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ABSTRACT: The work of Kita et al. on asymmetric oxidative
dearomatization of naphthol carboxylic acids to spirolactones
mediated/catalyzed by a novel, conformationally rigid μ-oxo-
bridged hypervalent iodine(III) species is a landmark
discovery in enantioselective iodine(III) catalysis [Kita, Y.;
et al. Angew. Chem., Int. Ed. 2008, 47, 3787. DOI: 10.1002/
anie.200800464; J. Am. Chem. Soc. 2013, 135, 4558. DOI:
10.1021/ja401074u]. We have investigated the detailed
mechanism of this important transformation using density
functional theory. Calculations revealed that proton transfer
from the pendant carboxylic acid of naphthols to the bridging
oxygen atom or the ligand of iodine(III) species, which
enhances the nucleophilicity of the carboxylic oxygen and the
nucleofugality of the iodoarene, is crucial for the dearomatizing spirolactonization. Halogen bonding between the resulting
carboxylate and the electron-deficient iodine(III) center further stabilizes the dearomatizing spirolactonization transition states.
Calculations also revealed a long-neglected cleaved μ-oxo iodine(III) species that is more reactive but less selective than the μ-
oxo-bridged hypervalent iodine(III) species itself for the oxidative dearomatization of naphthols. The coexistence of two
sequential dearomatizing spirolactonization processes in the reaction system results in a lower enantioselectivity. A new
stereochemical model that is able to reproduce and rationalize the observed apparent enantioselectivities is proposed.

■ INTRODUCTION

Hypervalent iodine reagents are intensively used in organic
chemistry as a safe, mild, and economical alternative to heavy
metal or rare metal reagents.1 Their unique reactivities inspire
the exploration of new synthetic transformations that would be
difficult to accomplish otherwise.1 Recently, special attention
has focused on asymmetric transformations induced by chiral
hypervalent iodine reagents or catalysts.2 Notable asymmetric
reactions developed include α-functionalization of ketones,3

difunctionalization of alkenes,4 oxidative dearomatization of
phenols,5 and many others.2 However, stereochemical models6

and mechanistic discussions7 of these transformations are still
in their infancy.
Dearomatization of phenols is a powerful strategy for the

synthesis of complex molecules, providing an avenue for
simultaneously introducing stereochemical information and
generating products that are primed for further reaction.8 The
main challenge in making them asymmetric is to control the
reaction selectivity while overcoming the loss of aromaticity.8c

This is particularly true for hypervalent iodine-mediated/
catalyzed oxidative dearomatization. The development of chiral
hypervalent iodines as stoichiometric reagents or catalysts with

high efficiency and satisfactory enantioselectivity has long been
a challenging task.5

A breakthrough was achieved in 2008 when Kita and co-
workers disclosed a novel conformationally rigid, μ-oxo-
bridged iodine(III) reagent R1 based on the axially chiral
spirobiindane scaffold (Scheme 1a).5a With this reagent, they
established the first protocol for enantioselective oxidative
dearomatization of naphthol carboxylic acids at an unprece-
dented level of asymmetric induction in the field of hypervalent
iodine-mediated transformations. Intriguingly, the use of other
chiral iodoarenes R3 and R4 resulted in formation of almost
racemic spirolactones (Scheme 1a). They also demonstrated
that spirobiindane C1 could be used in catalytic quantities,
along with meta-chloroperbenzoic acid (mCPBA) as a
stoichiometric oxidant, with some diminution in enantio-
selectivity (up to 69% ee) (Scheme 1b). The enantioselectivity
can be enhanced through the introduction of ethyl-substituents
at the ortho-positions of the iodine atoms (Scheme 1b).5c Kita
proposed a transition state (TS) model to rationalize the
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observed stereoselectivities (Scheme 1c). In this model, the in
situ-generated iodine(III) catalyst R2 undergoes a ligand
exchange with the naphthol oxygen to provide the intermediate
Inta, and then the pendant carboxylic acid preferentially
attacks at the ipso position of the naphthol ring from the less
hindered Re-face, yielding the observed R enantiomer of the
product. This discovery has been regarded as a landmark in
enantioselective iodine(III) catalysis, proving the chiral iodine
compound as a new entrance to asymmetric organocatalysis.
We have studied computationally the mechanism and

origins of stereoselectivities of the asymmetric oxidative
dearomatization of naphthol carboxylic acids involving the μ-
oxo-bridged hypervalent iodine(III) species. A revised
mechanism and stereochemical model are proposed. The
new stereochemical model is highly consistent with the
observed experimental stereoselectivities and sheds light on
the advantage of rigid versus flexible catalysts.9

