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ASYMMETRIC CATALYSIS

High-turnover hypoiodite catalysis for
asymmetric synthesis of tocopherols

Muhammet Uyanik,' Hiroki Hayashi," Kazuaki Ishihara'->*

The diverse biological activities of tocopherols and their analogs have inspired considerable
interest in the development of routes for their efficient asymmetric synthesis. Here, we
report that chiral ammonium hypoiodite salts catalyze highly chemo- and enantioselective
oxidative cyclization of y-(2-hydroxyphenyl)ketones to 2-acyl chromans bearing a quaternary
stereocenter, which serve as productive synthetic intermediates for tocopherols.

Raman spectroscopic analysis of a solution of tetrabutylammonium iodide and tert-butyl
hydroperoxide revealed the in situ generation of the hypoiodite salt as an unstable catalytic
active species and triiodide salt as a stable inert species. A high-performance catalytic
oxidation system (turnover number of ~200) has been achieved through reversible
equilibration between hypoiodite and triiodide in the presence of potassium carbonate
base. We anticipate that these findings will open further prospects for the development of
high-turnover redox organocatalysis.

affecting cell viability (12). C48 developed by
Merck research laboratories (Rahway, New Jersey)
is a potent, selective peroxisome proliferator-

iologically active compounds containing

a chiral chroman skeleton are abundant

in nature (). One of the most prominent

chiral chromans is a-tocopherol, which

is in the same family as vitamin E, to-
gether with -, y-, and é-tocopherols and the cor-
responding o-, B-, y-, and 3-tocotrienols (Fig. 1A)
(2). o-Tocopherol acts as a lipid-soluble, chain-
breaking antioxidant by capturing free radicals or
singlet oxygen formed by oxidative metabolism
in tissues (3). Furthermore, tocopherols show
physiologically diverse properties, including anti-
tumor, anti-inflammatory, anti-atherosclerosis,
and cell-signaling activities (4-8). Various non-
natural tocopherol analogs have also been devel-
oped because of their potency and distinct
structural features. For example, trolox and its
derivatives have been used as a chiral derivatizing
reagent (9) and NO-releasing drug candidates
(10). Dihydrodaedalin A, a synthetic intermediate B
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in situ—generated chiral hypoiodite catalysts.
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activated receptor-o/y dual agonist and exhibits
substantial antihyperglycemic and hypolipidemic
activities (13).

Natural D-a-tocopherol is formally (2R4'R,8'R)-
2,5,7,8-tetramethyl-2-(4',8',12'-trimethyltridecyl)-6-
chromanol. The (2R)-configuration at the chroman
ring among the three stereocenters of o-tocopherol
is critical for its bioactivity; (2S)-stereoisomers
are not accepted by the tocopherol transfer pro-
tein (5). Thus, asymmetric construction of the
chroman ring has been an important challenge
(1, 2). Enantioselective processes have been de-
veloped to address this need by using chiral
transition metal complexes (Pd or Ru) (14-16)
or organocatalysts (17, 18). However, the low cat-
alytic activities and/or moderate enantioselec-
tivities have limited their utility (2). Here, we
report a transition metal-free (19) approach for
the enantioselective synthesis of tocopherols and
their analogs by using chiral hypoiodite catalysts
(20, 21) generated in situ from the corresponding
quaternary ammonium iodide with alkyl hydro-
peroxides as environmentally benign co-oxidants
(Fig. 1B). Chemoselective oxidative cyclization of
hydroquinone-derived y-(2-hydroxyphenyl)ketones

HO

o

Trolox
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Fig. 1. A catalytic route to the tocopherol core. (A) Biologically active tocopherols and other chromans.
(B) Enantioselective oxidative cycloetherification of y-(2-hydroxyphenyl)ketones 1 to 2-acyl chromans 2 by

18 JULY 2014 « VOL 345 ISSUE 6194 291



RESEARCH | REPORTS

gives >95% yield of the corresponding 2-acyl
chromans; with the quaternary stereocenter set
in high enantioselectivity, these products are poised
for elaboration to a range of tocopherols.

