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Ketene Formation or Phenyl-Group Migration as the Favorable Intramolecular
Rearrangement in Phenyliodonium Ylides of Hydroxyquinones
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Phenyliodonium ylides of hydroxyquinones easily undergo
intramolecular rearrangements associated with phenyl-
group migration or ketene formation under ambient condi-
tions. The mechanism of the two rival potential reaction
paths was explored by electronic structure calculation tech-
niques at the B3LYP/6-311+G(d,p)USDD(I) level. It was
found that both rearrangements follow a single-step con-
certed mechanism occurring via a four-membered [1.1.0] bi-
cyclic ring transition state for the ketene-formation process
and a five-membered transition state for the phenyl-group
migration process. The ketene-formation pathway is pre-
dicted to be kinetically and thermodynamically more favor-
able than the phenyl-group migration pathway, and this is in
excellent agreement with the experimental findings that

these ylides predominantly form ketenes. An alternative
pathway to ketene formation that involves intramolecular re-
arrangement through a singlet-carbene transition state re-
sulting from dissociation of iodobenzene was also examined.
This process was found to be kinetically unfavorable, as
it demanded a relatively high activation barrier of
40.6 kcalmol™'. The geometric and energy reaction profile of
both intramolecular rearrangements were thoroughly scruti-
nized, whereas the electronic effects accompanying the in-
tramolecular rearrangements were analyzed by means of
electronic structure calculation methods.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Zwitterionic iodonium compounds (ZIC) constitute an
important class of hypervalent iodine compounds.!!
Among ZIC, aryliodonium ylides of B-dicarbonyl com-
pounds, represented in Scheme 1 in both their ylidic and
zwitterionic structures, is perhaps the most well-studied
group, as the diversity in their reactivity broadens their use
as flexible building blocks in organic synthesis.”l This reac-
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Scheme 1. Ylidic and zwitterionic resonance structures of aryl-
iodonium ylides of B-dicarbonyl compounds.
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tivity arises mainly from the fission of the I-C,;onic bond
and depends mostly on the nature of the B-dicarbonyl
moiety.

An interesting feature of the chemistry of the ylides of
cyclic B-diketones is the thermal migration of the aryl group
from the iodine atom to the oxygen atom, which always
takes place at the ipso carbon atom of the aryl group bear-
ing the I atom (Scheme 2). It is important to be noticed
that such a migration was also observed in aryliodonium
derivatives of phenolates.l]
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Scheme 2. Aryl-group migration in aryliodonium ylides of cyclic
1,3-diketones.

The mechanism of the aryl migration, first investigated
by Nozaki et al.¥ a long time ago, involves formation of a
five-membered cyclic intermediate. In contrast, Moriarty!]
very recently proposed a ligand coupling mechanism via
four-membered cyclic intermediates. In a previous com-
munication,® by using electronic structure calculation tech-
niques we proposed a concerted mechanism for the aryl
group migration, which proceeded through a five-mem-
bered ring transition state without the involvement of any
intermediate.
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It is well known that all phenyliodonium ylides of cyclic
B-dicarbonyl compounds bearing at least one ketonic car-
bonyl group easily undergo aryl migration. There is, how-
ever, a notable exception: phenyliodonium ylides of 2-hy-
droxy-1,4-quinones 4 (Scheme 3) are exclusively trans-
formed into o,a’-dioxoketenes 5 upon heating the suspen-
sions of the ylides at reflux in dichloromethane or acetoni-
trile. No migration products analogous to 3 were detected
in the reaction solution.
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Scheme 3. Thermal transformation of phenyliodonium ylides of hy-
droxyquinones into a,0’-dioxoketenes.

The different behavior of the ylides with respect to their
thermal transformation yielding quantitatively ketenes 5
triggered some interesting synthetic possibilities. Dioxoket-
enes analogous to 5 are very reactive and only a few have
been reported in the literature.l’l Ketenes 5 produced by
thermal degradation of ylides 4 cannot be isolated, but they
react further with water present in the solvent to afford,
after subsequent decarboxylation of the intermediate acid,
cyclopentene-1,3-diones, which can be used further as
building blocks in synthesis.®! These ketenes can also be
trapped by alcohols,®¥ amines,”! and other amino com-
pounds,'% as well as by carbon nucleophiles, such as in-
doles, pyrroles, and enamines!'!l to afford interesting enol
structures. In addition, in the absence of nucleophiles, ke-
tenes, namely, indenedione ketene, can dimerize in an un-
usual a-oxoketene [2+2] cycloaddition,!!!-1?l and the quanti-
tatively isolated oxetanone derivative exhibits an interesting
and unusual type of reactivity.['?l Considering the potential
synthetic interest of the thermal ring contraction of phenyl-
iodonium ylides of hydroxyquinones, we address herein,
with the help of electronic structure calculation techniques,
the mechanistic details and the understanding of their dif-
ferent reactivities in comparison to those of other analo-
gous cyclic ylides.

