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Enantioselective Oxidative Rearrangements with Chiral
Hypervalent Iodine Reagents

Michael Brown,[a] Ravi Kumar,[a] Julia Rehbein,[b] and Thomas Wirth*[a]

Abstract: A stereoselective hypervalent iodine-promoted
oxidative rearrangement of 1,1-disubstituted alkenes has
been developed. This practically simple protocol provides

access to enantioenriched a-arylated ketones without the
use of transition metals from readily accessible alkenes.

Introduction

Rearrangements induced by iodine(III) reagents are very versa-

tile protocols to induce complexity and new stereocentres into
molecules. Hypervalent iodine reagents exhibit attractive fea-

tures of low cost, low toxicity and are environmentally

benign.[1] Their highly electrophilic nature[2] coupled with the
ability of the aryliodine(III) moiety to act as an excellent leaving

group have seen their employment as much safer alternatives
to more toxic heavy metal-based oxidants, such as lead(IV) ace-

tate, mercury(II) and thallium(III) salts. However, it remains
a challenge to develop techniques to rival the synthetic utility

of first- and second-row transition-metal catalysts. Great effort

has been invested in the development of efficient methods for
the synthesis of a-aryl carbonyl compounds, in part due to

their importance to the pharmaceutical industry.[3] Driven
primarily by the groups of Buchwald,[4] Hartwig,[5] Miura[6] and

Fu,[7] palladium(0)[8] and nickel(0)[9]-catalyzed intermolecular ar-
ylation and cross-coupling methods have emerged as powerful
synthetic tools (Scheme 1 a).[10] Increasing emphasis has

recently been placed on the use of copper(I) catalysis,[11] gold
catalysis[12] and more sustainable routes to a-arylated ketones,
such as metal-free intermolecular reactions[13] and rearrange-
ments.[14]

Results and Discussion

Hypervalent iodine reagents are known for their ability to
promote efficient oxidation reactions of unsaturated systems.

Following the seminal report by Koser et al. describing the
oxidative rearrangement of 1,1-diphenylethene with hydroxy-
(tosyloxy)iodobenzene (1; Figure 1),[15] hypervalent iodine
reagents have been utilised to generate cationic intermediates

leading to oxidative skeletal rearrangements.[16] Ring-contrac-

Scheme 1. Asymmetric strategies to a-arylated ketones.

Figure 1. Hypervalent iodine reagents.
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tion and ring-expansion reactions of cyclic alkenes have been
demonstrated using 1,[17] and 1,2-aryl shifts of acrylamide de-

rivatives,[18] arylalkenes[19] and 1,1-diphenylalkenes[20] have been
performed in a racemic fashion using 1 or its derivatives. Al-

though chiral hypervalent iodine reagents in stereoselective re-
actions have received much attention,[21] their use in stereose-
lective rearrangements are still scarce. We recently reported
the first highly stereoselective rearrangement of chalcones to
a-aryl acetals promoted by hypervalent iodine reagent 2 a[22] in

the presence of trimethylsilyltriflate (TMSOTf; Scheme 1 b).[23]

As part of our studies on asymmetric a-arylation strategies,
herein, we report the transformation of aryl alkenes to a-aryl
ketones (Scheme 1 c). This transformation can also be per-

formed using other reagents,[24] but the important progress de-
scribed herein is the first use of chiral iodine(III) derivatives

under base-free conditions to achieve the enantioselective

synthesis of tertiary stereocenters of enolizable products.
We initially investigated the reaction of 1,1-diphenylpentene

4 a with reagent 2 b[25] in dichloromethane/2,2,2-trifluoroetha-
nol (TFE; 10:1) in the presence of methanol as a nucleophilic

oxygen source. No reaction occurred in the absence of any ac-
tivating agent. When p-toluenesulfonic acid monohydrate was

added to 2 b before addition of the alkene, ketone 7 a result-

ing from an 1,2-aryl migration and concomitant oxidation was
obtained with good stereoselectivity albeit in moderate yield