Previously, we developed in situ-generated chi-
ral quaternary ammonium hypoiodite (R,NOI) ca-
talysis for the enantioselective oxidative cyclization
of B-(2-hydroxyphenyl)ketones to the five-membered
ring products 2-acyl-2,3-dihydrobenzofurans with
hydrogen peroxide or tert-butyl hydroperoxide
(TBHP) as co-oxidants (20). The use of chiral
binaphthyl-based quaternary ammonium (22) io-
dide as a precatalyst and an N-phenylimidazol-2-yl
(Z) (23) group as an auxiliary of B-(2-hydroxyphenyl)
ketones was effective for inducing high enantio-
selectivities. We envisioned that the enantioselec-
tive oxidative cyclization of y-(2-hydroxyphenyl)
ketones (1) would give the desired six-membered
ring 2-acyl chromans (2) (Fig. 1B).

To begin our investigation, we compared the
enantioselective oxidative cyclization of (5-tert-
butyldimethylsilyloxy-2-hydroxyphenyl)ketones
(1a and 3a) derived from trimethyl hydroquinone
(Fig. 2A). Oxidative cyclization of 3a under pre-
vious conditions by using 10 mole percent
(mol %) of ammonium iodide (R,R)-5a and
hydrogen peroxide (2 equivalents) as an oxidant
in methyl tert-butyl ether (MTBE) gave five-
membered ring dihydrobenzofuran (R)-4a in 95%
yield with 93% enantiomeric excess (ee). In sharp
contrast, oxidative cyclization of 1a to the six-
membered ring under the same conditions was
sluggish, and only a trace amount of the desired
2-acyl chroman 2a was obtained together with a
small amount (10% yield) of phenol-oxidation
product 6a.

The posited catalytic mechanism and side-
reaction pathway are summarized in Fig. 2B.
The above results and competition experiments
(table S1) suggested that oxidative cyclization
to a six-membered ring was much slower than
cyclization to a five-membered ring. Thus, un-
desired side reactions, such as the dearomati-
zation of 1a, preferentially proceeded to give
side-products 6a and/or 6b, presumably via
phenoxenium ion 7 (24). The cyclization step
might be rate-limiting for six-membered ring
oxidative cyclization. Consequently, the in situ-
generated catalytic active species (hypoiodite)
was easily converted to an inert species such as
triiodide salts, as confirmed with Raman analy-
sis. For the construction of an efficient catalytic
cycle, the oxidative cyclization step should not
be rate-limiting. To address this issue, the oxi-
dation of iodide (path a) should be decelerated,
oxidative cyclization (path b) should be accel-
erated, or the inactivation (path ¢) should be
suppressed or reversed. The use of TBHP as a
weaker oxidant (25) instead of hydrogen per-
oxide solved this problem partially by decel-
eration of the generation of active species.
Substrate 1a was consumed within 1 hour; how-
ever, the desired product 2a was obtained in
only 15% yield with 18% ee (Fig. 2A). Undesired
dearomatization dominated again, and quinone
6a and peroxy quinol 6b were obtained in a
combined yield of 65%.
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A 0
Ph (R,R)-5a (10 mol%)
TBSO \ N/ 30% H,0, (2 equiv)
o L MTBE, Room Temperature, 30 min
H z (for 3a)
n=1 (3a),2(1a) 4a: 95%, 93% ee
(R,R)-5a (10 mol%) t-BuOO
: : o TBSO
Oxidant (2 equiv) . TBSO
MTBE, Room Temperature
(for 1a)
6a
with 30% H,0,, 24 h 10% <1% (60% of 1a wasrec.)
with TBHP, 1 h 15% 50% 15%, 18% ee
B [RANJ*[l]-

(inert species)

pathc Tl ?