Computational Methodology

All stationary points (reactants, transition states, and
products) located on the potential energy surfaces (PES)
were fully optimized at the B3LYP/6-311+G(d,p) level of
theory (the SDDI'3 basis set with relativistic effective core
potentials was used for the I atom) as implemented in the
Gaussian03 program suite.['¥ It should be stressed that the
use of the above-mentioned large basis set for the heavy
atoms and the H atoms was necessary in the present study,
because a smaller one predicted a higher Ea value for the
ketene-formation pathway than for the phenyl-group trans-
formation pathway, which is not consistent with experimen-
tal results. All of the other AER values and the correspond-
ing structural data of the reaction profiles, however, re-
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mained unchanged in both basis sets used. The B3LYP
method provides a good description of the reaction profiles,
including geometries, heats of reactions, and barrier
heights.!'3] Analytical frequencies were calculated at the
same level of theory, and the nature of the stationary points
was determined in each case according to the number of
the negative eigenvalues of the Hessian matrix. ZPVE-
scaled reaction energies, AEg, are used for the discussion
on both the relative stabilities of the chemical structures
considered. For the determination of the geometries of the
transition states, quasi-Newton transit-guided (QSTN)
computations were performed.l'® Moreover, the correct
transition states were confirmed by intrinsic reaction coor-
dinate (IRC) calculations, whereas intrinsic reaction paths
(IRPs) were traced from the various transition structures
to ensure that no additional intermediates existed.!” The
wavefunctions of all stationary points were analyzed by nat-
ural bond orbital analyses, which included natural atomic
orbital (NAO) populations and natural bond orbitals
(NBO).I'81 Percent compositions of the molecular orbitals
in terms of occupied and unoccupied fragment orbitals
(FOs) of the appropriate molecular fragments interacting to
form a particular bond, along with the respective orbital
interaction diagrams, were calculated by the charge decom-
position analysis (CDA) technique of Frenking and co-
workers,'°! as implemented in the AOMix program suite.[>!

Results and Discussion

It was generally proposed (without real evidence) that
the mechanism of the thermal degradation of ylides 4b pro-
ceeds through carbene formation and subsequent Wolff re-
arrangement to ketenes 5 (Scheme 4, pathway A).[Ba-8¢.9.101
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Scheme 4. Proposed mechanistic pathways for the intramolecular
thermal rearrangements of phenyliodonium ylides of hydroxyqui-
nones into a,0’-dioxoketenes through a carbene intermediate and/
or transition state in the formation of ketene (pathway A) and in
migration of the phenyl group (pathway B).

pathway A

To verify whether carbenes are real intermediates or tran-
sition states and to explain why the migration reaction
(Scheme 4, pathway B) does not take place at all, both reac-
tion pathways were thoroughly explored. Phenyliodonium
ylides of 2-hydroxy-1,4-benzoquinone 8 and 2-hydroxy-1,4-
naphthoquinone 9, for which experimental data are avail-
able, were selected as model compounds. The reaction steps
involved in the entire thermal reaction course of 8 and 9
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have been scrutinized, and the transition states have been
fully identified by monitoring the corresponding geometric
and energetic reaction profile.
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The geometric and potential energy reaction profiles for
the migration of the phenyl group from the I atom to the
O atom in 8 computed at the B3LYP/6-311+G(d,p)-
USDD() level are depicted in Figure 1. The geometric and
potential energy reaction profiles for phenyl-group mi-
gration in 9 are in complete analogy with those of 8 (see
Supporting Information).

The energy data characterizing the phenyl-group mi-
gration processes of 8 and 9 are summarized in Table 1.

The phenyl group could migrate to the quinonic oxygen
atoms in the 4- and/or 2-positions of the quinone ring to
yield products 10 and 11, respectively (Figure 1). The trans-
formation of 8 into either 10 or 11 would proceed via tran-
sition states TSg ;9 and TSg {1, surmounting activation bar-
riers of 18.8 and 16.7 kcalmol ™!, respectively. These results
illustrate that the thermal transformations of 8 into either
10 or 11 are of the same type and require gentle heating
in solution. The normal coordinate vectors (arrows) of the
vibrational modes, which correspond to the imaginary fre-
quencies of TSg 19 and TSg 47 at 328i and 312/ cm™, respec-

v =328/ cm™
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Table 1. Energy data (kcalmol™) for the phenyl-group migration
processes in 8 and 9.

