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Using diverse carbon-centered radical precursors and electron-rich (hetero)aromatics and alcohols as
nucleophiles, a visible-light driven chiral phosphoric acid (CPA) catalyzed asymmetric intermolecular,
three-component radical-initiated dicarbofunctionalization and oxytrifluoromethylation of enamines was
developed, which provides a straightforward access to chiral arylmethylamines, aza-hemiacetals and y-
amino acid derivatives with excellent enantioselectivity. As far as we know, this is the first example of
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Introduction

Multi-component difunctionalization of alkenes offers a simple
and efficient strategy for the synthesis of complex compounds,
which allows for the simultaneous construction of two C-X
bonds in one-step from readily available alkenes and other
starting materials.”* Due to the high reactivity and unique
philicity, radical species have been extensively investigated in
the asymmetric difunctionalization of alkenes via transition
metal catalysis.® Recently, Liu's group* developed a dual Cu(1)/
CPAs catalysis strategy for the asymmetric dicarbofunctionali-
zation of 1,1-diarylalkenes, which proceeded via a radical
generation and single-electron oxidation step catalyzed by
copper(1) and enantioselective nucleophilic attack step cata-
lyzed by CPAs (Scheme 1a). Another Liu's group also developed
a copper(1) catalyzed reaction, which proceed via a mechanisti-
cally different way by trapping radical intermediates with chiral
metal complexes,® to achieve the difunctionalization of a series
of alkenes® (Scheme 1b). In both cases, although impressive
results have been achieved, metals were necessary for the
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suggested the importance of the N-H bond of the enamine and indole for the reactions.

formation of radical intermediates. Considering green and
sustainable synthetic chemistry, the exploration for the catalytic
radical asymmetric difunctionalization of olefins under metal-
free conditions is highly desired.

Visible-light photoredox catalysis has been proven to be
a powerful and green tool for the organic synthesis via the
radical or energy transfer (ET) process.”® Combining with
organocatalysis,” Lewis acid catalysis,'® transition metal catal-
ysis™ and even enzymatic catalysis,”* the development of
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asymmetric photocatalysis has attracted increasing attention of
organic chemists. Until now, only a few examples of the pho-
tocatalytic asymmetric three-component alkene difunctionali-
zation enabled by photoredox and metal dual catalysis have
been reported," which deserves to be further explored. Chiral
phosphoric acids (CPAs), as powerful bifunctional organic
catalysts,” have been employed in visible-light photoredox
catalyzed reactions by Jiang™ and others,*® which proceeded via
different enantioselective processes to control the stereo-
selectivity of the reactions. However, different metals or pho-
tocatalysts were required for the generation of corresponding
radical species. Thereby, the development of visible-light driven
chiral phosphoric acid catalysis without using photocatalysts
and metals will be a highly desired supplement to asymmetric
visible-light photocatalysis and traditional chiral Brgnsted acid
catalysis. Especially, we wondered whether or not we could
achieve the visible-light induced CPAs-catalyzed asymmetric
radical-initiated dicarbofunctionalization of alkenes under
photocatalyst-free conditions. Based on the reported works that
Bronsted acids could accelerate the reaction by activating Tog-
ni's reagent,"” we herein reported a visible-light induced asym-
metric intermolecular, three-component radical-initiated
dicarbofunctionalization and oxytrifluoromethylation of
enamines in the presence of CPAs under the metal-free and
photocatalyst-free condition (Scheme 1c).

Table 1 Optimization of the reaction conditions®

0 HN
€1 (5 mol%
A')LN/\ * Lo @E} 3Awfs r(r:s‘:) r:1)) oY
A ! it 3 M
3a

THF (0.1 M), -20 °C AN CFs

Ar = 4-MeOPh 427 nm kessil LEDs, 3 h H

1a 2

Ar PN
Z NHR
OO 0. .0 Cl:Ar=246-PrsPh NHAc
~p2Y  C2: Ar=35-diMePh 1b,R=Ac oh
O "OH C3: Ar = SiPhy 1c, R = Boc
Cr) e

