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BFOX complex as a bifunctional
catalyst for visible-light-promoted asymmetric
photoredox reactions†

Xiang Shen, Yanjun Li, Zhaorui Wen, Shi Cao, Xinyi Hou and Lei Gong *

The enantioselective photoredox reaction of a,b-unsaturated carbonyl compounds and tertiary/secondary

a-silylamines was enabled by a readily available single NiII–DBFOX catalyst (DBFOX¼ 4,6-bis((R)-4-phenyl-

4,5-dihydrooxazol-2-yl)dibenzo[b,d]furan) under visible light conditions. The non-precious chiral catalyst is

involved in the photochemical process to initiate single electron transfer and at the same time provides

a well-organized chiral environment for the subsequent radical transformations. Good to excellent

enantioselectivities (80–99% ee) were obtained for the formation of chiral g-amino carboxylic acid

derivatives and g-lactams.
Introduction

Visible light photoredox catalysis has emerged as a powerful
strategy for organic synthesis.1 However, the development of
catalytic asymmetric photoredox reactions is still highly desir-
able and remains a formidable challenge owing to the difficul-
ties in controlling the stereochemistry of highly reactive
intermediates such as radicals and radical ions.2,3 Pioneering
work by Sibi, Porter, and others has demonstrated that
transition-metal-based chiral Lewis acids are capable of gov-
erning the enantioselective conjugate addition of radicals
produced by stoichiometric reduction of organic halides
(Fig. 1a, le).4 These studies inspired chemists to develop
cooperative chiral Lewis acid/photoredox catalytic systems for
light-induced stereoselective radical transformations, providing
a high level of asymmetric induction at mild and convenient
reaction conditions (Fig. 1a, right).5–11 For instance, Yoon's
group reported the rst highly enantioselective intermolecular
conjugate addition of a-aminoalkyl radicals to a,b-unsaturated
carbonyl compounds by utilizing the combination of a chiral
ScIII Lewis acid and RuII tris-bipridine photocatalyst.6 Meggers
et al. developed several chiral-at-metal rhodium complexes as
chiral Lewis acids together with additional photocatalysts for
highly enantioselective conjugate radical additions.7,8 The Kang
group utilized a chiral-at-rhodium complex as a single catalyst
for a catalytic asymmetric conjugate radical addition.9

Despite the impressive advances, typically two catalysts are
required for this type of transformation: one photocatalyst for
of Chemical Biology of Fujian Province,

mical Engineering, Xiamen University,

u.edu.cn

tion (ESI) available. See DOI:
the radical generation and an additional chiral Lewis acid for
controlling the stereoselective radical addition. Furthermore,
the photocatalyst and the chiral Lewis acid oen contain
a precious metal.11,12 Using earth-abundant, rst-row transition
metal complexes instead as bifunctional single catalysts for
asymmetric photoredox reactions opens a new avenue for cheap
and green synthesis of chiral molecules, but this has been
investigated much less.13 As the only established example, Fu's
group demonstrated that a chiral copper complex can catalyze
light-induced enantioselective C–N cross-couplings, not only as
the asymmetric catalyst but also as the precursor of the
Fig. 1 Previous strategies for enantioselective radical conjugate
additions and that developed in this study.

This journal is © The Royal Society of Chemistry 2018
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photocatalyst.14 Although they are inexpensive and well-
compatible in photochemical reactions,15 nickel complexes
themselves have only been reported as potential photoredox
catalysts very recently.16,17 Herein, we wish to reveal our
discovery on using a readily available NiII–DBFOX complex as
a bifunctional catalyst for visible-light-promoted enantiose-
lective reactions between a,b-unsaturated carbonyl compounds
and a-silylamines (Fig. 1b).
Results and discussion

Chiral NiII–DBFOX complexes have been used extensively in
catalytic asymmetric nucleophilic additions, halogenation,
cycloadditions and other transformations.18 Interestingly, we
Table 1 Initial experimentsa