8 9
TSs 10/TSo 10 18.8 18.4
TSs 11/TSo 11 16.7 16.3
TS 12/TSo 12 11.6 11.4
Products 10/10' -35.2 -32.8
Products 11/11’ -39.5 -40.0
Products 12/12’ -48.5 -49.2

[a] Prime symbol corresponds to the products of ylide 9.

tively, show that in both cases, the dominant motions in-
volve the formation of a five-membered ring through weak
C-+I and C-+O linkages; this transition-state ring structure
resembles closely that of the analogous ylides of cyclic 1,3-
diketones.[®! The thermal phenyl-group migrations in 8
correspond to exothermic processes; the estimated AHy val-
ues are 35.2 and 39.5 kcalmol™! for 10 and 11, respectively.
Perusal of Figure | reveals that the intramolecular phenyl-
group migration in 8, which yields product 11, is both ki-
netically and thermodynamically more favorable than the
phenyl-group migration in 8, which yields product 10, as a
result of the lower activation energy and the higher exo-
thermicity of the former transformation. The higher
thermodynamic stability of 11 relative to that of 10 could
be attributed to the p-quinoid structure of 11 in contrast to
the o-quinoid structure of 10. It is noteworthy that 9
showed a phenyl-group migration reaction profile that was
quite analogous to that of 8, and the corresponding energy
data are close to each other. Moreover, the IRPs traced

Figure 1. Geometric (bond lengths in A) and potential energy (in kcalmol ') reaction profiles for phenyl-group migration from I to O in

8 computed at the B3LYP/6-311+G(d,p)USDD(I) level.
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from the various transition structures verified that no fur-
ther intermediates exist.

The easy migration of the phenyl-group in 8 could be
understood on the basis of the ease with which the phenyl
group undergoes dissociation owing to the relatively weak
I-Ph interaction in 8; the estimated interaction energy be-
tween the phenyl group and the iodoquinone fragment was
found to be —33.7 kcalmol!. Noteworthy is the electron
spin-density distribution on the two fragments shown picto-
rially in Figure 2. The quinone O atom in the 2-position
acquires higher spin density (0.249 |e|bohr—3) than the qui-
none O atom in the 4-position (0.172 |e|bohr3). This is
compatible with the higher probability for the phenyl group
to migrate towards the O atom at the 2-position rather than
at the 4-position.

lodo quinone fragment phenyl fragment

Figure 2. Representation of the spin-density map, along with the
atomic spin densities, for iodoquinone and phenyl fragments
computed at the B3LYP/6-311+G(d,p)USDD(I) level of theory.
The isodensity surface represented corresponds to a value of
0.001 |e| bohr3.

Figure 3 shows the reaction profiles for the intramolecu-
lar formation of ketene in 8. It is seen that the transforma-
tion of 8 into ketene 12 proceeds via transition state
TSg 12, surmounting an activation barrier of only
11.6 kcalmol!. The low activation barrier indicates that the
thermal transformation 8 — 12 can easily occur even at

room temperature without any heating. This finding is in
excellent agreement with the experimental finding that ke-
tene, and not phenyl-group migration product 11, is the ex-
clusive product. The normal coordinate vectors (arrows) of
the vibrational modes, which correspond to the imaginary
frequency of TSg 4, at 282.8i cm™!, illustrate that the domi-
nant motions involve the formation of a very unusual, four-
membered [1.1.0] bicyclic ring containing weak C-I and
C--+O linkages. Consequently, it is shown that the 8 — 12
intramolecular transformation is both kinetically and ther-
modynamically more favorable than the 8 — 11 phenyl-
group migration as a result of the lower activation energy
and the higher exothermicity of the former. It is noteworthy
that 9 showed a ketene-formation reaction profile that was
quite analogous to that of 8 (Table 1), which is also in excel-
lent agreement with the corresponding experimental
data.l''121 Moreover, the IRPs traced from the various tran-
sition structures ensured that no additional intermediates
existed. Finally, attempts were made to explore the ketene-
formation reaction profiles of the analogous ylides of cyclic
1,3-diketones, as well as the phenyl iodonium ylide of 2-
amino-1,4-quinone, but all attempts failed at the DFT level.
In contrast, we previously!® showed that in the latter case
phenyl-group migration requires a lower energy of acti-
vation (6.4 kcalmol ! from ref.[®! and 7.9 kcalmol ! calcu-
lated at the present level of theory) than that required for
the ketene-formation reactions in 8 or 9.