Ar

Entry Variation from the standard conditions Yield® ee”
1 None 54 96
2 C2 instead of C1 20 25
3 C3 instead of C1 0 NA
4 1b instead of 1a 0 NA
5 1c instead of 1a 0 NA
6 1d instead of 1a Complex NA
7 1e instead of 1a 0 NA
8 THF/1,4-dioxane (1 : 1) instead of THF 41 96
9 4CzIPN (1 mol%) 50 9
10 Ir(ppy).(dtbbpy)PFs (1 mol%) 52 96
11 No C1 0 NA
12 No light 0 NA
13 No 3 AMS 40 90

“ Reaction conditions: 1a (0.1 mmol), 2 (0.15 mmol), 3a (0.2 mmol), 3 A
MS (50 mg) and (R)-CPA (5 mol%) in THF (1.0 mL) at —20 °C under
irradiation of blue LEDs for 3 h. ” Isolated yield. ¢ Determined by
chiral-phase HPLC. NA = not available.
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Results and discussion

We started our investigation by employing enamine 1a, Togni-II
2, and indole 3a as the model substrates (Table 1 and Table S1
in the ESIt). Initially, the reaction was examined in the presence
of 5.0 mol% chiral phosphoric acid C1 as the catalyst in CH,Cl,
as the solvent and under the irradiation with a blue LED. To our
delight, the expected product 4a was smoothly obtained in
moderate yield with good enantioselectivity after 3 h (46% yield,
86% ee; entry 1, Table S17). After screening of diverse CPAs,
solvents and other reaction parameters (Table S1-S67), the
optimal reaction conditions were found to be: 5 mol% C1,
50 mg of 3 A MS and THF as the solvent, affording the desired
product in 54% yield with 96% ee (entry 1, Table 1). The BINOL-
based CPAs with different substituents at the 2,2’-position
significantly affected the yields and enantioselectivities of the
reaction (entries 2 and 3, Table 1). Specifically, no product was
obtained when the substituent was triphenylsilyl group (C3)
(entry 1, Table 1). Some other enamines (1b-le) were also
tested, and no products or complex reaction mixtures were
observed, indicating the importance of the benzoyl group for
the generation of 4a (entries 4-7, Table 1). Compared with THF,
the mixed solvent provided 4a with the same enantioselectivity,
but lower yield (entry 8, Table 1). The addition of extra photo-
catalysts could not improve the yield and enantioselectivity of
4a (entries 9 and 10, Table 1). The control experiments
confirmed that CPA and visible light were essential for the
successful formation of 4a (entries 11 and 12, Table 1). In the
absence of 3 A MS, both the ee and yield of 4a fell (entry 13,
Table 1).

With the reaction conditions optimized, the substrate scope
was examined by using various N-acyl enamines. As shown in
Table 2, generally, the enantioselective aryltrifluoromethylation
reaction occurred smoothly in moderate yields with excellent ee
with a variety of substituents tolerated, suggesting that the
electronic and steric hindrance effect of the N-acyl groups did
not affect the enantioselectivity of the reaction. For instance,
the para-OMe, Me, halogen (Cl, F, Br) and phenyl substitution
led to the expected products in 33-54% yields and all with
excellent enantioselectivity (94-98% ee for 4a-4g). In addition,
methyl and chloro substituents at the meta-position of the
benzene ring were also well tolerated under the standard
conditions and furnished the desirable products with moderate
yields and excellent ee (4h, 4i). Moreover, sterically hindered
ortho-substituted substrates were also suitable for this reaction,
providing the aryltrifluoromethylated products in 33% and 52%
yield with excellent enantioselectivity (4j and 4k). The enamine
bearing 3,5-dimethyl group was capable of delivering 41 with
good levels of yield and enantioselectivity. The heteroaromatic
rings like thienyl and furyl groups were also tested under the
reaction conditions and smoothly afforded the desired prod-
ucts, especially 4n in high yield with excellent enantioselectivity
(66% yield, 97% ee). The enamine from cinnamic acid afforded
the product 40 in 30% yield with 91% ee. Then the substrate
scope of substituted indoles was evaluated. It was found that
indoles with either electron-donating or electron-withdrawing
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Table 2 Substrate scope of the aryltrifluoromethylation reaction®
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Table 3 Substrate scope of the oxytrifluoromethylation reaction®
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1 cr,  A%R=Cl34% 9% ce PMP” N CFs PMP” N CFs
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MeO ; OH

