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Mechanism of the Diels—Alder Reaction.

The Question of the “Internal”” Pathway for the Thermal
endo—exo Isomerizations of the
5-Norbornene-2,3-dicarboxylic Anhydrides!

Sir:

Much information bearing on the mechanism of the
Diels—Alder reaction has been obtained from studies of
isomerizations of various adducts of cyclopenta-
diene.2~!'t One of the most interesting and important
of these isomerizations is the conversion of the endo-
cyclopentadiene-maleic anhydride adduct [S-norborn-
ene-2,3-endo-dicarboxylic anhydride (N)!?] to the cor-
responding exo isomer (X) at 190°.1* Berson and co-
workers®? have made a detailed study of this process

190° CQ
CcO cO0—0
e
CO
N
and have reported that in decalin it takes place both
by an “external”’ pathway (a retrogression of the
endo adduct N to the addends which then recombine to
give the exo isomer X) and an “internal” pathway (a
direct mechanism not involving dissociation into
kinetically free fragments).

In connection with a projected study of the stereo-
chemistry of these reactions using the endo adduct
asymmetrically labeled with '“C, we have re-examined
the case for the occurrence of the “internal” pathway.

The following observations prompted our studies.
First, under the conditions reported for the N to X
conversion [0.102 M N and maleic anhydride (M) in
boiling decalin, 190°], not all of the maleic anhydride is
in solution. In addition, a fairly considerable amount
of M sublimes out of the reaction mixture within a few
minutes. Obviously, in these circumstances there is no
longer an equimolar quantity of M present. As a
consequence the results become prejudiced toward the
internal pathway. !4
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Table I. Exchange between Radioactive N and X with
Inactive M Compared to the Rate of Formation of X
Starting Reaction Activity X formed,
material® time, min. recovd., 7° /Ad
N 2 81.06 3.3
N 4 71.11 5.5
N 6 63.26 7.5
N 8 59.55 10.3
N 10 57.58 11.554
N 10 13.3 £ 0.15¢
N 12 o 16.1
X 10 97.9
X7 10 98.1

a Starting concentrations: 0.267 M radioactive N (436.10 puc./
mole) or X (440.84 uc./mole) and 0.267 M inactive M. * Per cent
of original activity in recovered starting material. ¢ Determined by
n.m.r. integration in CHCI; from the mixture of N and X by com-
parison of the ratio of a peak belonging to X only with one common
to the sum of N and X. 4 This value is regarded as being somewhat
low. ¢ Average of three separate runs. / Starting concentration:
0.0267 M radioactive X (440.84 uc./mole) and 0.267 M inactive M.

To get around these difficulties we have studied the
N to X isomerization in #-pentylbenzene which gives
homogeneous solutions and permits use of 0.267 M
N (labeled with *C in both carbonyl carbons) and
0.267 M nonradioactive M at the boiling point (189-
190°).

We have obtained quite conclusive evidence that
there is in fact no internal mechanism for the thermal
isomerization of the endo adduct N to the exo isomer
X in t-pentylbenzene. The rearrangement appears to
occur only by dissociation-recombination in exactly
the same way as the endo—exo isomerization of the
cyclopentadiene—acrylic ester® and 9-phenylanthracene—
maleic anhydride adducts.?

Exchange of radioactive N with inactive M was
found to occur very rapidly in comparison to the ex-
change of X with M (Table I).

Clearly, X is only present in small concentrations in
the early stages of the exchange between N and M.
Therefore it was necessary to determine the activity of
X by the isotope-dilution technique.

The activities theoretically to be expected of X
arising from N exclusively by an internal mechanism
and by an external mechanism were calculated on the
basis of the following assumptions: During any small
increment of time, the X formed by the internal mech-
anism has the same activity as the average activity of N
during that time, and the X formed by the external
mechanism has the same activity as the average activity
of M during that time. The data of Table I were
plotted to show the decrease in activity of N with time
(B: vs. time) and the fraction of N converted to X
with time (9 X, vs. time). The plots were then sub-
divided into arbitrarily small time increments (30 sec.).
Values for the average activities of N and for the frac-
tion of the total amount of X formed during each of
the time increments were determined by graphical
interpolation from the plots.

If B, is the original activity of N, 3; the average
activity of N during time increment 1, 8, during time
Baldwin and Roberts,!! based on the N to X interconversion in presence
of tetracyanoethylene as a scavenger for cyclopentadiene, has been
wholly vitiated by the unanticipated discovery that maleic anhydride
reacts with cyclopentadiene at a rate comparable to that of tetracyano-

ethylene above 150° in decalin (unpublished results of U. Scheidegger)
as well as in r-pentylbenzene.
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increment 2, etc., X; the percentage of X formed during
time increment 1, X, during time increment 2, etc.,
X, the total percentage of X formed during reaction
time ¢, then the activity aa of X theoretically to be ex-
pected for the internal mechanism, which is inde-
pendent of the concentration and activity of M present
in the reaction mixture, is approximately

as = BiXi/Xe + BoXo/ X + ... + B X/ X,

The activity ap of X expected for external mechanism
is dependent on the concentration of N and M. The
decrease of the starting material N is due to formation
of X with time and can be extrapolated from the plot
%, Xt vs. time.

