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Dynamic interconversion between the two enantiomeric
hemiacetal structures in acetonitrile was revealed from the var-
iable-temperature 1HNMR spectra for the compounds obtained
by the reaction of ninhydrin with phenol and p-nitrophenol.

Intramolecular cyclic hemiacetals generally equilibrate to
their ring-opened carbonyl–alcohol tautomer in solution. Both
ring-closed and ring-opened forms coexist regardless of their rel-
ative population. Glucose is a typical example, which is in equi-
librium between anomeric �- and �-hemiacetals through a trace
amount of the ring-opened form. The equilibration is slow and
kinetically led to a static equilibrium composition. In contrast,
the dynamic equilibrium between ring-opened and ring-closed
tautomers is rarely encountered for intramolecular hemiacetal
structures.

The Friedel–Crafts reaction of ninhydrin with phenols
preferentially undergoes ortho-selective reactions to form 2-hy-
droxy-2-(2-hydroxypheny)-1,3-indandiones. According to the
literature, these products exist exclusively in cyclic hemiacetal
structures as a result of static equilibrium.1 In this study, we
demonstrate the existence of a novel dynamic equilibrium be-
tween an enantiomeric pair of the intramolecular hemiacetals
via the ring-opened form. Such behavior was observed in the
reaction products of ninhydrin with phenol and p-nitrophenol,
referred to as 1 and 2, respectively (Scheme 1). It is rather
surprising that this dynamic nature of 1 has been overlooked
so far despite of the extensive investigation of this compound.1

The crystalline product obtained by the reaction of ninhy-
drin with phenol has been confirmed by X-ray analysis to be
benz[b]indeno[2,1-d]furan-10-one derivative 1,2 which corre-
sponds to an intramolecular hemiacetal of 2-hydroxy-2-(2-hy-
droxyphenyl)-1,3-indandione (Figure 1). However, the 1HNMR
spectrum of 1 was not able to be exactly attributed to a cyclic
hemiacetal structure; a hemiacetal structure should display
four nonequivalent signals for the protons of the 1,3-indandione
moiety, whereas only two broad signals were observed for those
at ambient temperature in acetonitrile. A decrease in temperature
resulted in the splitting of the two broad signals into four signals
at about �45 �C (Figure 2a). The signals due to hydroxy protons
at 5.3 ppm also underwent splitting into two broad signals at a
temperature as low as �40 �C (Figure 3).

These results are interpreted in terms of the involvement of
a dynamic internal conversion between the enantiomeric pairs of

the ring-closed form of 1 in solution, resulting in a time-
averaged structure of Cs symmetry. Alternatively, the dynamic
behavior is attributed to a conformational interconversion of
the ring-opened form by exchanging intramolecular hydrogen-
bonding sites without forming a covalent bond. The time averag-
ing of this motion would also give rise to observable tempera-
ture-dependent behavior. However, the chemical shifts of the
hydroxy protons at 5–6 ppm are consistent with those of non-
hydrogen-bonded hydroxy protons. Thus, the molecular motion
observed here is not attributed to an exchange of the hydrogen-
bonding sites in the ring-opened form but to the interconversion
of the cyclization sites. The ring-opened form was not observed
in a whole range of temperature. The activation free energy
(�Gz) was roughly estimated to be 52 kJ�mol�1 at �10 �C by
the coalescence temperature (Tc) method based on the chemical
shift difference between the two signals (�� ¼ 113Hz) in the
indan moiety.3 The spectrum reverted to the original state upon
warming.

Another example showing the dynamic nature of intramo-
lecular hemiacetal structures was found in the reaction product
of ninhydrin with p-nitrophenol, benz[b]indeno[2,1-d]furan-10-
one derivative 2. The 1HNMR spectrum of 2 in CDCl3
indicates that the ring-closed hemiacetal structure and the ring-
opened tautomer coexist in a ratio of 10:3 and the former is
not in dynamic equilibrium between its enantiomeric structures.4

However, in CD3CN, only the ring-closed form under intercon-
version was observed. Thus, the remarkably broad signals
from 7.5 to 8.0 ppm, which are assignable to the protons of the
indan subunit, varied to two doublet and two triplet peaks at
approximately �30 �C (Figure 2b), indicating the involvement
of dynamic behavior in the ring-closed form of 2.

Among the variety of alkyl-substituted derivatives prepared
in our study,5 no compounds exhibited the dynamic phenomenon
except for 1 and 2. Why did 1 and 2 exhibit dynamic nature?
To answer this question is difficult at this stage. At least for
the nitro compound 2, which contains a hydroxy group of high
acidity, consequently, of low nucleophilicity, the energy of the
ring-closed form relative to that of the ring-opened form would
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Scheme 1.

Figure 1. X-ray structure of 1.

696 Chemistry Letters Vol.37, No.7 (2008)

Copyright � 2008 The Chemical Society of Japan



be raised, thus making the barrier for cyclization lower.
It should be noted that the equilibrium is sensitive to the sol-

vent used. This might be a reason for overlooking the dynamic
nature of 1. When DMSO was used as a solvent at ambient tem-
perature, a significant change in the NMR spectrum of 1 was ob-
served: the two broad signals due to the indan subunit changed to
two well-separated doublet and triplet sets, indicating that the
interconversion had frozen. Furthermore, signals ascribable to
the ring-opened form of 1 occurred with relative integral inten-
sities of 32%. The involvement of the ring-opened form is
evident from the broad singlet signal due to the four aromatic
protons of the 1,3-indandione moiety.6 The coexistence of the
ring-opened form and the fixation of the hemiacetal structure
in DMSO can be interpreted as being due to the strong hydro-
gen-bonding ability of DMSO which may stabilize the ground
state of the hemiacetal tautomers, particularly, those of the
ring-opened form, because of the intervention of its phenolic
hydroxy group. When the NMR spectrum was measured at

120 �C in DMSO-d6, the signals broadened appreciably but
did not result in coalescence, indicating that even at 120 �C the
dynamic equilibrium is suppressed in DMSO. At 120 �C the
population of the ring-opened form is slightly increased to
39%, indicating that the energy (�H) difference between the
ring-opened and ring-closed forms is not significant in DMSO.
The same interpretation is thought to hold for the behavior of
2 observed when the solvent was changed from chloroform to
acetonitrile.

In summary, compounds 1 and 2 were in dynamic intercon-
version between their enantiomeric hemiacetal structures in
acetonitrile at room temperature. In DMSO for 1 and in chloro-
form for 2, the ring-opened structures occurred in appreciable
quantities along with the ring-closed form, whereas the latter
was not in dynamic motion.
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Figure 3. Temperature dependence of the 1HNMR signals of
the OH protons of 1 in CD3CN.

Figure 2. (a) Temperature-dependent 1HNMR spectra of 1 in
CD3CN. (b) Temperature-dependent 1HNMR spectra of 2 in
CD3CN.
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