■ COMPUTATIONAL METHODS
Quantum chemical calculations were carried out with the Gaussian 09
package.10 The hybrid-meta GGA functional M06-2X11 with a mixed
basis set of SDD12 for I and 6-31G(d) for other atoms was employed
for optimizing the geometries of minima and transition states. The
SMD13 implicit solvation model was used to account for solvation
effects of chloroform or dichloromethane. Frequency calculations
were performed at the same level to verify the nature of stationary
points. Previous computational studies of hypervalent iodine
compounds-mediated reactions with the M06-2X functional provided
results in accord with experiment.6c,7e,14 To obtain more accurate
energies, single point energy calculations were performed at the SMD-
M06-2X/cc-pVTZ(-PP)15 level of theory. Gibbs free energies are
corrected using Truhlar et al.’s quasi-harmonic approximation by
setting all positive frequencies that are less than 100 cm−1 to 100
cm−1.16 Non-covalent interaction analysis was performed by
NCIPLOT.17 The structures were generated by CYLview18 and
Pymol.19 All energies reported throughout the text are in kcal mol−1,
and the bond lengths are in angstroms (Å).

■ RESULTS AND DISCUSSION
Mechanism of the Spirobiindane-Based μ-Oxo-

Bridged Hypervalent Iodine(III)-Induced Asymmetric
Dearomatizing Spirolactonization. The spirobiindane-
based iodine(III) reagent R1-promoted asymmetric dearoma-
tizing spirolactonization of propanoic acid-substituted 1-
naphthol 1a (Scheme 2) was chosen as the model reaction

for investigating the mechanistic details. We began our study
by exploring the ligand exchange/direct spirolactonization
mechanism proposed by Kita (Scheme 1c). The computed
reaction coordinate diagrams are given in Figure 1 and Figure
S1. Optimized geometries of some key transition structures
and intermediates are presented in Figure 2. Although the
ligand exchange is viable with a barrier of 18.8 kcal mol−1 via
TS1a, a direct attack of the ipso position of the naphthol ring
by the pendant carboxylic acid via TS2a-(R) to furnish the
spirolactonization product has an activation free energy barrier
as high as 48.2 kcal mol−1 (see Figure S1). The direct
spirolactonization mechanism is thus unlikely to account for
these reactions.
We located a hydrogen-bond-assisted ligand-exchange

transition state TS1b (Figure 1a), which is 0.5 kcal mol−1

more stable than the non-hydrogen-bond-assisted ligand-
exchange transition state TS1a (Figure S1). The resulting
Int1b undergoes proton transfer to generate Int2b, which is
located 10.1 kcal mol−1 above Int1b. The barrier for the
subsequent dearomatizing spirolactonization through TS2b-
(R) is 28.9 kcal mol−1 (Figure 1a), which is 19.3 kcal mol−1

lower than that of the direct spirolactonization via TS2a-(R)
(Figure S1). However, this activation free energy barrier, 28.9
kcal mol−1, is considered to be still too high, given the fact that
these reactions can occur readily at 0 °C.

