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Ab initio calculations were performed for eight Claisen rearrangements, eqs 1-8. Transition-state
(TS) structures of [3,3] sigmatropic rearrangements of reactions 1-4 are similar, but their activation
energies (Ea’s) are different, Ea(1) < Ea(2) and Ea(3) < Ea(4). From the intermediate of reaction 3,
a hydrogen is moved intermolecularly to form the product, o-allyl phenol. The lower reactivities of
reactions 2 and 4 relative to reactions 1 and 3 are ascribed to large endothermicities in the
sigmatropic rearrangements, respectively. Chair-type transition states are more favorable than
boat-type transition states in reactions 1-4. The allyl group is released from the in-plane C-X (X
) O or N) σ bond and is captured by the π-type lone-pair electrons. The sulfur- and phosphorus-
containing rearrangements, reactions 5-8, are computed to have smaller activation energies but
are to be less exothermic than those of oxgyen- and nitrogen-containing rearrangements.

I. Introduction

The simplest example of a Claisen rearrangement is
the thermal conversion of allyl vinyl ether to 4-pente-
nal.1,2 Reliable predictions of the stereochemical features

of the Claisen rearrangement can be made on the basis
of the preference for a chairlike transition state (TS).3
Ab initio calculations have shown that the chairlike TS
is 6.6 kcal/mol more stable than the boatlike TS, with
MP2/6-31G*//RHF/3-21G.4a 1,5-Hexadiene is isoelec-
tronic with allyl vinyl ether and undergoes the Cope
rearrangement.5

Thus, it is of theoretical interest to determine whether
the isoelectronic allylvinylamine can cause the Claisen
(“amino-Claisen”) rearrangement.

Although reaction 2 is not known, with three methyl
substituents the reaction is quite facile.6 Extensive
studies of Claisen rearrangements of allyl ethers of
phenols have provided evidence pertaining to [3,3]-
sigmatropic rearrangements. An important clue regard-
ing the mechanism of the Claisen rearrangement was
obtained by use of 14C-labeled allyl phenyl ether.7

The intramolecular nature of the rearrangement was
established by a crossover experiment. Two allyl aryl
ethers were heated together, and the reaction was found
to yield the same products as when they were heated
independently.8 The rearrangement proceeds without
solvents.
In contrast to the facile occurrence of reaction 3, the

isoelectronic substrate N-allylaniline is known to not
rearrange under the standard condition,9a and the fol-
lowing amino-Claisen reaction (4) requires high
temperature.9b The role of second-row heteroatoms, sul-

fur and phosphorus, in Claisen rearrangements is of
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mechanistic concern. These atoms have large C-X
distances and appear to be more vulnerable to rearrange-
ments than oxygen and nitrogen atoms.

In the current study, eight reactions, 1-8, are com-
pared theoretically. This comparison may elucidate
the best condition for the Claisen rearrangement. The
first interest is in the difference elicited by vinyl (reac-
tions 1 and 2) and phenyl (reactions 3 and 4) groups. The
second is in the role of heteroatoms (oxygen, nitrogen,
sulfur, and phosphorus). For instance, average C-O and
C-N bond energies are 88 and 73.2 kcal/mol, respec-
tively. Since the C-N bond is cleaved more readily than
the C-O bond, the contrast between the ready occurrence
of reaction 3 and the high-temperature requirement of
reaction 4 is curious. The third interest is in the
isomerization step C f D in reaction 3. In ketone C,
the C-H bond must be broken to arrive at the phenol D.
This step needs to be clarified so as to understand
thoroughly the reaction mechanism for allyl aryl ethers.
Transition states of eight reactions are examined with
various computational methods, and the similarities and
differences are examined. Which is the best heteroatom
among O, NH, S and PH for the Claisen rearrangement?