PMP
Pl4ab, 43%, 81% ee

4y, 40%, 99% ee

Me MeO
5
o 0 Y
PMPJ\N CFs PMPJ\ﬁ CFs

4z, 49%, 93% ee 4aa, 28%, 92% ee

“ Reaction conditions: 1a (0.1 mmol), 2 (0.15 mmol), 3 (0.2 mmol), 3 A
MS (50 mg) and C1 (5 mol%) in THF (1.0 mL) at —20 °C under
irradiation of 427 nm kessil LEDs for 3 h; isolated yield after
chromatography; enatioselectivity was determined by HPLC on
a chiral stationary phase. ” For 24 h.

substituents at the 4-, 5-, 6-, or 7-position were well tolerated,
furnishing the desired products in moderate yields and all with
excellent enantioselectivity (4p-4aa). Additionally, it was
observed that the weaker nucleophilic electron-poor indoles
exhibited better results for the enantiocontrol than electron-
rich ones. Meanwhile, it was interesting to note that other
aromatic ring such as 3,5-dimethoxyphenol could also partici-
pate in the reaction, furnishing the corresponding aryltri-
fluoromethylated adduct 4ab in 43% yield with good
enantioselectivity (81% ee).

Encouraged by the above results, we next explored other
kinds of nucleophiles, and found that alcohols were also the
suitable nucleophiles and the stable aza-hemiacetals were
produced (Tables S71 and 3). After the further optimization of
the reaction conditions, the corresponding products could be
obtained with a higher level of ee under the optimal conditions
with 5 mol% C1 as the catalyst in THF at 0 °C. Then various
alcohols were tested in the reactions (Table 3). The simple and
common alcohol solvents including primary (methanol and
ethanol), secondary (isopropanol) and tertiary alcohols (tert-
butanol) were all subjected to the reaction, yielding the corre-
sponding oxytrifluoromethylated products (6a-6d) in moderate
to good yields (42-69%) with excellent enantioselectivity (89—
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lgi, 59%, 80% ee

“ Reaction conditions: 1a (0.1 mmol), 2 (0.15 mmol), 5 (0.1 mmol), 3 A
MS (50 mg) and C1 (5 mol%) in THF (1.0 mL) at 0 °C under irradiation of
427 nm kessil LEDs for 3 h; isolated yield after chromatography;
enatioselectivity was determined by HPLC on a chiral stationary
phase. ” No 3 A MS.

96% ee). More importantly, more sterically hindered alcohols
proceeded with higher enantioselectivities (6d vs. 6¢ vs. 6a, 6b).
The reaction using deuterated methanol proceeded well to
afford the product 6e in 48% yield with 93% ee. Other alcohols
with alkyl or (hetero-)aryl groups were also employed as the
nucleophiles, leading to desired products in moderate yields
with high enantioselectivities (6f-6h). Notably, water was also
compatible with the reaction in the absence of molecular sieve,
delivering the hydroxylated product 6i in 58% yield and 80% ee.

In addition to Togni-II, the radical precursors could also be
extended to a series of a-bromocarbonyl compounds with the
addition of an organic-photocatalyst developed by our group,*®
resulting in the direct access to the chiral y-amino acid deriv-
atives. The optimization of the reaction conditions was shown
in the ESLt Using the organic photocatalyst (cat-CFsPh) from
our group, the substrate scope was then examined (Table 4). The
para- or meta-substituted a-bromoacetophenone were proved to
be the amenable substrates under the optimal reaction condi-
tions, giving the corresponding products in moderate to good
yields (37-65%) with excellent enantioselectivities (92-96%)
(8a-8j). Unfortunately, sterically hindered ortho-substituents
completely inhibited the reaction. Multi-substituted phenyl and
thienyl group did not obviously alter the reactivities and enan-
tioselectivities (8k, 81). Besides the aryl groups, an a-bromoke-
tone with the alkyl group was also tolerated to afford the
product 8m in 51% yield with excellent ee (94%). With high
enantioselectivity (87-92%), the enantioselective dicarbo-
functionalization could be extended to different bromo-acetate
and malonate, enabling the synthesis of chiral amino acids with
moderate to good yields (8n-8p). Also, different electronic and
structural variated indoles were examined and showed good
tolerance of functional groups. Indoles with different substi-
tutes at the 4-, 5-, 6-, or 7-position were successfully converted to
the corresponding products in 32-70% yields with excellent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Substrate scope for the synthesis chiral y-amino acid
derivatives®

