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Catalyzed by Ir[dF(CF3)ppy]2(dtbbpy)PF6, the coupling of potassium organotrifluoroborates with
Baylis–Hillman derivatives under visible light irradiation has been developed. Based on the mechanism
of reductive quenching cycle, it provides an easy, mild, efficient method for the synthesis of a variety
of a,b-unsaturated carboxylic esters derivatives in a broad scope of the substrates.

� 2018 Published by Elsevier Ltd.
Introduction

Visible light photoredox catalysis showed tremendous advan-
tages over conventional synthetic methods in several aspects
because of the rich and renewable resource of visible light, mild
reaction conditions and high efficiency.1 Although the concept of
visible light catalysis has been put forward by Ciamician for more
than 100 years,2 it was not until recently since MacMillan reported
the a-alkylation of aldehydes and ketones by photocatalysis that it
has aroused great interest.3 After several years of rapid growth, vis-
ible light catalysis has been evolved as a significant bond formation
protocol in organic synthesis.

Recently Molander reported the dual catalytic cross-coupling
reactions of potassium organotrifluoroborates with organohalides
via visible light catalysis.4 The scope of substrates applied in these
coupling reactions was more broad than the published Pd-cat-
alyzed reaction systems.4 g A variety of substituted benzylic
trifluoroborates and heteroaryl halides could be tolerated.
Secondary alkyltrifluoroborates were also suitable partners in the
cross-coupling reactions.5 Baylis-Hillman adducts are important
intermediates and widely used as electrophilic partners in organic
synthesis.6 With the interest in the visible light catalysis,7 herein
we wish to report the coupling reaction of potassium organotriflu-
oroborates with Baylis–Hillman adducts via visible light photore-
dox catalysis, which provides a new method for the synthesis of
2-alkylsubstituted acrylate derivatives. Several methods such as
Pd-catalyzed cross-coupling reaction,8 nucleophilic addition of
Grignard reagent9 and Friedel-Crafts reaction10 have been reported
for the synthesis of similar acrylate derivatives from Baylis-Hill-
man adducts. Although these methods were very useful, the prob-
lems were narrow scope of substrates and poor tolerance of
functional groups.
Result and discussion

Initial studies were conducted on the starting materials
between potassium benzyltrifluoroborate 1a and 2-(acetoxy
(phenyl)methyl)-acrylate 2 (Scheme 1). Firstly, catalyzed by Ir[dF
(CF3)ppy]2(dtbbpy)PF6 (4,40-Di-tert-butyl-2,20-bipyridine)bis[3,5-
difluoro-2-(5-trifluoromethyl-2-pyridinyl-kN)phenyl-kC]iridium(III)
hexafluorophosphate), it revealed that the desired product 6a was
isolated in 3% yield and compound 7 was the main product after
checked by 1H NMR.When CH3COONa was added into the reaction,
no desired product was detected and in contrast 7 was isolated in
77% yield. It showed obviously that the nucleophilicity of acetate
anion is better than benzylic radical in this reaction condition. Next
three Baylis–Hillman adduct analogs 3a, 4, 5 were synthesized.
Unfortunately compound 4 was not stable and 5 was difficult to
be purified. After several tries, it was found that replacing of the
acetate of Baylis–Hillman adduct with Boc group was a better
choice and the product 6a was isolated in 28% yield.
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Scheme 1. Reactions between potassium benzyltrifluoroborates and Baylis–Hill-
man adduct derivatives under visible light irradiation.
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In order to find optimal conditions, the reaction of potassium
benzyltrifluoroborate 1a and methyl 2-(((tert-butoxycarbonyl)
oxy)(phenyl)methyl)acrylate 3a was performed in the presence
of 1 mol% photocatalyst under 45 W CFL irradiation at ambient
temperature (Table 1). Of the catalyst that has been tried, only Ir
[dF(CF3)ppy]2(dtbbpy)PF6 photocatalyst took effect and 6awas iso-
lated in 28% yield (entries 1–3). Besides DMSO, other solvents such
as DMF, NMP (N-methyl pyrrolidone), DCE, DCM, EtOAc, Et2O and
THF were tried. Except NMP, most solvents gave disappointing
results (entries 3–10). Use of NMP as a solvent, the yield could
Table 1
Optimization of the reaction conditions.a