II. Method of Calculations

Ab initio geometry optimizations with RHF/3-21G, RHF/6-
31G*, and Becke3LYP/6-31G*10 (reactions 1-8) and CISD/6-
31G* (reactions 1 and 2) were carried out using GAUSSIAN
9211 and GAUSSIAN92/DFT.12 Single-point calculations (fro-
zen core), MP2/6-31G*//RHF/3-21G, MP2/6-311G**//RHF/6-
31G* (reactions 1-4) and MP4(SDTQ)/6-31G*//RHF/3-21G
(reactions 1 and 2) were also made to refine the obtained

activation energies. Mass-weighted intrinsic reaction coordi-
nates (IRCs) of reactions 3 and 4 were searched for using the
method of Gonzalez and Schlegel,13 with RHF/3-21G. All the
ab initio calculations were performed on the CONVEX C-220
computer at the Information Processing Center of Nara
University of Education and the Personal Iris 4D/35 computer
at Matsushita Electric Works, Ltd.

III. Results of Calculations and Discussion

Figure 1 shows three geometries for reaction 1, for
which RHF/3-21G and RHF/6-31G* data of TS1 were
already reported.4 The electron-correlation effect is found
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Figure 1. Geometries of reactant (allyl vinyl ether, A), TS
(TS1), and product (4-pentenal,D) of reaction 1. Empty circles
stand for hydrogen atoms. Distances are in Å. For TS, RHF/
3-21G, RHF/6-31G* (underlined), (Becke3LYP/6-31G*), and
((CISD/6-31G*)) distances are shown. The reaction-coordinate
vector corresponding to the sole imaginary frequency (ν‡ )
763.4i cm-1 with RHF/3-21G) is sketched. The activation
energy, Ea, is calculated by the single-point energy by MP2/
6-31G* on the RHF/3-21G geometry, MP2/6-31G*//RHF/3-21G.
The activation entropy, ∆S‡, is by RHF/3-21G.
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to not seriously impact the TS1 geometry. Four compu-
tational methods give similar TS1 structures. In Table

1, computed activation and reaction energies are dis-
played. For reaction 1, MP4/6-31G*//RHF/3-21G (or

Table 1. Total Energies in Atomic Units by Various Methods for Reactions 1 and 2a

a Values in parentheses denote stabilizing (<0) or destabilizing (>0) energies (in kcal/mol) relative to those of reactants A

Table 2. Total (in au) and Relative (in kcal/mol) Energies of Reactions 3 and 4
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Becke3LYP/6-31G*) activation energy is 26.4 (or 27.4)
kcal/mol, which is close to 28.2 kcal/mol14 and similar to
29.8 kcal/mol2 and 25.4 kcal/mol.15 Figure 2 shows
geometries of reaction 2. Noteworthy is the result that
TS1(cis) is 3.1 kcal/mol more favorable than TS1(trans).
The cis direction of the N-H bond should be related to
the reaction course of the rearrangement. Reactions 1
and 2 are compared. The incipient C‚‚‚C bond in TS1-
(cis) of reaction 2 is slightly smaller than that in TS1 of
reaction 1 by four computational methods. The former
TS is somewhat later than the latter. In Table 1, the
activation energy of reaction 2 is larger than that of

reaction 1. The reaction energies (D - A energy differ-
ences) differ to a greater extent.
Figure 3 exhibits geometries of reaction 3. In Figure

3a, the reactant A has a geometry wherein the migrating
allyl group is separate from the benzene ring. An isomer,
B, is found. The isomer is only 1.32 kcal/mol less stable
thanA. At an early stage (s ) -5.0 bohr‚amu1/2 in Figure
3b), the allyl group is moved toward the reaction center
where the C-O bond ()1.484 Å) is not so elongated. The
chairlike TS1 has a geometry quite similar to that of allyl
vinyl ether. The cleaving C‚‚‚O bond length of TS1 is
slightly larger in reaction 3 than that in reaction 1. In
Table 2, the chairlike TS1 of reaction 3 is 6.2 kcal/mol
more stable than the boatlike TS with MP2/6-31G*//RHF/
3-21G. This value is almost the same as 6.6 kcal/mol

(14) Gajewski, J. J.; Jurayi, J.; Kimbrough, D. R.; Gande, M. E.;
Ganem, B.; Carpenter, B. K. J. Am. Chem. Soc. 1987, 109, 1170.

(15) Burrows, C. J.; Carpenter, B. K. J. Am. Chem. Soc. 1981, 103,
6983.