(Table 1, entry 2).
Addition of p-toluenesulfonic acid monohydrate to a mixture

of diacetate 2 b and alkene at ¢78 8C to generate reagent 2 c
in situ gave superior results (Table 1, entry 3). The postulated

enantiopure hydroxy(tosyloxy) derivative 2 c could not be satis-
factorily characterized by NMR spectroscopy due to its instabil-

ity, but its formation was evidenced by a shift in UV/Vis spec-
trum absorption maxima in the reaction solvent system (see

the Supporting Information). In the absence of methanol, the
reaction proceeded satisfactorily, but required nine hours for
completion (Table 1, entries 4 and 11). Limiting the amount of
methanol to three equivalents minimized methoxy addition
across the double bond and further improved the yield. Under

these conditions, iodoarene 2 b gave the highest enantioselec-
tivity (Table 1, entry 7). Triflic acid (TfOH) and trimethylsilyl-

triflate (TMSOTf) also proved to be potent activators for 2 b,
although addition of six equivalents of methanol was required
for these reactions to reach completion. It is assumed that
rapid methanolysis of TMSOTf generates triflic acid in situ as

the activating agent. Attempts to further improve the enantio-
selectivity of this transformation employing chiral activators,
such as (1R)-(¢)- and (1S)-(++)-10-camphorsulfonic acid, did not

improve the outcome (Table 1, entries 12 and 13). Reaction of
6 a with other chiral iodanes 4 and 5 gave the desired ketone

with reduced enantioselectivities. Reagent 4[26] led to the for-
mation of (S)-7 a with 16 % enantiomeric excess, whereas 44 %

ee could be achieved by using iodane 5[27] (Table 1, entries 14

and 15). In each reaction, the reduced iodoarene could be
recovered (85–90 %) and was re-oxidized without loss of

enantiomeric purity.
Under the optimized reaction conditions, a range of 1,1-

diphenyl alkenes (6 b–i) gave the corresponding a-phenyl
ketones (7 b–i) in good yields (Scheme 2).[28] The absolute

Table 1. Optimization of rearrangement conditions.

Entry Iodane[a] Additive MeOH
[equiv]

Yield of 7 a
[%]

ee of 7 a
[%]

1 2 b – 6 n.r.[b] –
2 2 b TsOH·H2O 6 49[c] 81
3 2 b TsOH·H2O 6 78 92
4 2 b TsOH·H2O – 81[d] 92
5 2 b TfOH 6 84 90
6 2 b TMSOTf 6 86 90
7 2 b TsOH·H2O 3 87 94
8 2 a TsOH·H2O 3 86[e] 88
9 3 TsOH·H2O 3 80 83
10 2 b[f] TsOH·H2O 3 85 92
11 2 b TsOH·H2O –[g] 83 89
12 2 b (++)-10-camphorsul-

fonic acid
3 81 89

13 2 b (¢)-10-camphorsul-
fonic acid

3 84 88

14 4 TsOH·H2O 3 55[h] 16
15 5 TsOH·H2O 3 77 44

[a] [Iodane] = 0.09 m. [b] Reaction conditions: RT, 6 h. [c] Hypervalent
iodine reagent prepared at 0 8C. [d] Reaction time 9 h. [e] Reaction time
5 h. [f] [Iodane] = 0.2 m. [g] H2O (3 equiv) ; reaction time 9 h. [h] Reaction
conditions: ¢78 to 0 8C, (S)-7 a was obtained.

Scheme 2. Scope of the oxidative rearrangement. [a] Conditions: TMSOTf
(1.2 equiv), MeOH (6 equiv). [b] Obtained as the racemate. [c] Enantiomers
inseparable under the HPLC conditions employed. [d] Yield obtained on
reaction with (diacetoxyiodo)benzene as racemate.
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configuration of 7 b, k and o was determined by comparison
of the optical rotation with known compounds (see the Sup-

porting Information). Using the identical enantiopure reagent
2 b, the same direction of asymmetric induction is assumed in

the other products 7. Sterically hindered iso-propyl substituted
styrene 6 c rearranged with only moderate enantioselectivity,