Phenol Oxidation |TBSO

XOH [R4NIHIO]~- 1o0r3 ——— —> 6a, 6b

(active species) (n=2) 0

) :
XOOH R N*- 20r4
H,0O
C o) @A)
.R)-5
s V4 Oxidant (2 equiv)
H
(? Room Temperature, Conditions
H
=1 (3b), 2(1b) n=1 (4b), 2 (2b)

Entry 1b or3b 5(mol%) Oxidant Conditions Product: Yield, ee (%, %)
1 1b 5a (10) TBHP MTBE, 3 h (R)-2b: 98, 60
2 1b 5b (10) TBHP MTBE, 24 h (S)-2b: 99, 86
3 1b 5¢c (10) TBHP MTBE, 24 h (S)-2b: 94, 82
4 1b 5d (10) TBHP MTBE, 5h (S)-2b: 96, 89
5 1b 5d (10) 30%H,0, MTBE,1h (S)-2b: 95, 80
6 1b 5d (10) CHP Et,0, 45 min. (S)-2b: 99, 93
7 1b 5d (1) CHP Et,0, 24 h no reaction
8* 1b 5d (1) CHP KoCO3 (1 equiv), Et,0, 10 h (S)-2b: 98, 93
9 1b 5d (0.5) CHP K5COs3 (1 equiv), Et,0, 48 h (S)-2b: 98, 93
10tf 3b 5a(0.05) CHP K5COg3 (1 equiv), Et,0, 24 h (R)-4b: 99, 88

*1.5 g-scale. 11 g-scale. ¥ No reaction occurred in the absence of K,COs.

Ar
OO I- OO R m=o,R= 3,5-(CF3),CeHj (5a)
A Ar= Q O m =1, R = 3,5-(CF3),CeHs (5b)
m m=1, R =CF3(5¢c)
CL, T :
Ar

m= 1, R= CF3(0F2)4CF2 (5d)

Fig. 2. Investigation of six-membered ring oxidative cyclization. (A) Comparison of five- and six-
membered enantioselective oxidative cyclizations. Isolated yields of 2a, 4a, and 6 are reported. TBS,
tert-butyldimethylsilyl. (B) Proposed catalytic mechanism and side-reaction pathway. “X" (in XOOH),
H or alkyl. (C) Investigation of reaction parameters toward a-tocopherol. Isolated yields of 2b and 4b
are reported. ee was determined by means of chiral stationary-phase high-performance liquid chro-
matography (HPLC). The absolute configuration of 2b was determined by comparing the optical
rotation of 9 (Fig. 3B) derived from 2b with the literature value (31), and all other chromans 2 were
assigned through analogy. The absolute configurations of 4a and 4b were determined by using their
known analogs (20).
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To prevent undesired dearomatization and ac-
celerate the desired cyclization path, a para-
toluenesulfonyl (Ts) group was introduced as an

Fig. 3. Application to structurally diverse sub- A
strates. (A) Enantioselective oxidative cycloether-
ification of various y-(2-hydroxyphenyl)ketones
1to chromans 2. Unless otherwise noted, 1 mol %
of (R,R)-5a or (R,R)-5d was used in the presence

of potassium carbonate. Asterisk indicates that TsO

the reaction was performed by using 10 mol % (R,R)-
5a in the absence of K,CO3 with TBHP instead of
CHP at 0°C. Dagger symbol indicates that (R)-2h
and (S)-2h were obtained in optically pure forms
after a single re-crystallization. (B) Asymmetric
formal syntheses of (S)-trolox, D-a-tocopherol, and
D-o-tocotrienol. MeOTf, methyl trifluoromethane-
sulfonate; DBU, 1,8-diazobicyclo[5.4.0Jundec-7-ene.

electron-withdrawing protective group in place
of the silyl group of 1a. As expected, the oxida-
tive cyclization of 1b with 10 mol % of (R,R)-5a

