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ABSTRACT: We report the visible-light-induced radical
coupling reaction of silyl enol ethers with a-bromocarbonyl
compounds to give 1,4-dicarbonyls. The reaction was
effectively accelerated using an inexpensive organic dye
(eosin Y) as a photoredox catalyst. 1,4-Dicarbonyl compounds
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alone were afforded, without the generation of carbonyl adducts of the a-halocarbonyls, which are usually generated in the
presence of fluoride anions or Lewis acids. A variety of silyl enol ethers, a-bromoketones, a-bromoesters, and a-bromoamides
were applied to this system to produce the coupling compounds.

1,4-Dicarbonyl compounds are an important class of compounds
as building blocks for biological molecules' and precursors for
the Paal—Knorr synthesis, which gives five-membered hetero-
arenes.” Several synthetic methods have been developed to afford
the broadly useful 1,4-dicarbonyl compounds.® For a retrosyn-
thesis of the 1,4-dicarbonyl compounds, two strategies were
designed, as illustrated in Scheme 1: the reaction of an acyl anion

Scheme 1. Retrosynthesis of 1,4-Dicarbonyls
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equivalent I with a carbonylethyl cation II (path a) or the
reaction of a carbonylmethyl anion III with a cation IV (path b).
Path a indicates that the generation of the acyl anion I was limited
due to difficulties associated with controlling its reactivity.*
Consequently, a reaction involving the Breslow intermediates as
acyl anion equivalents, which are generated by an in situ reaction
between the aldehydes and carbenes, and unsaturated carbonyl
compounds was developed (Stetter reaction).” Path b
corresponds to the reaction of enolates with a-halocarbonyls.®
This reaction system intrinsically suffers from chemoselectivity
problems because the a-halocarbonyls include two electrophilic
moieties: carbonyl and halide groups. Previously, our group
reported the synthesis of 1,4-dicarbonyls using highly coordi-
nated tin enolates and a-halocarbonyls via a halo-substitution
reaction.’® The carbonyl addition reaction of the tin enolates,
which possess high nucleophilicity, was avoided by controlling
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the reactivity of the tin enolates using ligands that formed higher-
order tin enolates with a low reactivity toward carbonyl groups.”
The selectivity was not perfect, however, and some amount of
carbonyl adducts accompanied the 1,4-dicarbonyls.”*

The use of moderately nucleophilic silyl enol ethers shows
promise for providing a high chemoselectivity; however, these
compounds are inert to halocarbonyls under thermal conditions
in the absence of additives.” To the best of our knowledge, only
four processes using silyl enol ethers and halocarbonyls have
been identified for the synthesis of 1,4-dicarbonyls.** ™" Fluoride-
anion-activated silyl enol ethers may be applied to the reaction
with haloesters in ionic approaches (Scheme 2a)."8 The naked
enolate species generated by fluoride anions in situ has a high
nucleophilicity; therefore, the reaction of the haloester, with a
carbonyl group that is less electrophilic than that of the
haloketones, was established. Recently, Tang’s group reported
the reaction of silyl enol ethers with haloketones in the presence
of weak bases to give 1,4-dicarbonyls (Scheme 2b).° Although
haloketones were applied to this system, the substrate scope was
intrinsically limited to aliphatic substrates bearing an a'-
hydrogen due to the generation of a key oxyallyl zwitterion
intermediate. In radical approaches, a radical initiator or
photosensitizer promotes the coupling reaction to generate the
reactive carbonylmethyl radical; however, only haloesters were
used (Scheme 2¢).%” A alternative approach involves a reaction
using gallium enolate generated by the treatment of silyl enol
ethers and gallium chloride under basic conditions (Scheme
2d).°* This reaction was applied to the haloketone, although the
yield was low. As described above, the generality of the
halocarbonyls has been quite limited.
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Scheme 2. Reported Syntheses of 1,4-Dicarbonyls by
Reactions of Silyl Enol Ethers with Halocarbonyls
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Recently, photoredox processes were developed using
ruthenium or iridium complexes or organic dyes as photo-
catalysts.” Our group reported a-allylation of halocarbonyls using
allyltrifluoroborate salts promoted by ﬂuorlde salts and organic
dye eosin Y as a photoredox catalyst.'” On the basis of our
previous work, we started the investigation of the reaction of
halocarbonyls with silyl enol ethers. Herein, a new strategy for
synthesizing 1,4-dicarbonyl compounds from silyl enol ethers
and halocarbonyls by triethanolamine and eosin Y catalysis is
reported."’