Entry Substrate Ligand Light source Addit

1 1a L1 White CFL None
2 1b L1 White CFL None
3 1c L1 White CFL None
4 1d L1 White CFL None
5 1c L2 White CFL None
6 1c L3 White CFL None
7 1c L4 White CFL None
8 1c L1 Blue LEDs None
9 1c L1 Red LEDs None
10 1c L1 Yellow LEDs None
11 1c L1 UV (365 nm) None
12d 1c L1 Blue LEDs None
13e 1c L1 Blue LEDs None
14f 1c L1 Blue LEDs None
15 1c None Blue LEDs None
16 1c L1 None None
17g 1c L1 Blue LEDs None
18 1c L1 Blue LEDs 1 eq.
19 1c L1 Blue LEDs 3 eq.

a Reaction conditions: 1a–d (0.10 mmol), 2a (0.30 mmol), Ni(ClO4)2$6H2O (
25 �C, under argon; see more details of the screening of metal salts an
determined by chiral HPLC. d Reaction performed in the absence of
Mg(OTf)2.

f Reaction performed by replacing Ni(ClO4)2$6H2O with Ni(CO
applicable.

This journal is © The Royal Society of Chemistry 2018
observed that one member of this class of complexes, Ni–L1,
generated in situ by mixing Ni(ClO4)2$6H2O and chiral DBFOX
ligand L1 in a 1 : 1 ratio, exhibited obvious blue-green lumi-
nescence in THF (Fig. S5 in the ESI†). In combination with its
highly organized chiral environment and redox-active metal
center, we envisioned that such a complex might be a potential
candidate for asymmetric/photoredox bifunctional catalysis.19

With these considerations in mind, we commenced our study
with a,b-unsaturated crotonyl oxazolidinone 1a and tertiary a-
silylamine 2a as the model substrates. We here chose tertiary a-
silylalkylamines as the target substrate because they have low
oxidation potentials (for example, Eox (2ac+/2a) ¼ +0.60 in
CH3CN, Fig. S6 in the ESI†) and are well-established to undergo
single-electron oxidation followed by rapid desilylation to
ives t (h) Product Conv.b (%) eec (%)

12 3a 0 n.a.
12 3b 22 78
6 3c 95 91
12 3d 0 n.a.
12 3c 23 0
12 3c 21 n.d.
12 3c 0 n.a.
3 3c 95 91
12 3c <5 n.d.
12 3c 0 n.a.
6 3c 90 91
12 3c 0 n.a.
12 3c 0 n.a.
12 3c 0 n.a.
12 3c 0 n.a.
12 3c <5 n.a.
12 3c 0 n.a.

TEMPO 12 3c 0 n.a.
BHT 12 3c 0 n.a.

10 mol%), ligand L1–4 (12 mol%), THF (0.50 mL), indicated light source,
d solvents in the ESI. b Conversion determined by 1H-NMR. c ee value
nickel salt. e Reaction performed by replacing Ni(ClO4)2$6H2O with
D)2.

g Reaction performed in air. n.d. ¼ not determined; n.a. ¼ not

Chem. Sci., 2018, 9, 4562–4568 | 4563
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generate nucleophilic a-aminoalkyl radicals.6,9 However, under
irradiation with a 23 W white CFL lamp at 25 �C in the presence
of premixed 10 mol% Ni(ClO4)2$6H2O and 12 mol% L1 in THF,
no desired product 3a was observed (Table 1, entry 1). Next, we
screened a,b-unsaturated carbonyl compounds 1b–d bearing
different moieties adjacent to the carbonyl group (entries 2–4).
To our delight, the reaction of a,b-unsaturated imidazole 1b led
to the formation of 3b in 22% conversion and with 78% ee
(entry 2). Most interestingly, a,b-unsaturated N-acyl pyrazole 1c
provided signicantly improved catalytic outcomes. Adduct 3c
was afforded in 95% conversion and with 91% ee within only 6 h
(entry 3). Other bisoxazoline ligands, L2–4, were also tested in
the reaction, which, however, resulted in a much worse reaction
rate and enantioselectivity (entries 5–7). The reaction was
further improved by using a 24 W blue LED lamp, providing 3c
in 95% conversion and with 91% ee in only 3 h (entry 8).
Notably, when we replaced the blue LEDs with 30 W red or
yellow LEDs, we failed to obtain the product (entries 9 and 10),
while irradiation with a 15 W UV lamp (365 nm) still resulted in
the production of 3c in good conversion and with high enan-
tioselectivity (entry 11). These results indicate that the appro-
priate wavelength range of the light source is very critical for the
transformation.