Scheme 1. Asymmetric Kita Spirolactonization

Scheme 2. Model Reaction Chosen for Calculation
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Inspired by Wheeler’s study.20 and Yu’s proton shift
theories,21 we explored whether the barrier could be further
reduced by recruiting an acetic acid molecule as a hydrogen-

bonding bridge between the carboxylic acid group in 1a and
the bridging oxygen atom in R1. Indeed, the inclusion of an
acetic acid lowers the energies of the intermediates and

Figure 1. Calculated potential energy profile (kcal mol−1) for (a) the μ-oxo-bridged hypervalent iodine(III) species R1 and (b) the in situ-formed
iodine(III) species K1-mediated asymmetric oxidative Kita spirolactonization.
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transition states (Figure 1a). The overall activation free energy
barrier proceeding via TS2c-(R) is now reduced to 21.0 kcal
mol−1, likely as a result of the strain release induced by the
formation of an acetic acid hydrogen bonding bridge. The
breaking O---I(III)---O 3-center-4-electron (3c-4e) bond1b in
TS2c-(R) is close to 180° but deviated significantly from 180°
in TS2b-(R) (Figure 3), indicating a smaller angle strain in the
former TS structure. Previous computational and experimental
studies have shown that hypervalent iodine compounds can act
as a nonclassical halogen bond donor.1b,6c,22 A closer
examination of the structures of Int2c and TS2c-(R) reveals
O---I(III) distances are considerably shorter than the sum of
the van der Waals radii (Figure 2). This suggests nonclassical
halogen bonding interactions1b,23 between the carboxylic
oxygen and the electron-deficient iodine(III) center (Figure
4), which further stabilize these structures.
Formation of the phenoxenium ion through a dissociative

mechanism has been generally proposed for iodine(III)-
mediated oxidative dearomatization of phenols. Our calcu-
lations show that the dissociation transition state TS2c-Dis
that leads to the phenoxenium ion intermediate, is 5.2 kcal
mol−1 higher in free energy than the spirolactonization
transition state TS2c-(R) (Figure S2). This indicates that the
dissociative pathway is unable to compete with the
spirolactonization process for this reaction. However, when a
strong electron-donating substituent presents on the naphthol

ring of substrate, the dissociative pathway might be able to
compete with the spirolactonization process.
Generation of the spirolactonization product 1p and the

cleaved μ-oxo iodine(III) species K1 (a half-reduced form of
the μ-oxo-bridged hypervalent) is highly exergonic by 42.1 kcal

Figure 2. Calculated geometries of transition structures and intermediates for the μ-oxo-bridged hypervalent iodine(III) species R1-mediated
asymmetric oxidative Kita spirolactonization.

Figure 3. Angle of the breaking O---I(III)---O 3-center-4-electron
bond in TS2b-(R) and in TS2c-(R).
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mol−1. Notably, the iodine(III) center in K1 may also serve as
an active center to promote dearomatizing spirolactonization.
In fact, in the original studies of Kita, 0.55 equiv R1 was found
to be efficient for conversion of one equiv of substrate, and the
iodoarene was recovered after reactions (Scheme 2).5a The
second iodine(III) center is required to participate in the
dearomatizing spirolactonization. Accordingly, we also inves-
tigated the mechanism of K1-mediated spirolactonization. The
results are presented in Figure 1b.
In principle, both OH and OAc in K1 could undergo ligand

exchange with the naphthol oxygen of 1a. As shown in Figure
1b, ligand exchange with OAc (TS3) is 7.7 kcal mol−1 more
favored than with OH (TS3′), consistent with previous
observation that the OH ligand has a stronger trans influence
that weakens the trans I-OAc bond.24 In analogy to
intermediate Int1b, the resulting Int4 could undergo proton
transfer and spirolactonization to provide another molecule of
product. The barrier for dearomatizing spirolactonization via
TS6-(R) is 14 kcal mol−1 with respect to Int4. Alternatively,
we found that Int4 could undergo another ligand exchange via
TS4 to give a more stable intermediate Int5. TS4 lies 5.5 kcal

mol−1 below TS6-(R), this ligand exchange process is preferred
over the spirolactonization process. Intermediate Int5 then
proceeds through a concerted proton transfer/spirolactoniza-
tion transition state TS5-(R) to form product and iodoarene
with a barrier of 16.6 kcal mol−1. Halogen-bonding interactions
also contribute to the stabilization of intermediates and
transition states involved in the second spirolactonization
process (Figure S4). The ligand-exchange process is the rate-
determining step for K1-mediated oxidative spirolactonization
with an overall activation free energy barrier of 19.8 kcal mol−1