(R,R)-5a or (R,R)-5d (1 mol%), CHP (2 equiv)

gave desired (R)-2b quantitatively, with 60% ee
(Fig. 2C, entry 1). The 3,3'-substituents of the
binaphthyl moiety of (R,R)-5 had a dramatic

(S)-2c: 98%, 92% ee
[with (R,R)-5d]
towards p-Tocopherol

ArOCO Br
K ot z
o g o

Ar=4-CICeH, © 9 Br o)
(R)-2f: 95%, 92% ee
[with (R,R)-5a]
towards Dihydrodaedalin A

Ko,COg3 (1 equiv), Et,O, Room Temperature

(S)-2d: 97%,
[with (R,R)-5d]
towards y-Tocopherol

92% ee (S)-2e: 97%, 93% ee
[with (R,R)-5d]

towards 5-Tocopherol

(R)-2g9: 99%, 93% ee
[with (R,R)-5a]*
towards C48

(R)-2h: 83%, 85% ee [with (R,R)-5a]
(S)-2h: 96%, 90% ee [with (A, R)-5d]
(>99% ee)t

B
MeOT} Refs.(27-29) (S)-Trolox
(S)-2b OMe ~————>5 D-o-Tocopherol
(93% €€)  then DBU/MeOH D-a-Tocotrienol

Fig. 4. Probing the active catalyst. (A) Detection of catalytic
species. A series of Raman spectra (a to ¢) obtained upon
the addition of sodium hydroxide to a solution of n-
tetrabutylammonium iodide and TBHP are shown. (B)
Control experiments with n-tetrabutylammonium triiodide
in the presence or absence of potassium carbonate.
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9(R=H),

90% vyield, >99% ee (after a single recrystallization)
90% vyield, >99% ee
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effect on enantioselectivity and reactivity (Fig.
2C, entries 1 to 4). To our surprise, the use of
(R,R)-5b in place of (R,R)-5a gave (S)-2b as an
opposite enantiomer, with higher enantioselec-
tivity (86% ee) (Fig. 2C, entry 2). The opposite
absolute stereoselectivity was observed with the
use of not only (R,R)-5b but also (R,R)-5¢ and
(R,R)-5d, which have biphenyl groups at the 3,3’
positions (Fig. 2C, entries 2 to 4). The best result
(96% yield, 89% ee) was obtained after a shorter
reaction time with perfluoroalkyl-substituted am-
monium iodide (R,R)-5d (Fig. 2C, entry 4). Be-
cause the oxidative cyclization step might not
be rate-limiting for 1Ib, which was more reactive
than 1a, hydrogen peroxide could be used as an
oxidant, albeit with a slightly reduced enantio-
selectivity (Fig. 2C, entry 5). When cumene hydro-
peroxide (CHP) was used as an oxidant in diethyl
ether, the reaction was complete in 45 min, and
(S)-2b was obtained quantitatively, with 93% ee
(Fig. 2C, entry 6).

A reduction in the catalyst loading might
cause competition between inactivation (path ¢)
and oxidative cyclization (path b) in this catalytic
system (Fig. 2B). When 1 mol % of 5d was used,
no reaction occurred, and the starting material
was recovered fully (Fig. 2C, entry 7). To overcome
this problem, suppression or reversible control of
the inactivation path was considered. It is known
that hypoiodite salts can be prepared with the
hydrolysis of triiodide salts in alkaline solutions,
and these species are in equilibrium under basic
conditions (26). We envisioned that the hypoio-
dite species might be regenerated from triiodide
species in the presence of appropriate base addi-
tives under our catalytic conditions. After the in-
vestigation of various organic and inorganic base
additives (table S4:), we succeeded in developing
a high-performance catalytic oxidation system in
the presence of an inorganic base such as potas-
sium carbonate. Thus, the catalyst loading could
be reduced to 1 or even 0.5 mol % [turnover num-
ber (TON) of the catalyst = 200] for the oxidation
of 1b in the presence of one equivalent of potas-
sium carbonate without reducing the chemical
yield or enantioselectivity (Fig. 2C, entries 8 and 9).
Furthermore, the TON of the catalyst was 2000
for the five-membered oxidative cyclization of 3b
(Fig. 2C, entry 10). These reaction conditions were
compatible with gram-scale synthesis (Fig. 2C,
entries 8 and 10).