which was not improved by the use of a less sterically encum-
bered reagent 3,[29] which gave 7 c in 88 % yield, and only 39 %
ee was obtained. It is noteworthy that access to ketone 7 c is

not possible by the intermolecular catalytic Negishi coupling
protocol reported by Lou and Fu.[7c] 1,2-Substituted styrenes
6 j–r (used as a mixture of E and Z isomers) gave the expected
rearranged ketones in good yields. It should be noted that in

the case of 7 k–p, products resulting from alkyl-group migra-
tion were not observed. In the reaction of 7 j, traces of an iso-

propyl migration product were observed in the 1H NMR spec-

trum of the crude mixture, but not in sufficient quantities to
allow characterization.

When alkene 6 n containing cyclopentyl ring was subjected
to the rearrangement reaction conditions, rearranged ketone

7 n was obtained in good yield and high selectivity (87 % ee).
Unfortunately, 1-cyclopropyl-2-methylstyrene bearing a cyclo-

propyl ring as substituent, gave a complex reaction mixture.

Furthermore, oxidation of (E/Z)-1-(but-2-en-2-yl)naphthalene
(6 p) with reagent 2 b gave a mixture of 3-(naphthalene-1-yl)-

butan-2-one (7 p ; 89 % ee) and 3-(naphthalene-2-yl)butan-2-
one with 85 % ee.

Heterocyclic substituted alkenes were also used in the oxida-
tive rearrangement. An E/Z mixture of the alkene 6 q bearing

a thiophene moiety gave rearranged product 7 q through

thienyl migration in good yields. Compound 6 r gave the
phenyl migrated product 7 r in 18 % yield with 55 % ee

together with various side products. Alkenes with pyridyl
substituent, (E)-2-(1-phenylprop-1-en-1-yl)pyridine and (Z)-2-(1-

phenylprop-1-en-1-yl)pyridine, afforded only trace amounts of
the rearranged products.

Stereoselective rearrangements were also attempted with

tetra-substituted alkenes to construct quaternary carbon
stereogenic centres. 1,1-Diphenyl-2-methylbut-1-ene (6 s), pre-

pared by a one-pot cross-Pinacol coupling/rearrangement reac-
tion,[30] was also exposed to the rearrangement reaction. The
use of (diacetoxyiodo)benzene as iodine(III) reagent gave the
rearranged product in 12 % isolated yield after nine hours;

however, the rearranged ketone by using reagent 2 b was not
obtained in sufficient quantities to allow full characterization.

When excess of alkene 6 m (E/Z : 1:2.5; 2 equiv) was subject-
ed to the standard reaction conditions, unreacted 6 m was
recovered with an enriched E/Z ratio of 3:1, suggesting that

(Z)-aryl substituent migration is faster at ¢78 8C. In addition,
(E)-6 t and (Z)-6 t were independently synthesized and rear-

ranged efficiently to ketones 7 t and t’, respectively, with high
stereoselectivities (Scheme 3). Under the standard reaction
conditions (¢78 8C), the (Z)-aryl substituent migrates selectively

with 2 b ; however, when the reaction is conducted at higher
temperature (¢20 8C), (E)-aryl substituent migration became

competitive ((Z)-6 t!7 t’/t (8:1)), as was determined by 1H NMR
spectroscopy. A similar trend in chemoselectivity was obtained

with the Koser reagent. The reaction of (Z)-6 t at ¢78 8C gave
a ratio of 7 t’/t (5:1), which diminished to 7 t’/t (1:1) when the
reaction was performed at room temperature.

Taking this evidence into account, a plausible mechanistic
pathway is proposed in Scheme 4. Electrophilic addition of

iodine 2 c to the alkene followed by ring opening with metha-
nol would result in l3-iodane B. Following bond rotation to C,
reductive elimination of the aryliodonio moiety gave a 1,2-aryl
migration with stereochemical inversion at this centre to give

the observed product. However, it is not entirely clear why
only conformer C is reactive at lower temperature. It is likely
that relief of steric interactions between the Ar and R groups
in C contribute to an increased propensity for this conformer
to rearrange, providing the (Z)-aryl migration product.