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Figure 2. Geometries of reactant A, TS, and product (D) of
reaction 2. The same notations as those in Figure 1 are used.
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obtained in reaction 1. The MP2/6-31G*//RHF/3-21G (or
MP2/6-311G**/RHF/6-31G*) activation energy, 32.3 (or
32.6) kcal/mol, is fortunately very close to the experi-
mental one, 32.2 kcal/mol.16 After TS1, an intermediate
C is formed in Figure 3c. From C, a hydrogen atom
attached to the ortho carbon atom must move toward the
exocylic oxygen atom. For this C f D isomerization,

there are three hydrogen-transfer modes as shown in
Scheme 1. Mode c can be ruled out, because Claisen
rearrangement occurs under neat conditions. Then,
TS2a in Figure 3c is compared with TS2b in Figure 4.
TS2a suffers a large 4-membered ring strain. In TS2b,

(16) White, W. N.; Gwynn, D.; Schlitt, R.; Girard, C.; Fife, W. J.
Am. Chem. Soc. 1958, 80, 3271.

Table 3. Total (in au) and Relative (in kcal/mol) Energies of Reactions 5 and 6

Figure 3. RHF/3-21G geometries of the reactant A (allyl phenyl ether), the first intermediate B, a point on the intrinsic reaction
coordinate (s ) -5.0 Bohr‚amu1/2), TS1, the second intermediate C, TS2a (intramolecular hydrogen transfer), and the product D
(2-allyl phenol) in reaction 3. For two TS structures, TS1 (chairlike) and TS2a, RHF/6-31G* (underlined) and (Becke3LYP/6-
31G*) distances are also shown.
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the intermolecular hydrogen transfer is asynchronous.
That is, in Figure 4, the upper (rightward) hydrogen
migration occurs first, which causes the lower (left-
ward) migration. In Table 2, TS2b is 52.2 kcal/mol
(MP2/6-31G*//RHF/3-21G) more stable than TS2a.
Two hydrogen atoms thus migrate between two inter-
mediates (C’s).
Figure 5 shows the geometries of reaction 4. Notice-

ably, a C-C bond in the allyl group is perpendicular to
the aniline plane. The nitrogen lone-pair orbital may
donate charge density to the C-C bond (Scheme 2). In
fact, the axial C-C length ()1.516 Å) is larger than that
()1.507 Å) in allyl phenyl ether (A in Figure 3a). At an
early stage (s ) -5.0 bohr‚amu1/2), the chairlike confor-

mation begins to form, which is similar to that in Figure
3b. The TS1(cis) geometry in Figure 5a is close to that
of TS1 (chairlike) in Figure 3b. The newly formed C‚‚‚C
distance (1.984 Å) is slightly smaller than that (2.064 Å)
in Figure 3b. Apparently, there is no geometric handicap
in the TS1(cis) of reaction 4. But, in Table 2, Ea ) 37.3
kcal/mol (MP2/6-31G*//RHF/3-21G) of reaction 4 is larger
than that (32.3 kcal/mol) of reaction 3. The former Ea

value is fortuitously in excellent agreement with the
experimental one, 37.6 kcal/mol.9b More importantly, the
A f C reaction enthalpy (22.3 kcal/mol) of reaction 4 is
much larger (more endothermic) than that, 10.0 kcal/mol,
of reaction 3. Thus, the contrast between the ready
occurrence of reaction 3 and the sluggish occurence of
reaction 4 is due to thermodynamic features. Average
bond energies and reaction enthalpy differences (∆H’s)
are given in Scheme 3. In Scheme 3, the difference in
∆H values is -73.8 - (-88.3) ) 14.5 kcal/mol. This value
is close to that ()22.3-10.0 kcal/mol) between reactions
4 and 3. Indeed the C-O bond in reaction 3 is more
difficult to cleave than the C-N bond in reaction 4, but
the newly formed C)O bond gains much greater stability
than the CdN bond.
In Figure 5b, TS1(trans) is shown. The difference

between TS1(trans) and TS1(cis) is only the direc-
tion of the N-H bond, as in Figure 2. Shown at the
bottom of Table 2, TS1(cis) is 2.8 kcal/mol more favorable
than TS1(trans). The favorableness of TS1(cis) sug-
gests a common feature of all Claisen rearrangements.
The first action is the switch of bonding electrons for
the allyl group from the in-plane lone-pair electrons
to the pπ electrons as in Scheme 4. A f B in Figure 3
represents the switch. The action carries the allyl
group to the broken triangular-prism region in the chair
form in Scheme 4.
Figure 6 presents energy diagrams of four Claisen

rearrangements. Reaction 1 has the smallest activation

Figure 4. RHF/3-21G TS geometry of an intermolecular
double hydrogen transfer between two second intermediates
(two C’s).