To obtain a better understanding of the system, several
control experiments were conducted. As revealed by entries 12–
16, the nickel salt, DBFOX ligand L1, and visible light are all
essential for the product formation. For example, aer
Fig. 2 (a) Left: UV-Vis absorption spectra recorded on a Shimadzu
UV-2550 in a 10.0 mm quartz cuvette. Middle: I. Substrate 1c in THF
(0.030 M). II. Substrate 2a in THF (0.030 M). III. Ni–L1 in THF (0.030 M).
IV. Ni–L1–1c in THF (0.030 M). Right: A THF solution of nickel catalyst
Ni–L1 (0.030 M) in the dark and in the light. (b) Cyclic voltammogram
of nickel catalyst Ni–L1 (0.030 M) and potential intermediate complex
Ni–L1–1c (0.030 M) in TBAPF6 (0.10 M) in CH3CN. Sweep rate: 20 mV
s�1. A Pt electrode was used as the working electrode, a SCE as the
reference electrode, and Pt wire as the auxiliary electrode. EpA is the
anodic peak potential. ECp is the cathodic peak potential. (c) Calculated
reductive potentials of nickel catalystNi–L1 and potential intermediate
complex Ni–L1–1c in the excited states.

4564 | Chem. Sci., 2018, 9, 4562–4568
removing Ni(ClO4)2$6H2O (entry 12) or replacing Ni(ClO4)2-
$6H2O with Mg(OTf)2 (entry 13), the reaction did not produce
any desired product. Interestingly, the replacement of NiII by
Ni0 such as when using Ni(COD)2 as the metal source also led to
failure in obtaining 3c, which indicates the possibility of nickel
being involved in the redox process (entry 14). Moreover, air
(entry 17), radical quencher TEMPO (entry 18) and BHT (entry
19) completely inhibited the transformation of 1c + 2a / 3c.
These observations are consistent with a radical pathway.

Next, UV-Vis spectra were recorded to evaluate the light
absorptions of the reaction components. The individual
substrates 1c and 2a and the chiral ligand L1 do not feature any
absorption in the visible light region, while a 1 : 1 mixture of
[Ni(ClO4)$6H2O + L1] and 1 : 1 : 1 mixture of [Ni(ClO4)$6H2O +
L1 + 1c], leading to the in situ generation of the chiral nickel
catalystNi–L1 and potential intermediateNi–L1–1c respectively,
exhibit signicant absorption enhancement in the range of
400–450 nm (Fig. 2a). The broad peak at �600 nm is probably
attributed to the nickel center. The spectroscopic analysis
indicates that both Ni–L1 and Ni–L1–1c could be the potential
photocatalysts. This conjecture was further strengthened by
luminescence quenching experiments and Stern–Volmer
quenching plots, which revealed obvious intermolecular inter-
actions between Ni–L1 (or Ni–L1–1c) and 2a (Fig. S12–S15 in the
ESI†).

The cyclic voltammogram of a-silylamine 2a exhibited an
irreversible oxidation at +0.60 V (Eox (2ac

