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Abstract—Two model compounds (3 and 4) having the typical a-tocopherol-type substitution pattern of the aromatic ring, but lack-
ing the annulated pyran ring, have been synthesized. Upon oxidation, the two possible ortho-quinone methides (oQMs) of each are
formed in equal ratio. DFT calculations suggest that there is no angular strain in 3 and 4, and each of the oQM pairs is of similar
energy. These results prove that the commonly observed regioselectivity in oxidations of vitamin E-type model compounds is not an
electronic substitution effect, but a consequence of annulation.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Phenolic compounds derived from trimethylhydroquin-
one by annulation are commonly referred to as vitamin
E-type antioxidants. They possess the typical substitu-
tion pattern of a-tocopherol (1),1 that is, three aromatic
methyl groups and a fourth substituent, which forms a
ring structure with one of the oxygens. Oxidation of
these compounds to ortho-quinone methides2 (oQM)
proceeds with peculiar regioselectivity, apparently exclu-
sively involving C-5a (but not C-7a). In the pertinent lit-
erature, this behavior has been commonly explained by
the so-called Mills–Nixon effect.3 From this, it was pre-
dicted that oQM formation proceeds exclusively involv-
ing the �upper� C-5a methyl group in benzopyranols,
such as 1 and 2, and exclusively involving the �down�
C-7a methyl group in benzofuranols. In a recent study,4

we have shown that the Mills–Nixon theory from 1930
was based on the wrong premises, even though it seemed
to provide the proper explanations for the vitamin E sys-
tem. It was moreover shown that the prediction of com-
plete regioselectivity in oxidations of vitamin E-type
antioxidants was contradictory to experiment: the regio-
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selectivity is instead a function of angular strain, chang-
ing gradually with the sum of the two annulation angles,
but not abruptly with the size of the annulated ring. As a
consequence, the oxidation regioselectivity of vitamin
E-type phenols was fully explained by the theory of
strain-induced bond localization (SIBL).5

Another older explanation attempt—mostly evoked
together with the Mills–Nixon effect and still present
in today�s literature—has been postulating the electronic
effects of the annulated six-membered ring to be the cru-
cial factors in governing the oxidation regioselectivity of
vitamin E-type antioxidants. Even though it seems diffi-
cult to imagine why the small difference of one CH2

group—with regard to inductive effects—should be able
to change the regioselectivity completely when going
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from six-membered to five-membered annulated rings,
this explanation is still frequently used today.6 It was
the goal of the present study to test the validity of this
hypothesis.
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Scheme 2. Synthesis of �non-annulated� vitamin E model compound 4.
Reagents and conditions: (i) H2SO4, toluene, reflux, 10 min; (ii)
MeOTf, 2 h, rt; (iii) H2, Pd/C, 24 h, 33% overall.
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2. Results and discussion

The common vitamin E model compound 2,2,5,7,8-pen-
tamethylchroman-6-ol (2) is oxidized in high (but not
complete) regioselectivity. At room temperature, 98%
of the 5a-oQM was found besides 2% of the 7a-oQM
counterpart. The electronic influences of the annulated
ring consist of inductive effects of the ring carbons on
both C-4a and O-1. Assuming that these effects indeed
govern the observed regioselectivity in oxidations, then
any compound having similar alkyl substituents at both
C-4a and O-1 should exhibit a comparable oxidation reg-
ioselectivity—independent of whether these substituents
are joined in a ring structure or not. Thus, we have syn-
thesized compounds 3 and 4 as two �open ring� versions
of 2, which have similar substituents at C-4a and O-1,
but no annulated ring. If indeed the electronic effects
are responsible for the regioselectivity in oxidations of
vitamin E derivatives, then both 3 and 4 should be oxi-
dized in high regioselectivity to the oQM which involves
the 3-methyl group, while the competitive oQM involv-
ing the 5-methyl group should be largely disfavored.

Compound 3 was obtained starting from 1-(5-acetoxy-2-
hydroxy-3,4,6-trimethylphenyl)ethanone, which was
readily obtained from TMHQ by treatment with BF3–
acetic acid complex. Claisen etherification of the free phe-
nolic hydroxyl group followed by reduction of the keto
group with simultaneous deacetylation afforded 3 in
73% yield7 relative to the starting ethanone (Scheme 1).
The synthesis of 4 in 33% overall yield8 employed O-
benzylated 2, which underwent ring-opening by an intra-
molecular elimination process, followed by methylation
of the liberated phenolic hydroxyl and simultaneous
debenzylation and hydrogenation of the double bond.