Figure 5. Geometries of the reactant A (N-allylaniline), a point on the intrinsic reaction coordinate (s ) -5.0 Bohr‚amu1/2), TS1,
and the intermediate C(cis) in reaction 4.
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energy. For reaction 3, TS1 is confirmed to be the rate-
determining step.17 The intermolecular hydrogen trans-
fer (TS2b) is much more favorable than the intramolec-

ular one (TS2a). While overall exothermic energies (A
f D) of reactions 2-4 are similar, that of reaction 1 is
large, -21.4 kcal/mol (Table 1).
Claisen rearrangements containing the second-row

atoms were examined. Figure 7 shows geometries of
reaction 5. In general, the sulfur atom has a larger
bond distance and a smaller bond angle than the oxygen
atom. The sulfur [3,3] shift is expected to proceed more
readily than that of oxygen. In fact, geometric changes
of reaction 5 along A f TS1 f D are smaller than those
in reaction 1 in Figure 1. Table 3 shows activation
energies of reaction 5. They are similar or smaller than
those of reaction 1 in Table 1. However, reaction enthal-
pies (D - A energy differences) of reaction 5 are smaller
(less exothermic) than those of reaction 1. Thus, the
sulfur Claisen shift is more favorable kinetically but less
favorable thermodynamically than the oxygen shift. This
trend can be recognized when reaction 6 is compared with
reaction 2. Figure 8 presents the geometries of reaction
6. This has a smooth geometric change relative to that
of reaction 2 in Figure 2. In Tables 1 and 3, reaction 6
is better kinetically but worse thermodynamically than
reaction 2. The trend is enhanced in aromatic Claisen
rearrangements. Figure 9 shows the geometries of

(17) Energy diagrams in Figure 6 are shown as differences relative
to the total energy of A. Total energies of A, TS1, C, and D are for a
molecule. But, that of TS2 is for two molecules, half of which is shown
in Figure 6.

Figure 6. MP2/6-31G*//RHF/3-21G potential energy diagrams
of four Claisen rearrangements.

Figure 7. Geometries of reaction 5.

Figure 8. Geometries of reaction 6.
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reaction 7. Only a small distortion leads to the A f C
process. However, Table 4 indicates that the process is
very endothermic. Figure 10 exhibits geometries of
reaction 8. There are only slight geometric changes. But,
unfortunately, reaction 8 is the most endothermic of the
eight reactions. Aromatic Claisen rearrangements con-
taining the second-row atoms are improbable.

IV. Concluding Remarks

This work has dealt theoretically with aromatic Claisen
rearrangements, reactions 3, 4, 7, and 8. Allyl reactions,

reactions 1, 2, 5, and 6, have also been investigated for
comparison. Ether reactions are found to be more
favorable than amine reactions, both kinetically and
thermodynamically. In particular, the conversion of C-O
f C)O gives rise to great stabilization. Boat-type and
cis transition states originate from a switch of the allyl-
heteroatom bond positions (Scheme 4). In the second step
of reaction 3, two hydrogen atoms are transferred mutu-
ally between two intermediates, C’s. Claisen rearrange-
ments containing the second-row atoms (reactions 5-8)

Figure 9. Geometries of reaction 7.

Table 4. Total (in au) and Relative (in kcal/mol) Energies of Reactions 7 and 8

Figure 10. Geometries of reaction 8.
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are more favorable kinetically but less favorable ther-
modynamically than those containing the first-row atoms
(reactions 1-4). As a reaction design, the oxygen atom
is the best atom for Claisen rearrangements. This is
because C-O and C)O bond energies are extraordinarily
different.
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