It was noted that some M sublimes out of the re-
action mixture. The amount of M actually present
during the reaction time was determined by titration.

Considering these two factors, the activity ap of
X theoretically to be expected for the external mecha-
nism is approximately

ap = [(Boe — B)Xi/ XINYM +
((Bo — B2) Xof X(INo/ M, 4
----- + [(Be — B X1/ X INY/ M,

where 8, — (1 is the average activity of M during time
increment 1, 8, — (3. during time increment 2, etc.,
N, the average amount of N present in the reaction
mixture during time increment 1, N, during time in-
crement 2, etc., M, the average amount of M present
in the reaction mixture during time increment 1, M,
during time increment 2, etc.

The theoretical and experimental activities expressed
in percentage of the original activity of N obtained are
shown for a reaction time of 10 min. (Table II).

Table II. Radioactivity of X=
% of original
activity of N
" internal pathway only 70
Calculated i external pathway only 310
Experimental (two runs)e 324x1.5
32.3+£1.5

e For a reaction time of 10 min. ¢ A small correction for the
rate of exchange of X with outside M (see Table I) is included here.
¢ The starting concentrations were 0.267 M radioactive N (441.56
uc./mole) and 0.267 M inactive M. The activities oy (143.18
uc./mole, respectively, 142.73 uc./mole) of X formed after time ¢
were calculated from the activities «, (27.66 uc./mole, respectively,
26.95 uc./mole) of recovered X (determined by isotope-dilution
technique), using the formula a: = (a:X; + atXy)/(Xs + Xb),
where «, and X, are the activity and weight of inactive X added and
X: (13.4%, respectively, 13.15%) the weight of X formed after
time ¢ (determined by n.m.r. integration in the same run as o).

The results exclude the internal pathway for the
thermal interconversion of N to X in t-pentylbenzene
and for the reasons given above render it highly un-
likely in decalin as well.’* The mechanism appears to
be a retrogression of the formation of the endo adduct

(15) However, Professor J. A. Berson has suggested that it is conceiv-
able that an internal mechanism depending on complex formation be-
tween M and diene might not occur in an aromatic solvent such as ¢-
pentylbenzene because of competitive solvent-M complexing.
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followed by recombination, contrary to the Alder
rule, 1% to give the exo isomer.
(16) K. Alder and G. Stein, Angew Chem., 50, 510 (1937).
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Acid-Catalyzed 1,5-Hydride Transfer in Acyclic
Molecules. Mechanism and Stereochemistry
Sir:

In contrast to the common occurrence of intramo-
lecular 1,2-hydride transfer to carbonium ions (e.g.,
in many pinacol rearrangements and solvolytic re-
actions) and of intermolecular analogs,! there are
relatively few reports of intramolecular transfer of
hydride to more remote carbonium ions.2 Most
examples of such reactions are restricted to medium
rings® or rigid polycyclic compounds in which the
reacting sites are in close proximity* and have been
regarded as due largely to the special geometrical fea-
tures of these molecules. A single example of an acid-
catalyzed 1,5-hydride transfer in a flexible system is the
isomerization?® of steroidal sapogenins at C-25.

Recently the polyphosphoric acid (PPA) catalyzed
isomerization of a series of v-hydroxy olefins to saturated
ketones was reported® (eq. 1). Several conceivable

PPA
RiR,C=CH(CH.).CHOHCH; —> RiR:CH(CH:);COCH; (1)
I, Ri =R, =CH; III, Ry = Ry = CH;s
II, R1 CH;, R2 = C5H5 IV, R1 = CH3, Rz = CeH5

mechanisms for this transformation were listed, in-
cluding (a) migration of the double bond to an enolic
position, (b) internal hydride transfer of the O-H
hydrogen, and (c) internal transfer of the carbinol
C-H. We wish to report evidence that this latter
mechanism is the correct one and that consequently
this reaction represents a simple, clear-cut example of
intramolecular 1,5-hydride transfer to an acyclic car-
bonium ion.

Deuterium labeling showed that it is the hydrogen
attached to the carbinol carbon which migrates
in the isomerization. 2-Deuterio-6-methylhept-5-en-2-ol
(1-D), heated with PPA, gave 6-deuterio-6-methyl-
heptanone-2 (I11-D) in 47 9 yield. The position of the
label was shown unequivocally by the n.m.r. spectrum
of the semicarbazone of III-D, m.p. 154-155° in
which the gem-dimethyl group appeared as a sharp
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