+/2a)) in CH3CN (Fig. S6
in the ESI†), while those of Ni–L1 and Ni–L1–1c showed
reductive peaks at �1.35 V and �0.65 V respectively (Fig. 2b),
Fig. 3 Mechanistic investigation. (a) Intervals of irradiation and dark
periods for the nickel-catalyzed reaction 1c + 2a / 3c. (b) Radical
trapping experiment in the nickel-catalyzed reaction 1c + 2d / 3r.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 proposed transition state for radical addition.
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most likely corresponding to the reduction of NiII to NiI. The
excited-state potentials of the nickel complexes were further
calculated by means of the Rehm–Weller formalism (E(I*/Ic�) ¼
E(I/Ic�) + E0,0(I*/I)).19,20 Accordingly, E*

redð½Ni� L1�*=½Ni� L1���Þ
was estimated to be �+1.53 V, while
E*
redð½Ni� L1� 1c�*=½Ni� L1� 1c���Þ was estimated to be

�+2.23 V (Fig. 2c). Notably, the calculated reductive potential in
the excited state of nickel catalystNi–L1 is comparable to that of
a NiII complex which was reported as a potential photoredox
catalyst by Bach and Hess very recently.17b The electrochemical
outcomes suggest that single electron transfer (SET) from the a-
silylamine 2a to the excited NiII complexes was thermodynam-
ically favorable.

Furthermore, the light–dark interval experiments revealed
that continuous irradiation with visible light was essential for
the reaction (Fig. 3a). The quantum yield (F) of the photo-
chemical reaction was calculated to be 0.59, suggesting that
radical chain propagation would not be the predominant
mechanism (see more details in Section 5.11 of the ESI†).20 In
addition, the reaction with the addition of 3 equiv. of ethyl 2-
((phenylsulfonyl)methyl)acrylate at the standard conditions led
to the observation of product 3r in 13% yield and by-product 4
in 67% yield (Fig. 3b). Isolation of compound 4 further conrms
the involvement of an a-amino radical. The homolytic cleavage
of a-silylamine 2a by light was excluded by the photostability
test (Fig. S16 in the ESI†).

On the basis of the initial experiments, mechanistic inves-
tigations and related literature,6,10 we propose a plausible
reaction mechanism as depicted in Fig. 4. Accordingly, N-acyl
pyrazole substrate 1 undergoes fast ligand exchange with the
chiral nickel catalyst and affords the intermediate complex A
(the above-mentioned potential intermediate Ni–L1–1). On the
other hand, the photon-absorbing nickel complex Ni–L1 or Ni–
L1–1 is activated by visible light, and then oxidizes a-silylamine
2 by a single electron transfer to generate silylamine cation
radical B and the reduced [Ni–L1]c� (only Ni–L1 as the photo-
catalyst is shown in the gure). Subsequent desilylation of B led
to the formation of the nucleophilic a-aminoalkyl radical C,21,22

which undergoes radical addition to the C]C double bond of
Fig. 4 A proposed reaction mechanism for the nickel-catalyzed
enantioselective photoredox reaction of a,b-unsaturated carbonyl
compounds and a-silylamines.

This journal is © The Royal Society of Chemistry 2018
complex A in an enantioselective fashion and transformation to
radical species D. Reduction of D by strong reductant [Ni–L1]c�

produces anion E, followed by protonation to afford neutral
complex F. Finally, substitution with 1 released chiral product 3
and regenerated intermediate A.

Considering the steric hindrance created by the tridentate
and bidentate coordination, we assume that the nickel center
does not interact directly with the free carbon radicals in the
nickel catalysis cycle (Fig. 5).15 The metal instead serves as
a Lewis acid to activate the electrophilic N-acyl pyrazole through
a bidentate coordination.10,16 In the photocatalysis cycle,
photon-absorbing nickel complex Ni–L1 or Ni–L1–1 participates
in the light-induced single electron transfer process. It has to be
mentioned that a radical coupling pathway involving a nickel
enolate radical cannot be completely excluded (see more details
in Section 5.10 of the ESI†).7c,23 Concerning the stereochemistry,
the proposed transition state is fully consistent with an
observed S-conguration in the product (Fig. 5).

With the optimal conditions and better understanding of the
reaction mechanism, we next evaluated the substrate scope of
the nickel-catalyzed enantioselective photoredox reaction of
a,b-unsaturated carbonyl compounds and a-silylamines. As
Fig. 6 Substrate scope with respect to a,b-unsaturated N-acyl
pyrazoles.