Entry Solvent Photocatalyst

1 DMSO Ru(bpz)3(PF6)2
2 DMSO Ir(ppy)2(dtbbpy)P
3 DMSO Ir[dF(CF3)ppy]2(dt
4 DMF Ir[dF(CF3)ppy]2(dt
5 NMP Ir[dF(CF3)ppy]2(dt
6 DCE Ir[dF(CF3)ppy]2(dt
7 DCM Ir[dF(CF3)ppy]2(dt
8 EtOAc Ir[dF(CF3)ppy]2(dt
9 Et2O Ir[dF(CF3)ppy]2(dt
10 THF Ir[dF(CF3)ppy]2(dt
11 NMP Ir[dF(CF3)ppy]2(dt
12 NMP Ir[dF(CF3)ppy]2(dt
13c NMP Ir[dF(CF3)ppy]2(dt
14d NMP Ir[dF(CF3)ppy]2(dt
15c,e NMP Ir[dF(CF3)ppy]2(dt
16c NMP –

a Reaction conditions: 1a (0.6 mmol), 3a (0.5 mmol), photocatalyst (0.005 mmol, 1 m
atmosphere at ambient temperature, unless otherwise noted. Ir(ppy)2(dtbbpy)PF6: (4,
phate. Ru(bpz)3(PF6)2: Tris(2,20-bipyrazine)ruthenium(II) hexafluorophosphate.

b Isolated yield after silica gel flash column chromatography.
c 0.75 mmol of 1a.
d 1.0 mmol of 1a.
e No light.

Please cite this article in press as: Ye H., et al. Tetrahedron Lett. (2018), https:
increase to 60% (entry 5). Based on these, extending the reaction
time to more than 24 h could not improve the yield (entries 11–
12). Best results were obtained in the 1.5:1 ratio of 1a and 3a
(entries 5, 13–14). It was finally found that the combination of Ir
[dF(CF3)ppy]2(dtbbpy)PF6 as a photocatalyst, NMP as a solvent
and 24 h was most effective and the desired product can be
obtained in 71% yield (entry 13). Notably, the control experiment
showed that there was no desired coupling product in the absence
of a photocatalyst or light.

With the optimal reaction conditions in hand, the scope of Bay-
lis–Hillman tert-butyl carbonate derivatives was examined
(Table 2). The substrates containing substituents such as methyl,
methoxy and isopropyl on the aryl ring underwent the reaction
smoothly (6b–6d). For substrates with halogenated aryl ring, the
desired products were also isolated in good yields (6e–6g). How-
ever, the fluoro substituted reactant gave a slightly lower yield.
There was no obvious steric effect (6g–6i). Heterocyclic substituted
Baylis–Hillman tert-butyl carbonates were also suitable for the
reaction (6j–6l). While aliphatic substituted Baylis–Hillman tert-
butyl carbonates were introduced, the reactions were successfully
performed (6m–6n) and E-isomers of desired products were not
detected. Then, naphthyl substituted starting material was exam-
ined and the corresponding product 6o was obtained in moderate
yield. The reaction of ethyl 2-(((tert-butoxycarbonyl)oxy)(phenyl)
methyl)acrylate and 2-(((tert-butoxycarbonyl)oxy)(phenyl)
methyl)-acrylonitrile proceeded smoothly to give 6p and 6q. It is
important to note that Z/E isomers of most products can’t be iso-
lated by silica gel flash column chromatography except 6c and 6l.
For product 6c, the Z/E isomers were confirmed by NOE spectra
(See Supporting Information).
Time/h Yield (%)b

24 0
F6 24 0
bbpy)PF6 24 28
bbpy)PF6 24 27
bbpy)PF6 24 60
bbpy)PF6 24 44
bbpy)PF6 24 34
bbpy)PF6 24 29
bbpy)PF6 24 27
bbpy)PF6 24 27
bbpy)PF6 12 40
bbpy)PF6 36 59
bbpy)PF6 24 71
bbpy)PF6 24 71
bbpy)PF6 24 0