In order to obtain some more insight, 3 and 4 underwent
full geometry optimizations at the B3LYP/6-311G* hy-
brid density functional level.9 Since there are no annula-
tions in these systems, the bond angles should be
relaxed, that is, close to 120� at the aromatic ring. In-
deed, the sum of the C-2a–C-2–C-1 and O-1a–C-1–C-2
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Scheme 1. Synthesis of �non-annulated� vitamin E model compound 3.
Reagents and conditions: (i) Me2CHBr, K2CO3, KI, acetone, rt, 24 h;
(ii) Zn, HCl, 2 h, rt, 72%, overall.
bond angles (see Schemes 1 and 2) are 239.3� and
237.6� for 3 and 4, respectively. Since these two systems
are not isomeric, it is impossible to compare directly the
heats of formation. However, the results of Eqs. 1 and 2
suggest that there is no special stability or instability
comparing 3 and 4.
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and trapping in
3 þ C2H6 ! 4 þ CH4 ð1Þ

DE(ZPE corrected) = 2.5 kcal mol�1, DH = 3.1
kcal mol�1
3 þ ðCH3Þ2CHCH2CH3 þ CH3OH !
4 þ C2H6 þ ðCH3Þ2CHOH ð2Þ
DE(ZPE corrected) = �3.8 kcal mol�1, DH = �3.7
kcal mol�1.
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ation of compounds 3 and 4—as the �non-annulated�
in E model compound 2—to ortho-quinone methides

a hetero-Diels–Alder reaction with ethyl vinyl ether.
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Oxidation of both compounds 3 and 4 was carried out
by either Ag2O or elemental bromine at room tempera-
ture. For determination of the transient ortho-quinone
methides, we used the fast trapping reaction in excess
ethyl vinyl ether, as described in earlier work.10 Upon
oxidation, compound 3 afforded the two oQMs 3a and
3b which were trapped as 5 and 6 in a 48/52 ratio inde-
pendent of the oxidant used, which proved that there
was no oxidation regioselectivity at all.11 In the case of
compound 4, the two ortho-quinone methides 4a and
4b were even formed in a perfect 50/50 ratio as reflected
by the 50/50 ratio found for the two trapping products 7
and 8 (Scheme 3).

It was shown that the oQM, which is formed upon oxi-
dation of the phenol, is similar to the intermediate which
is formed after the rate determining step, which, in turn,
contains the rate determining transition state.4 Thus, the
two possible oQMs for 3 and 4 (3a/3b and 4a/4b, respec-
tively) were calculated. The energy differences between
3a and 3b and 4a and 4b are small: 3b is by
0.1 kcal mol�1 more stable than 3a (ZPE corrected DE,
both have the same DH), and 4b is by 0.4 kcal mol�1

more stable than 4a (both ZPE corrected DE and DH),
that is, within the limitations of the theoretical method
each pair shows a comparable stability. The equal stabil-
ity of the different oQM isomers is perhaps best demon-
strated by comparing the energy of the isodesmic
equations 3a with 3b, and 4a with 4b. Within
0.2 kcal mol�1, each pair of equations shows the same
energy. Thus, it is clear from the calculations that in
the non-annulated systems there is no preference for
one of the two possible oQMs, in strong contrast to
the situation in the annulated systems.
3 þ 4a ! 4 þ 3a ð3aÞ
DE(ZPE corrected) = �0.9 kcal mol�1, DH = �0.9
kcal mol�1
3 þ 4a ! 4 þ 3b ð3bÞ
DE(ZPE corrected) = �0.7 kcal mol�1, DH = �0.8
kcal mol�1
3 þ 4b ! 4 þ 3b ð4aÞ
DE(ZPE corrected) = �0.3 kcal mol�1, DH = �0.4
kcal mol�1
3 þ 4b ! 4 þ 3a ð4bÞ
DE(ZPE corrected) = �0.5 kcal mol�1, DH = �0.4
kcal mol�1.

These results clearly disprove the notion that electronic
substituent effects exerted on the aromatic ring via C-4a
and O-1 determine the regioselectivity in oxidations of
vitamin E-like compounds. The observed regioselectiv-
ity is due to the annulation of the aromatic system to
an alicyclic ring, rather than due to mere substitution
at C-4a and O-1. The effect of the annulation strain on
the oxidation selectivity, that is, the ratio of the two pos-
sible ortho-quinone methides, can be smoothly explained
by the SIBL model as mentioned above.4
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