(Figure 1b). This is 1.2 kcal mol−1 lower than the overall
activation free energy barrier of R1-mediated oxidative
spirolactonization (Figure 1a). Therefore, the second iodine-
(III) center of R1 is even slightly more reactive25 for oxidative
spirolactonization, and this process should not be ignored.
On the basis of the above discussion, a revised mechanism is

proposed for the spirobiindane-based μ-oxo-bridged hyper-
valent iodine(III) reagent R1-induced asymmetric dearomatiz-
ing spirolactonization (Figure 5). In comparison with Kita’s
mechanism (Figure 1c), the revised mechanism emphasizes (i)
the importance of proton transfer from the pendant carboxylic
acid of naphthols to the bridging oxygen atom or ligand of
iodine(III) species for the dearomatizing spirolactonization;
(ii) that halogen-bonding interactions stabilize the dearomatiz-
ing spirolactonization transition states, and (iii) that the two
iodine(III) centers of the μ-oxo-bridged hypervalent iodine-
(III) reagent are both capable of transforming naphthol
carboxylic acids to spirolactone products. The dearomatizing
spirolactonization is the stereocontrolling step for both R1-
and K1-induced asymmetric spirolactonization of naphthol
carboxylic acid.

Origin of the Enantioselectivity. With detailed mecha-
nistic information in hand, we next explored the origin of
enantioselectivity. The lowest-lying TSs leading to the major
and minor enantiomers of products for R1- and K1-induced
dearomatizing spirolactonization are shown in Figure 6. For

Figure 4. Non-covalent interactions analysis for Int2c and TS2c-(R)
structures. (blue, strongly attractive; green, weakly attractive; red,
strongly repulsive).

Figure 5. Revised mechanism for the spirobiindane-based μ-oxo-bridged hypervalent iodine(III) reagent R1-induced asymmetric dearomatizing
spirolactonization.
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R1-induced spirolactonization, TS2c-(R), leading to the
experimentally observed major R enantiomer of product 1p,
is favored over TS2c-(S) by 3.4 kcal/mol. In the disfavored
TS2c-(S), the naphthalene ring points toward the catalyst
backbone and suffers steric repulsion (Figure 6a). This
destabilizing steric repulsion is avoided in TS2c-(R) as the
naphthalene ring is pointing away from the catalyst backbone.
If only this spirolactonization process is considered, the
computed ΔΔG⧧ of 3.4 kcal mol−1 yields >99% ee, which is
greater than that observed experimentally (72% ee, ca. 1 kcal
mol−1).

For the K1-induced spirolactonization process, TS5-(S) is
only 0.9 kcal mol−1 higher in free energy than TS5-(R) (Figure
6b). The difference in free energy appears to come from the
lone-pair repulsion between the iodine atom of catalyst and the
oxygen atom of naphthol (Figure 6b). This is in line with
experimental observation that the spirobiindane compound
having one iodine group gave the product 1p with a poorer ee
value (19% ee).5c If only this spirolactonization process is
considered, the computed ΔΔG⧧ of 0.9 kcal mol−1 gives 68%
ee, which is slightly lower than the experimentally observed
value of 72% ee.

Figure 6. Geometries and relative free energies (kcal mol−1) of enantiomeric TSs for (a) R1-induced spirolactonization process and (b) K1-
induced spirolactonization process. Some hydrogen atoms are not shown for clarity.