Key intermediate in the proposed mechanism is the cyclic
iodonium ion A, because its restricted conformational space

allows a regio- and stereoselective nucleophilic attack, as was
demonstrated by using methanol (Scheme 4). At the same
time, it may serve as the starting point for the formation of

a non-classical carbenium ion that could lead also to the major
product observed (Scheme 5).

DFT calculations were employed to analyse the bonding sit-
uation and the stability of A1 in comparison to the “open”

Scheme 3. Chemoselectivity of the oxidative rearrangement. [a] Minor
enantiomer was not detected.

Scheme 4. Plausible reaction pathway to explain the observed regio- and
stereochemical outcome.
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form, (carbenium ion) and the nonclassical form A2. Although

iodonium ions are usually preferred over carbenium ions in the
addition of iodine electrophiles to alkenes,[31] the structures de-

scribed herein with at least a pronounced carbenium ion char-
acter in the benzylic position could be possible intermediates

(Figure 2). To elucidate the relative energy of the cyclic and

open cationic form, relaxed potential energy surface (PES)
scans were performed[32] by driving the C1¢I bond (0.025 æ

over 20 steps, two consecutive scans) starting from minimum
A1[33] (r(C1¢I) 2.90 æ, r(C2¢I) 2.70 æ). The circled points were

subjected to geometry optimization and frequency analysis ;
however, only A1 could be confirmed as a ground-state

structure (Figure 2).

As was expected, the energy rises with increasing r(C1¢I),
but with 9.6 kcal mol¢1 for a full acyclic carbenium ion (r(C1¢I)

3.40 æ, r(C2¢I) 2.73 æ), the anticipated barrier for the processes

of ring opening should be accessible at room temperature.
However, the associated structure could neither be character-

ized as a transition state nor as a ground state on the free
energy surface, leaving room for other mechanistic scenarios,

as indicated in Scheme 5. A second interesting feature of the
PES scan plot is the shallow minimum at r(C1¢I) 3.30 æ, r(C2¢I)

2.69 æ (Figure 2). Starting geometry optimizations at this local
minimum on the electronic energy surface did not lead to

a stable minimum geometry with more carbenium-ion charac-
ter on the PES. On the contrary, the optimized structures re-

laxed back to the structure A1. Also, extensive search and opti-
mizations under consideration of arene participation (A2) to
stabilize a more carbenium-ion-like intermediate did not result
in the identification of local minima (see the Supporting
Information). To exclude that overbinding inherent to the

M06-2X[34] functional due to the incorporation of dispersion
corrections is biasing the geometry search, B3LYP[35] was used

as a complementary method, because it has no dispersion cor-
rection. The obtained B3LYP-structures of A1-p, though looser

(+ 7 % for r(C1¢I) and + 1 % for r(C2¢I) compared to the
M06-2X structure) and more asymmetric[36] in their C¢I bonds

(r(C1¢I) 3.10 æ, r(C2¢I) 2.73 æ) did not differ qualitatively.

Consequently, the proposed iodonium ion A1 is believed to be
the most prevalent structure in the reaction mechanism.

A number of commercially available symmetrical ketones
was used to prepare alkenes 6 u–bb to determine the effect of

arene-substitution pattern on the enantioselectivity of the rear-
rangement, as shown in Table 2. ortho-Substitution as in 6 aa
completely shuts down the migration pathway with 2 b ; even

with PhI(OAc)2 and TMSOTf upon heating at reflux for six
hours, only a trace of the expected ketone was observed.

Moderately, electron-rich alkene 6 y rearranges rapidly under
the reaction conditions. Highly electron-rich alkenes, such as
anisole derivative 6 bb, are preferential oxidized at the alkene
C2 position, leading to 1,1-di(4-methoxyphenyl)pentan-2-one

(72 % yield) as the major product (Table 2, entry 8).
The employment of catalytic amounts of iodine reagent in

combination with an external oxidant for hypervalent iodine-

mediated transformations is an active area of research.[37] It has
been shown that electron-rich 1-alkyl-1-arylethenes can

rearrange to ketones with sub-stoichiometric quantities of
4-methyl-iodobenzenesulfonic acid.[24b] We found that more

electron-rich 1,1-diarylalkenes, such as 6 a, suffered from direct
reaction with the terminal oxidants in preference to the

Scheme 5. According to natural bond orbital (NBO) data of A1, the forma-
tion of a non-classical carbenium ion A2 as a direct precursor for product
formation is feasible.