The alternative pathway (Scheme 4, pathway A) for the
intramolecular transformation 8 — 12, which proceeds
through heterolytic C-I bond dissociation to yield a car-
bene and iodobenzene, was also explored. It was found that
the carbene species, in its singlet state 13, corresponds to a
transition state with an imaginary frequency at 405i cm!.
Carbene 13 can directly be transformed into the more stable
ketene isomer 12, or it could be stabilized in its triplet

-48.5

Figure 3. Geometric (bond lengths in A) and potential energy (in kcalmol™!) reaction profiles for the intramolecular formation of ketene

in 8 computed at the B3LYP/6-311+G(d,p)USDD(I) level.
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ground state (the stabilization energy amounts to
17.7 kcalmol™). Such a transformation corresponds to an
exothermic process, and the estimated exothermicity was
calculated to be —48.5kcalmol! at the B3LYP/6-
311+G(d,p)USDD() level. However, the activation barrier
for ketene formation via the carbene transition state
(Scheme 4, pathway A) was predicted to be 46.0 kcalmol !,
which is equal to the estimated interaction energy between
the singlet-state carbene and the iodobenzene fragments.
Hence, pathway A is not favored in the transformation
8 — 12 via singlet-state-carbene transition state 13.

The calculated natural net atomic charges on the quinone
0O(2) and O(4) atoms and the ipso aryl carbon atom of the
2,3,4-diketonic moiety in 8 are —0.62, —0.58, and —0.47 |e|,
respectively (9 shows analogous values). This negative-
charge delocalization in both ylides, along with the high
positive charges on the iodine atom (+0.91 |e|), could ac-
count for their stabilization. In addition, the negative
natural net atomic charges on the ipso aryl carbon atom
(-0.20 |e|]) could exclude a charge-controlled mechanism for
both the intramolecular phenyl-group migration and ke-
tene-formation pathways. The orbital interaction diagram
for the formation of the C,,,,—I bond is depicted schemati-
cally in Figure 4. This plot provides pictorial representation
of the molecular orbital (MO) compositions and their con-
tributions to chemical bonding.
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Figure 4. Orbital interaction diagram for the formation of the
Cipso—1 bond in 8 on the basis of the interaction of the PhI and
quinonic fragments computed at the B3LYP/6-311+G(d,p)-
USDD(I) level.

Ylides 8 and 9 show analogous highest occupied
(HOMO) and lowest unoccupied molecular orbitals
(LUMO), mainly localized on the 1,3-diketonic moiety of
their ring, and on the I and the ipso carbon atoms, respec-
tively. The HOMO and LUMO of 8 resemble the highest
occupied fragment orbital (HOFO) and lowest unoccupied
fragment orbitals (LUFO) of the quinone fragment with
compositions of 90.7 and 98.6%, respectively. The principal
MOs contributing to C;,,~I bond formation are HOMO-
2, HOMO-3, and HOMO-9 and their compositions are
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given in Figure 4. Thus, for example, HOMO-9 is a bonding
orbital constructed from the overlap of the HOFOs of Phl
and the quinonic fragments with compositions of 43.2 and
34.4%, respectively. The nature of the frontier orbitals of
8 suggests a frontier-orbital controlled mechanism for the
intramolecular thermal transformations of the ylides under
study. Moreover, the higher location of the HOMO on the
quinone O atom in the 2-position than in the 4-position of
8 could account for the higher probability that ipso C attack
occurs at the quinone O atom in the 2-position.

Conclusions

Electronic structure calculations at the B3LYP/6-
311+G(d,p)USDD(]) level illustrated that both ketene for-
mation and phenyl-group migration in iodonium ylides, in-
volving p-quinoid structures, follow analogous reaction
pathways corresponding to a single-step, transition-state
concerted mechanism. The transition state structures in-
volve a very unusual, four-membered [1.1.0] bicyclic ring in
the ketene-formation process and a five-membered ring in
the phenyl-group migration process. Ketene formation is ki-
netically and thermodynamically more favorable than
phenyl-group migration, which is in excellent agreement
with the experimentally found exclusive formation of ketene
in these ylides. In contrast, the suggested reaction pathway
involving carbenes as intermediates or transition states is
predicted to be kinetically unfavorable, as the estimated ac-
tivation barrier is high (40.6 kcalmol™) relative to the al-
most-negligible energy barrier for the concerted ketene-for-
mation process. Finally, frontier-orbital-controlled mecha-
nisms, supported by the respective intramolecular HOMO-
LUMO interactions, seem probable in both cases.

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates and energies of all stationary points;
phenyl-group migration and ketene-formation reaction profiles of
ylide 9.
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