Figure 7. Structures and relative free energies (kcal mol−1) of two pairs of enantiomeric TSs for C2-catalyzed asymmetric oxidative Kita
spirolactonization of substrate 1a.
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From the above mechanistic discussions, the apparent
product enantiomeric excess of this reaction should arise not
only from the R1-induced spirolactonization process (Figure
1a) but also from the in situ-generated K1-induced
spirolactonization (Figure 1b). Taking both processes into
consideration yields 84% ee (99% R *0.5 + 68% R *0.5 = 84%
R), which is close to the experimentally observed value of 72%
ee. Clearly, the coexistence of K1-mediated spirolactonization
in the reaction system, actually, results in a lower apparent
selectivity. This gives rise to an interesting question: Why does
R1 induce higher selectivity than K1?
Comparison of the two pairs of enantiodetermining TS

structures provides insight. Due to the presence of an oxygen
bridge in R1, the naphthol substrate is restricted to be
positioned in the opposite apical position of the iodine(III) in
both TS2c-(R) and TS2c-(S) (Figure 6a).5c The steric
repulsion between the naphthalene ring of substrate and
catalyst backbone in TS2c-(S) is unavoidable and strongly
destabilizes this structure, thus leading to a high enantio-
selectivity. In contrast, the oxygen bridge is absent in K1.
Consequently, in the TS leading to the minor enantiomer, the
naphthol substrate could be positioned in the groove of the
two spirobiindane planes to avoid the strong steric hindrance
caused by the catalyst backbone (see Figure S3). This results in
a smaller energy difference (only 0.9 kcal mol−1) between TS5-
(S) and TS5-(R) (Figure 6b). This is consistent with Kita’s
observation that the presence of the two iodine groups in the
spirobiindane backbone is essential for highly enantioselective
control of the catalysts.5a,c

Catalyst ortho-Substituent Effect on Enantio-
selectivity. Kita et al. elegantly showed that introducing an
ethyl group into the ortho position of the iodine atom of the

spirobiindane catalyst (C1) can improve the selectivity without
altering the stereochemistry of the products.5c To gain a better
understanding of the ortho-substituent effect on enantio-
selectivity, we investigated the stereocontrolling TSs for the
ortho-ethyl-substituted spirobiindane catalyst C2. The results
are shown in Figure 7. The computed ee value for catalyst C2 is
93% (99%*0.5 + 86%*0.5 = 93% R) in favor of the R
enantiomer, which is in good agreement with experiment data
(87% R in CHCl3). The most striking difference in the
stereocontrolling TS geometries after ortho-ethyl incorporation
is the significant shortening of O---I distance in TS5-(S)-C2
(3.40 Å in TS5-(S)-C2, Figure 7 vs 3.52 Å in TS5-(S), Figure
6), forced by the repulsion between the naphthalene ring and
the ortho-ethyl group. This results in a stronger O---I lone-pair
repulsion in TS5-(S)-C2, leading to a greater ΔΔG⧧ of 1.4 kcal
mol−1 (TS5-(R)-C2 vs TS5-(S)-C2). Consequently, the ee
increases to 86% for the second spirolactonization process. On
the other hand, the ortho-substituent hardly influences the
enantioselectivity of the first spirolactonization process. The
free energy difference between TS2c-(R)-C2 and TS2c-(S)-
C2 is still as high as 2.9 kcal mol−1. Therefore, the increased
enantioselectivity arises from the second spirolactonization
process. More specifically, it is the repulsion between the ortho-
ethyl group and the naphthalene ring, which causes a stronger
O---I lone-pair repulsion in the TS leading to minor
enantiomer, that leads to elevated enantioselectivity.

Substrate Substituent Effect on Enantioselectivity.
Kita et al. found that introduction of a methyl group at the 8-
position of propanoic acid naphthol 1a resulted in a significant
decrease in stereoselectivity (40% ee), while substitution at
other position maintained good ee values.5c This observation
can be well rationalized by our stereochemical model. Figure 8

Figure 8. Structures and relative free energies (kcal mol−1) of two pairs of enantiomeric TSs for C2-catalyzed asymmetric oxidative Kita
spirolactonization of substrate 3a.
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clearly shows that the introduction of methyl at the 8-position
of 1a gives rise to steric repulsions in the TS leading to the
major enantiomers (TS2c-(R)-3a and TS5-(R)-3a), thus
resulting in a lower selectivity (ΔΔG⧧ decreases from 2.9
and 1.4 kcal mol−1 for substrate 1a to 2.7 and 0.5 kcal mol−1

for substrate 3a).
Effect of Axially Chiral Scaffold on Enantioselectivity.