Chem. Sci., 2018, 9, 4562–4568 | 4565
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Fig. 7 Substrate scope with respect to tertiary a-silylamines.
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summarized in Fig. 6, a range of a,b-unsaturated N-acyl pyr-
azoles containing aliphatic (products 3c and e–h), aromatic
(products 3l–p) or electron-donating (product 3i) substituents at
the b-position were well tolerated. The products were obtained
in 47–81% yields and with 80–99% ee. However, a strong
electron-withdrawing b-CF3 or b-CO2Me substituent led to the
further cyclized product 3j or 3k. Although the yields and dia-
stereoselectivities were good, the enantioselectivities were both
Fig. 8 Synthetic applications of the methodology.

4566 | Chem. Sci., 2018, 9, 4562–4568
close to zero, which is most likely attributed to uncatalyzed
background radical additions.

The tertiary a-silylamines bearing more sterically
demanding N-substituents (products 3q–t), and electron
donating (3u–v) or withdrawing groups on the aniline moiety
(3x–za) were also compatible (Fig. 7) with respect to the yields
(32–86%) and enantioselectivities (87–95% ee). However,
a methyl substituent in the 2-position of the aniline ring failed
to provide the desired product 3w, perhaps due to steric
hindrance.

The N-acyl pyrazole moiety can be readily converted to
a range of functional groups under mild conditions.24 As an
example, the reaction of 3s (95% ee) with sodium borohydride
in a 1 : 1 mixture of THF and water afforded the corresponding
alcohol (S)-5 in a yield of 94% and with 95% ee (Fig. 8a).
Accordingly, the absolute conguration of 3s was assigned as S.6

More interestingly, if the tertiary a-silylamines were replaced by
secondary a-silylamines in the nickel-catalyzed enantioselective
photoredox reaction, further lactamization occurred to afford
chiral g-lactams (3zb–zg, 63–80% yield, 91–93% ee), one class of
important building blocks in synthetic chemistry (Fig. 8b).25
Conclusions

In summary, we have revealed that a conventional NiII–DBFOX
complex can effectively catalyze the asymmetric photoredox
reaction between a,b-unsaturated carbonyl compounds and
tertiary/secondary a-silylamines. As a bifunctional catalyst, the
chiral nickel complex is not only involved in a photo-induced
single electron transfer process to initiate the formation of
the radical species, but also activates the a,b-unsaturated
carbonyl substrates as a Lewis acid and governs the radical
transformation in an enantioselective fashion. Good to excel-
lent yields and enantioselectivities were achieved for the chiral
g-amino carboxylic acid derivatives and g-lactam products. In
view of the non-precious, low-toxic metal salt, readily available
chiral ligand, mild reaction conditions and high asymmetric
induction, this strategy might provide new opportunities to
develop cheap and green synthesis of chiral molecules. Further
investigations of reaction mechanisms and applications of the
catalytic system in asymmetric photoredox catalysis are ongoing
in our laboratory.
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P. Melchiorre, Nat. Chem., 2013, 5, 750–756; (b) M. Silvi,
C. Verrier, Y. P. Rey, L. Buzzetti and P. Melchiorre, Nat.
Chem., 2017, 9, 868–873.

21 For a recent account on synthetic utilization of a-aminoalkyl
radicals in visible-light photoredox catalysis, see:
K. Nakajima, Y. Miyake and Y. Nishibayashi, Acc. Chem.
Res., 2016, 49, 1946–1956.

22 For a perspective concerning practicality and
chemoselectivity of radical transformations, see: M. Yan,
J. C. Lo, J. T. Edwards and P. S. Baran, J. Am. Chem. Soc.,
2016, 138, 12692–12714.

23 M. P. DeMartino, K. Chen and P. S. Baran, J. Am. Chem. Soc.,
2008, 130, 11546–11560.

24 L. Feng, X. Dai, E. Meggers and L. Gong, Chem.–Asian J.,
2017, 12, 963–967.

25 For representative reviews, see: (a) C. Nájera and M. Yus,
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