Table 2. Scope of the rearrangement with respect to 1,1-diarylalkene.

Entry Substrate Ar t [h] Yield of 7 [%] ee of 7 [%]

1 6 u 3-Cl-C6H4 6 68 68
2 6 v 3-CF3-C6H4 7 41 46
3 6 w 4-Cl-C6H4 6 79 77
4 6 x 4-Br-C6H4 6 82 83
5 6 y 4-Me-C6H4 1 90 86
6 6 z 4-F-C6H4 7 73 87
7 6 aa 2-Cl-C6H4 6 0 –
8 6 bb 4-OMe-C6H4 2 0[a] –

[a] Major product: 1,1-di(4-methoxyphenyl)pentan-2-one (72 % yield).

Figure 2. Relaxed PES scan by sequentially changing the C1¢I bond length.
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iodine(I)!iodine(III) oxidation of chiral iodoarenes. Several oxi-
dants including oxone, selectfluor, sodium perborate, peracetic

acid and tert-butyl hydroperoxide were investigated, and best
results were obtained using meta-chloroperoxybenzoic acid

(mCPBA) and 2 a (20 mol %, employed as the iodine(I)
compound leading to ketone 7 a in 34 % yield with 74 % ee.

The stereoselective rearrangement protocol described above
was examined in a pharmaceutical context. Non-steroidal anti-

inflammatory drugs (NSAIDs) have found widespread clinical

application for their antipyretic, analgesic and anti-inflammato-
ry effects. Of these, cyclooxygenase-2 (COX-2)-selective inhibi-

tors have an established medicinal efficacy and have been the
focus of recent studies to determine their therapeutic effects

in tumour cell genesis and growth.[38] Racemic aryl ketone 8
(Scheme 6) has been identified as an analogue of the highly

selective COX-2 inhibitor lumiracoxib (9 ; Novartis).[39] From

commercially available materials, rac-8 can be efficiently syn-
thesized (89 % yield from methyl 5,5-diphenylpent-4-enoate)
and (R)-8 can be synthesized with high enantioselectivity (89 %
ee), as shown in Scheme 6. This methodology avoids the

potential toxicity from contamination with trace amounts of
transition metals, which otherwise would be required for its

synthesis. The conditions for the ester hydrolysis of 11 had to
be carefully selected. Hydrolysis under basic conditions or with
dilute hydrochloric acid led to unacceptable levels of

racemization, but employing p-toluenesulfonic acid avoided
racemization almost completely. In addition, access to (S)-8
should be possible using the reagent ent-2 b derived from
commercially available (++)-methyl lactate.

Conclusion

We have developed a highly enantioselective oxidative
rearrangement of various 1,1-disubstituted alkenes employing

chiral hypervalent iodine reagents. This method provides an
attractive metal-free route to a-arylated ketones. The wider

scope of such oxidative rearrangements is currently under
investigation and will be reported in due course.

Experimental Section

Representative procedure for 7 a : To the solution of alkene 6 a
(0.18 mmol), reagent 2 b (0.20 mmol) and methanol (0.54 mmol) in
CH2Cl2/TFE (10:1; 1.5 mL) at ¢78 8C, TsOH·H2O (0.18 mmol) was
added. The reaction mixture was stirred until completion (TLC),
then quenched with a 1:1 mixture of saturated aqueous NaHCO3

and saturated aqueous Na2S2O3 (0.5 mL). Then water (4 mL) was
added, and the aqueous phase was extracted with CH2Cl2 (3 Õ
5 mL). The combined organic layers were filtered through a TELOS
Phase Separator and concentrated under vacuum to give the
crude product. Column chromatography (hexane/ethyl acetate
9:1!4:1) gave (R)-7 a (87 %, 94 % ee) as a colourless oil.
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