm3/mol, is the same as that of 
the isomeric ~ I - (CH~)~ ,  48.72 cm3/mol, showing that the 
greater density of cyclohexane does not result from any spe- 
cial property of its bonds. Instead, its source is the reduction 
during cyclization in the volume of empty space between the 
molecules (59 cm3/mol for cyclohexane). Cyclic molecules in 
general have higher packing fractions than acyclic ones. 

In Table 8 are compared calculated intrinsic with experi- 
mental volumes and derived properties for almost all DA 
cases for which published data are complete enough to allow 
comparison. The increase in density attending cycloaddition 
is about right for the formation of one new ring. It is clear 
that A V’s consist principally (84 - 89%) of changes in empty 
space between the  molecule^^^-^^), and not in changes in 
molecular volumes occurring during reaction, because IA V’s 
are only 11 - 16% of A V’s. 

At the (concerted) TS, the intrinsic shrinkage vis-a-vis the 
experimentally derived AV* is even more insignificant, with 
IA V”s a mere 3 - 5% of A V *’s. Thus of the apparent re- 
duction in volume A V +  that takes place in the reactants as 
they proceed from the ground state to the TS, 95-98% 
represents something other than contraction of the system 
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Table 8. High pressure Diels-Alder reaction; comparison of intrinsic with experimental AV and A V *  [cm3/mol] 

Compound Solvent HV IHV ES IAV AV ES AV IAV* AV* Ref. 

CPD 
ECCE 
Cycloadduct 

CHD 
nA 
Cycloadduct 

Piperylene 
nA 
Cycloadduct 

Isoprene 
Dirners 

Isoprene 
nA 
Cycloadduct 

1-He0-butadiene 
nA 
Cycloadduct 

2-He0-Butadiene 
nA 
Cycloadduct 

Chloroprene 
nA 
Cycloadduct 

2,3-DHB 
HA 
Cyc loadduct 

2,3-DHB 
He Fumarate 
Cycloadduct 2 

2,3-DHB 
He Acrylate 
Cycloadduct 

Isoprene 
Acrylonitrile 
Cycloadduct 

Isoprene 
He Acrylate 
Cycloadduct 

Isoprene 
m 
Cycloadduct 

CPD 
He Fumarate 2 Cycloadduct 

CPD 
He Acrylate 
Cycloadduct 

CPD 
Dimer 

CPD-C14 
He Acrylate 
Cycloadduct 

EtOAc 

CH2C12 

HeCN 

n-BuBr 

Acetone 

n-BuC1 

HeCN 

HeCN 

n-BuC1 

n-BuC1 

n-BuCl 

n-BuBr 

n-BuBr 

n-BuBr 

n-BuC1 

n-BuC1 

n-BuC1 

n-BuC1 

81.4 
119.9 
167.4 

96.3 
71.0 
137.0 

98.4 
69.8 
136.9 

103.0 
164.2 

101.0 
69.4 
134.5 

100.6 
69.6 
134.7 

101.3 
69.8 
139.2 

93.0 
69.8 
125.9 

36.1 
60.1 
92.1 

43.9 
37.0 
16.5 

41.1 
37.0 
73.3 

40.6 
75.4 

40.6 
37.0 
73.7 

44.8 
37.0 
77.8 

45.6 
37.0 
77.4 

42.3 
37.0 
74.7 

49.1 
37.0 
81.3 

49.1 
61.9 
106.5 

49.1 
40.4 
84.2 

40.6 
27.8 
63.6 

40.6 
40.4 
75.9 

40.6 
36.6 
71.8 

36.1 
61.9 
93.8 

36.1 
40.4 
71.8 

36.1 
67.4 

73.5 
40.4 
109.7 

45.3 
59.8 
75.3 

52.4 
34.0 
60.5 

57.3 
32.8 
63.6 

62.4 
88.3 

60.4 
32.4 
61.4 

55.8 
32.6 
56.9 

55.7 
32.8 
61.8 

50.7 
32.8 
51.2 

-4.1 

-4.4 

-4.8 

-5.3 

-4.5 

-4.0 

-5.2 

-4.6 

-4.8 

-4.5 

-29.8 

-25.9 

-26.5 

-36.5 

-31.4 

-31.5 

-26.7 

-32.3 

-31.5 

-32.7 

-33.9 

-30.3 

-31.3 

-41.9 

-35.9 

-35.5 

-31.9 

-36.9 

-36.3 

-37.2 

-1.3 

-1.3 

-1.5 

-1.6 

-1.4 

-1.2 

-1.6 

-1.4 

-1.5 

-1.4 

-30.2 

-37.2 

-43.1 

-34.5 

-39.0 

-45.4 

-33.5 

-41.6 

-41.3 

-32.9 

9 

9 

13 

16 

10 

11 

13 

13 

19 

19 

-5.3 -31.7 -37.0 -1.6 -30.2 19 

-4.8 -32.2 -37.0 -1.5 -33.1, 15 
-35.4 

-5.1 -31.8 -36.9 -1.6 -31.5, 15 
-30.8 

-5.4 -31.7 -37.1 -1.6 -36.9, 15 
-38.1 

-4.2 -32.5 -36.1 -1.3 -32.7 19 

-4.7 -31.0 -35.7 -1.4 -30.1 19 

-4.8 -28.2 -33.0 -1.5 -23.7 19 

-4.2 -29.0 -33.2 -1.3 -24.6 19 
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during bond formation3*). Presumably this too is reduction 
of empty space. 

If the reaction were concerted, a TS and its product would 
have the same shape except for the new bonds being slightly 
- and, as we have seen, negligibly from the standpoint of 
intrinsic volume - longer in the TS. However, the same can 
be said for a diradical, because only cyclodiradicals go on 
to give product 39). Therefore, since bonding events account 
for merely 11 - 16% of A V’s and 3 - 5% of A V *’s, we con- 
clude that previous mechanistic conclusions favoring con- 
cert, which are based on comparison of bonding events in 
the TS and product as measured by A V  and A V ” ,  must be 
reexamined. Neither the concerted nor the diradical mech- 
anism for the DA reaction can be proven or disproven by 
high-pressure data at the present time. 

Method of calculation of molecular volume? The method 
used to calculate the volume is based on a numerical inte- 
gration using a nearly uniform distribution of points inside 
a sphere. The integration is done atom by atom using the 
following procedure. A unit sphere containing 1800 points 
is scaled to the size of the atom being considered and moved 
to be centered at the atomic center. Then for every atom 
which overlaps the atom in question, a plane is constructed 
perpendicular to the connecting line and which passes 
through the point of intersection of the two atomic surfaces. 
All points which lie on the side of the plane away from the 
atomic center are discarded. When this process is done the 
unique volume for this atom can be calculated as the prod- 
uct of the number of points remaining and the volume per 
point value obtained by dividing the orginal atom by 1800. 
This is repeated for all atoms in the structure and a final 
sum taken to obtain the overall volume. 

van der Waals radii used were (in Angstrerms): H, 1.00; 
C, 1.60 N, 1.40 0, 1.35; C1, 1.75. Bond lengths were taken 
from Pople et al?’), with these in addition: C(sp’)-C1, 1.77; 
C(sp2) - C1, 1.71; C(sp) - C1, 1.64. Bond angles (degrees): sp3, 
109.47; sp2, 120; sp, 180. Ring structures were built using the 
standard values and then minimized with MM2. Minimized 
structures were checked for closeness to standard values 
(except five-membered rings). In all cases where structures 
had symmetry, it was reflected in the bond lengths and an- 
gles. 
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