24 0

ol%), solvent (2 mL), 45 W CFL (compact fluorescent lamp) irradiation under N2

40-Di-tert-butyl-2,20-bipyridine)bis[(2-pyridinyl)phenyl]iridium(III) Hexafluorophos-
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Table 3
Scope of Potassium Organotrifluoroborates.

a Reaction conditions: 1b–1e (1.5 mmol), 3a (1 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6
(0.01 mmol), NMP (4 mL), 24 h, 45 W compact fluorescent lamp irradiation under
N2 atmosphere at rt.
b Isolated yield based on 1b–1e.
c NR: No reaction.

Table 2
Scope of Baylis–Hillman Tert-butyl Carbonates in Coupling with Potassium Benzyl-
trifluoroborate 1a.

a Reaction conditions: 1a (1.5 mmol), 3a–3q (1 mmol), Ir[dF(CF3)ppy]2(dtbbpy)PF6
(0.01 mmol), NMP (4 mL), 24 h, 45 W compact fluorescent lamp irradiation under
N2 atmosphere at rt.
b Isolated yield based on 3a–3q.
c The Z-isomer of 6l was difficult to purify.
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In order to further explore the generality of this method to
other potassium organotrifluoroborates, several structurally
diverse potassium organotrifluoroborates were examined. As
Please cite this article in press as: Ye H., et al. Tetrahedron Lett. (2018), https:
demonstrated in Table 3, most secondary alkyltrifluoroborates
were efficiently applied in this transformation. Isopropyltrifluorob-
orate was employed in 70% isolated yield (6r) and the secondary
alkyltrifluoroborates possessing five- and six-ring sizes were cou-
pled to give the corresponding products in good yields respectively
(6s and 6t). Moreover, the aliphatic five membered nitrogenous
heterocyclic trifluoroborate successfully gave the coupling product
under this protocol (6u). However, potassium cyclopropyltrifluo-
roborate did not work under the standard conditions. In contrast
to secondary alkyltrifluoroborates, primary alkyltrifluoroborates
and phenyltrifluoroborate are not suitable substrates probably
owing to the unfavorable redox potential (oxidation potential of
Ir[dF(CF3)ppy]2(dtbbpy)PF6 = +1.21 V vs SCE; reduction potentials
of potassium organotrifluoroborates: aryl counterparts [+1.81 V
vs SCE]; primary counterparts [+1.83 V vs SCE]; secondary counter-
parts [+1.50 V vs SCE]; benzylic counterparts [+1.10 V vs SCE]).11

To explore themechanism, radical scavenger TEMPOwas added.
The product 6awas obtained in only 5% yield after 48 h andmost of
reactant 3awas left. On the other hand the reductive coupling reac-
tion via visible light photoredox catalysis of organotrifluoroborates
reported by Molander was applied in several reactions and the dual
catalytic cycle mechanismwas involved.4 On the basis of literatures
and the above experimental results, a plausible reaction mecha-
nism is proposed in Scheme 2. Firstly, the ground state of Ir3+ is
excited to provide Ir⁄3+ under the irradiation of visible light, which
is then reduced by organotrifluoroborate 1 to produce Ir2+. And
simultaneously 1 is oxidized to generate the alkyl radical A, which
can react with Baylis–Hillman tert-butyl carbonate 3 to produce the
alkyl radical B. The key intermediate alkyl anion C was generated
from the reduction of B by the photocatalyst Ir2+, which itself was
//doi.org/10.1016/j.tetlet.2018.04.035
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Scheme 2. A Plausible Reaction Mechanism.

4 H. Ye et al. / Tetrahedron Letters xxx (2018) xxx–xxx
oxidized to the initial photocatalyst Ir3+. Subsequently, elimination
of BocO� from the alkyl anion C formed the target product 6.

Conclusions

In summary, we have developed the coupling reaction of potas-
sium organotrifluoroborates with Baylis–Hillman derivatives via
visible light photoredox catalysis. The potassium organotrifluorob-
orates can serve as a useful synthon in this C–C bond-forming reac-
tion. The advantages of this reaction are mild conditions and a
broad scope of substrates.
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