First, we explored reported reaction systems for reactions of
silyl enol ether 1a with a-bromoketone 2a (Table 1). In F~-

Table 1. Selectivity in the Reactions of Silyl Enol Ether 1a with
Bromoketone 2a“

OSiMey
halo substitution carbonyl adduct
1a o
. i Ph, OHO
o
Br\®® % \I‘(\ej\ Ph o) Ph+ BT\M
Ph O  3aa 4aa Saa
2a
i 0,
entry conditions yield (%)
3aa 4aa 5aa
1 BuyNF, -78°C tort 6 32 0
2 NayCOg, rt 0 0 0
3 Et3B/O,, rt 16 0 0
4 p-MeOCgH,4CHO, CFL 0 0 0
5 TiCly, -78 °C tort 0 0 30
6 eosinY, N(CH,CH;0H), 80 0 5

blue LED (468 nm)

“A detailed list of the reaction conditions is provided in the
Supporting Information.

accelerated reactions, the epoxide 4aa was mainly produced via
carbonyl addition of la to 2a, although the targeted 1,4-
dicarbonyl compound 3aa was obtained (Table 1, entry 1).° In
entry 2 involving Na,CO,,"" the reaction did not occur at all.
Under radical conditions using Et;B (Table 1, entry 3),% the
selective formation of 3aa was confirmed, but the yield was low.
The photochemical reaction catalyzed by p -anisaldehyde gave no
coupling products (Table I, entry 4).% A Mukaiyama-type
reaction system catalyzed by TiCl,'> provided the halohydrin
Saa via the addition of a carbonyl group (Table 1, entry S). In
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contrast with these reactions, our developed photoredox reaction
system produced 3aa in a high yield and with perfect
chemoselectivity (Table 1, entry 6).

Investigations of the reaction conditions involving silyl enol
ether 1b and bromoketone 2a are summarized in Table 2.

Table 2. Optimization of the Reaction Conditions”

OSiMes eosin Y (1 mol %) o O Ph
& N(CH,CH,0H); .

1b MeOH (0.15 M) o o

+ blue LED, 4 h, rt

2a 3ba 4ba

yield (%)”
entry modification of conditions 3ba 4ba

1 none 76(70)¢ 0
24 CsF instead of N(CH,CH,OH), 27 18
3 without N(CH,CH,0H), 3 0
4 N(CH,CH,0H); (0.5 equiv) 54 0
S NEt, instead of N(CH,CH,OH), 45 0
6 Ru(bpy);Cl, instead of eosin Y 41 0
7 Ir(ppy); instead of eosin Y 76 0
8 erythrosine B instead of eosin Y 75 0

9 without eosin Y or in the dark 0 0

“Conditions: 1b (0.3 mmol), 2a (0.6 mmol), eosin Y (0.003 mmol),
N(CH,CH,0H); (0.3 mmol), MeOH (2 mL), room temperature,
and 3 W blue LED (468 nm). “'H NMR yield with 1,1,1,2-
tetrachloroethane as an internal standard. “Isolated yield. dDMF was
used instead of MeOH as a solvent.

Effective reaction conditions were identified employing 1 mol %
of eosin Y as a photocatalyst and 1 equiv of triethanolamine as a
reductive quencher under blue LED (468 nm) irradiation (Table
2, entry 1). Although 3ba was obtained using our reported
allylation conditions, ' carbonyl adduct 4ba was also obtained
because the reactivity of the silyl enol ether activated by the
fluoride anion was too high (Table 2, entry 2). A low yield of 3ba
was observed in the presence of smaller amounts of triethanol-
amine (Table 2, entries 3 and 4). Triethylamine was less effective
as a reductive quencher than triethanolamine (E, (TEOA®*/
TEOA) = +0.82 V; E, (NEt,**/NEt;) = +0.99 V vs SCE)"**"
(Table 2, entry S). The transition metal photoredox catalyst
Ru(bpy);Cl, gave 3ba in a moderate yield (Table 2, entry 6). In
the case of Ir(ppy);, the coupling product 3ba was obtained in a
high yield comparable to that obtained using the eosin Y catalyst
(Table 2, entry 7). Erythrosine B also provided a catalytic activity
comparable to that of eosin Y (Table 2, entry 8). Control
experiments revealed that both the organic dye and visible-light
irradiation were essential for the formation of 3ba (Table 2, entry
9).