We examined several y-(2-hydroxyphenyl)
ketones 1 under optimized conditions (Fig. 3A).
(S)-2-Acylchromans 2¢c-e, which would be a syn-
thetic intermediate for B-, y-, and 8-tocopherols,
were obtained quantitatively with high enantio-
selectivities by using 1 mol % of (R,R)-5d.
The reactions of y-[5-(4-chlorobenzoyloxy)-2-
hydroxyphenyl]ketone If and y-(4-tosyloxy-2-
hydroxyphenyl)ketone 1g by using (R,R)-5a gave
(R)-2f and (R)-2g, respectively. Compounds (R)-
2f and (R)-2g would potentially offer a different
route to dihydrodaedalin A (71, 12) and Merck’s
compound C48 (13), respectively. The oxidative
cyclizations of 1h by using 1 mol % of (R,R)-5a
and (R,R)-5d under the same conditions pro-
vided both enantiomers of the chroman 2h

294 18 JULY 2014 » VOL 345 ISSUE 6194

with high enantioselectivities. The optically pure
enantiomers 2h could be obtained after a single
recrystallization.

The formal syntheses of D-o-tocopherol, D-
a-tocotrienol, and (S)-trolox were also achieved
(Fig. 3B). The (N-phenylimidazol-2-yl)carbonyl
group of product 2b was easily transformed (23)
to the methyl ester (8), which could be obtained
in optically pure form after a single recrystalliza-
tion. Subsequent deprotection of the tosyl group
of 8 under mild conditions gave 9 in high chem-
ical yield. The ester 9 is a common synthetic inter-
mediate for D-a-tocopherol (27), D-o-tocotrienol
(28), and (S)-trolox (29). Other tocopherols and
their biologically active analogs could be easily
prepared in a similar manner.

To gain insight into the catalytic mechanism,
we performed various control experiments and
spectroscopic analysis (Fig. 4, tables S5 and S6,
and figs. S1 to S8). A series of Raman spectra
obtained upon the addition of sodium hydroxide
to a solution of n-tetrabutylammonium iodide
(BuyNI) and TBHP is shown in Fig. 4A. To our
delight, we detected unstable hypoiodite [IO]”
and hypoiodous acid [IOH] species (30). Spec-
trum a, which includes three main bands at 110,
417, and 438 cm ™, was recorded immediately af-
ter the mixing of Bu,NI with TBHP. The other
bands were attributed to the solvents and re-
agents used. The band at 110 cm™ is character-
istic of [I;]". The bands at 417 and 438 cm™ were
assigned to [IO]™ and [IOH] species, respective-
ly, on the basis of the literature (30) and our
control experiments (figs. S4 to S7). These two
species might be in equilibrium under these
conditions and disappeared steadily with time,
and only a band of triiodide was observed after
2 hours (spectrum b). No other inert species such
as iodate and periodate were observed at this
time. The band of triiodide decreased immedi-
ately under basic conditions (spectrum ¢). A new
band at 768 cm ™, which is characteristic of the
iodate [I05]” spectrum, was observed (30). This
indicated the rapid generation and subsequent
disproportionation of hypoiodite species (30).
These results revealed that hypoiodite is an un-
stable catalytic active species and that triiodide
is a stable inert species under our conditions
(Fig. 2B). Although iodite species [10,]" could
not be detected, we could not completely rule out
a catalytic role of [10,] . The regeneration of hy-
poiodite from triiodide was also confirmed with
control experiments (Fig. 4B and table S6). Oxi-
dative cyclization of 1h did not occur with the
use of n-tetrabutylammonium triiodide but pro-
ceeded in the presence of potassium carbonate
under identical conditions.
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