Axially chiral 1,1′-spirobiindane and 1,1′-binaphthyl both have
been classified as “privileged” scaffolds for chiral ligands and
catalysts for asymmetric synthesis.26 Intriguingly, Kita found
that the binaphthyl-based hypervalent iodine reagent R3 gave
nearly racemic product (5% ee) for the same reaction (Figure
9).5a

To further investigate the effect of axially chiral scaffold on
enantioselectivity, we calculated the enantiomeric TS struc-
tures and energies for the binaphthyl-based hypervalent iodine

reagent R3. Consistent with the experimental observations, the
difference in free energies between TS2c-(R)-R3 and TS2c-
(S)-R3 is only 0.6 kcal mol−1 (Figure 9a), which is 2.8 kcal
mol−1 smaller than the free energy difference between TS2c-
(R) and TS2c-(S). As mentioned earlier, the free energy
difference between TS2c-(R) and TS2c-(S) stems mainly from
the steric repulsion between the naphthalene ring and the
catalyst’s spirobiindane backbone in TS2c-(S) (Figure 6).
When switched from 1,1′-spirobiindane to 1,1′-binaphthyl
skeleton, such repulsion is no longer existing in TS2c-(R)-R3.
This is due to the fact that the 1,1′-binaphthyl skeleton is more
flexible27 (with adjustable dihedral angle ∠C1−C2−C3−C4)
as compared to the 1,1′-spirobiindane skeleton, which allows it
to adjust geometry to avoid the steric repulsion, thus resulting
in a considerable loss of selectivity (ΔΔG⧧ of 0.6 kcal mol−1

for R3 vs ΔΔG⧧ of 3.4 kcal mol−1 for R1). Indeed, a noticeable

Figure 9. (a) Geometries and relative free energies (kcal mol−1) of enantiomeric TSs for the binaphthyl-based reagent R3-mediated asymmetric
oxidative Kita spirolactonization. (b) Dihedral angles between two iodoarene planes (∠C1−C2−C3−C4) and degree of deviation of 3-center-4-
electron bond from the iodine center (in blue) in R1, R3, TS2c-(S), and TS2c-(R)-R3.
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change in the dihedral angle between the two iodoarene planes
is observed on going from R3 to TS2c-(R)-R3 (Δ∠C1−C2−
C3−C4 = 13.3°, Figure 9b), whereas the dihedral angle
remains nearly the same on going from R1 to TS2c-(S)
(Δ∠C1−C2−C3−C4 = 0.7°).

■ CONCLUSION
The mechanism and stereoselectivities of asymmetric oxidative
dearomatization spirolactonization of naphthol carboxylic acids
promoted by the μ-oxo-bridged hypervalent iodine(III) species
have been theoretically explored. A revised mechanism and
stereocontrol model have been proposed. The revised
mechanism emphasizes (i) the importance of proton transfer
from the pendant carboxylic acid of naphthols to the bridging
oxygen atom or ligand of iodine(III) species for the
dearomatizing spirolactonization; (ii) that halogen-bonding
interactions stabilize the dearomatizing spirolactonization
transition states; and (iii) that the two iodine(III) centers of
the μ-oxo-bridged hypervalent iodine(III) reagent are both
capable of transforming naphthol carboxylic acids to
spirolactone products. The long-neglected second iodine(III)
center is more reactive but less selective than the first
iodine(III) center. The co-existence of two sequential
dearomatizing spirolactonization processes in the reaction
system results in a lower apparent enantioselectivity. The new
stereochemical model is consistent with the observed
experimental results in terms of the selectivity and levels of
enantiocontrol as catalyst or substrate variations. It also sheds
light on the effects of rigidity and flexibility of catalyst on
stereoinduction. Systematic studies of other types of hyper-
valent iodine(III)-induced asymmetric dearomatizing spirocyc-
lizations are underway in our research group and will be
reported in due course.
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