We explored the reaction of the silyl enol ethers 1 with
bromocarbonyls 2, which is summarized in Scheme 3. First, we
investigated the scope of the silyl enol ethers 1. The 1,4-
diketones were given by using the silyl enol ethers derived from
dialkyl ketones, without producing carbonyl adducts 3aa, 3ba,
3ca, 3da, and 3ea. Although the yield of 3fa was low, the reaction
of a silyl enol ether derived from aromatic ketones proceeded.
The reaction tolerates silyl ketene acetal 1g and Danishefsky
diene 1h to yield the coupling product 3ga and 3ha, respectively.
Next, the scope of bromocarbonyls was investigated. In addition
to various types of bromoketones 3ab, 3ac, 3ad, 3ae, and 3af,
bromoester 2g and bromoamide 2h were also used in this
reaction to yield the coupling products 3ag and 3ah. Secondary
bromoketone 2i afforded the desired product 3ai in a moderate
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Scheme 3. Substrate Scope of the Reaction of Silyl Enol Ether
1 with @-Bromocarbonyl 2
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“Conditions: silyl enol ether 1 (0.3 mmol), bromocarbonyl 2 (0.6
mmol), eosin Y (0.003 mmol), N(CH,CH,0OH); (0.3 mmol), MeOH
(2 mL), room temperature, and 3 W blue LED (468 nm). Yield of
isolated ;roduct b1d (2 equiv), 2a (1 equiv). “le (1 equiv), 2a (3
equiv). “1f (1 equiv), 2a (2 equiv). “1h (3 equlv) 2a (1 equlv)
FSolvent (MeOH/MeCN = 1:1). %2h (3 equiv). "2i (3 equiv). 2-
Chloroacetophenone was used. /'H NMR yield with 1,1,1,2-
tetrachloroethane as an internal standard. *Nal (2 equiv) was added
as an additive.

yield due to steric hindrance. Bromomalonate 2j gave tricarbonyl
compound 3dj in moderate yield. The addition of Nal
accelerated the coupling reaction between 1b and chloroketone
2k via in situ halogen exchange to produce product 3bk.

A plausible reaction mechanism is shown in Scheme 4. Blue
LED irradiation generates the photoexcited eosin Y (6%). Then,

Scheme 4. Plausible Reaction Mechanism for the Eosin Y
Catalyzed Radical Coupling of Silyl Enol Ether 1 and a-
Bromocarbonyl 2
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it reduces the bromocarbonyl 2 via single-electron transfer to
give the eosin Y radical cation (6°*) and the bromocarbonyl
radical anion 2°7. The first process is supported by the
luminescence quenching studies (see Supporting Information).
The reduction of the eosin Y radical cation (6°*) by
triethanolamine (10) regenerates eosin Y (6) and produces a
triethanolamine radical cation (10°*). The photocatalyst is
effectively quenched using excess amounts of triethanolamine."*
Elimination of Br~ from bromocarbonyl radical anion 2°~ affords
carbonylmethyl radical 7. Radical 7 adds to silyl enol ether 1 to
give siloxy-substituted carbon radical 8. Radical 8 is oxidized by a
triethanolamine radical cation (10°*) to afford cation 9 and
triethanolamine 10."° Finally, elimination of the trimethylsilyl
group from carbocation 9 produces 1,4-dicarbonyl 3.

The utility of this protocol was demonstrated by synthes1zmg
bis(pyrrolyl)arene, a useful fluorescent compound,'®* through a
combination of the present reaction system and the Paal—Knorr
method (Scheme S). The tetracarbonyl compound 3dl was

Scheme 5. Synthesis of Bis(pyrrol-2-yl)benzene Derivatives
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successfully synthesized by the reaction of 21, possessing two
bromocarbonyl moieties, with silyl enol ether 1d. Treatment of
3dl by the Paal—Knorr method afforded bis(pyrrolyl)arene 11.
Generally, the synthesis of these types of 1,3-bis(pyrrolyl)arenes
requires a multlstep process involving expensive transmon metal
catalysts'® or the use of highly toxic phosgene;'” however, the
sequential process developed here is safer and less expensive.
UV—vis absorption and emission spectra of bispyrrole 11 (4,
and 4., = 314 and 392 nm in CH,Cl,) are provided in the
Supporting Information.

In conclusion, we developed a practical synthetic method for
preparing 1,4-dicarbonyl compounds via a reaction between a-
halocarbonyls and silyl enol ethers, accelerated by the
inexpensive eosin Y as a photoredox catalyst under visible-light
irradiation. The halo-substitution reaction proceeded with
perfect chemoselectivity. Triethanolamine was found to function
as an appropriate reductant to regenerate eosin Y. Various types
of silyl enol ethers and a-bromocarbonyl compounds were
applicable to this reaction. Finally, we demonstrated the utility of
the present synthetic method for the preparation of dipyrrolar-
enes.
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