o
cat-CF3Ph (1 mol%) NHBoc
o N B\ C1(5 mol%) R
~ Rz& — ClGmok)
BochN * R«”\/B’ N K4PO, (1 equiv) N
H 3 A MS (100 mg) NH
1c 7 3 THF (0.2 M), Ny, rt R
427 nm kessil LEDs, 12 h 8
8a, R = H, 65%, 96% ee 8f, R = 4-Cl, 40%, 95% ee
NHBoc  g8p, R = 4-Me, 48%, 95% ee 8g, R = 4-Br, 37%, 95% ee

RT__ 8c, R = 4-MeO, 47%, 95% ee

8d, R = 4-Et, 51%, 96% ee
o
~ NHBoc
\
S A
NH

8e, R =4-Ph, 39%, 93% ee
8k, 33%, 90% ee

o
RO NHBoc
A
NH
8n, R = Me, 33% yield, 92% ee
80, R = Bn, 64% yield, 87% ee

8h, R = 3-Me, 51%, 95% ee
8i, R = 3-MeO, 47%, 92% ee
8j, R = 3-Cl, 44%, 95% ee

o o
NHBoc

MeO. l
MeO' A A
O NH NH

8m, 51% yield, 94% ee

NHBoc

81, 42% yield, 96% ee

CO,Et ‘,f/\
Z —

" % Nt \/ {

5__COsEt
& ? ,1,\3,« Y g
&
HN - L»,

8p, 70% yield, 92% ee

BocHN {

8a (CCDC: 2108166)

8q, R = 4-Me, 59%, 95% ee

0 8r, R= 4-MeO, 49%, 94% ee 8x, R = 6-Me, 69%, 97% ee
Ph NHBoc s, R=4-Cl, 35%, 96% ee 8y, R= 6-MeO, 51%, 96% ee
8t, R=5-Me, 68%, 95% ee 82, R=6-Cl, 48%, 98% ee
7 N 8u, R=5-MeO, 41%, 92% ee 8aa. R=7-Me, 70%, 97% ee
R )—NH 8v, R=5-Bn0, 55%, 96% ee 8ab, R= 7-MeO, 41%, 95% ee

8w, R= 5-Br, 32%, 96% ee

“ Reaction conditions: 1¢ (0.2 mmol), 7 (0.1 mmol), 3 (0.15 mmol), 3 A
MS (100 mg), cat-CF;Ph (1 mol%) and C1 (5 mol%) in THF (0.5 mL) at
r.t. under irradiation of 427 nm kessil LEDs for 12 h; isolated yield
after chromatography; enatioselectivity was determined by HPLC on
a chiral stationary phase.

enantioselectivities (93-98%), indicating that the electronic
effect has no obvious influence on the enantioselectivities of the
products.

In order to further demonstrate the practicality of this
protocol in organic synthesis, the gram-scale synthesis and
further transformations were carried out (Scheme 2). Using only

a) gram-sacle reaction

HN:
@ _camw N
T 3AMS(50mg) (50 mg) )k

THF (0.1 M), -20 °C AN CFs3
427 nm kessil LEDs, 5 h H
1a, Ar = 4-MeOPh 4a. 0.38
2.5mmol, 0.44g 3.75 mmol 124g 5 mmol 0.58g 42%' Bé%gee
o
cat-CF3Ph (1 mol%) NHBoc
N . @[\> €171 mol%) Ph
°c Ph)K/ Br N KsPO, (1 equiv) N
H 3 AMS (100 mg)
1o 7a 2 THF (0.2 M), Ny, rt NH
427 nm kessil LEDs, 24 h
10mmol, 143g  5mmol, 1.0g 7.5 mmol, 0.88g nm kessilLEDS, 8a, 1.01g
53%, 96% ee
b) synthetic applications NOH
NHBoc
NH,OH-HCI (1.6 equiv) Ph
AcONa (2 equiv) N
80% aq EtOH, reflux for 1.5 h
[o} NH
NHBoc
Ph 9, 92%, 99% ee
N
NH
PhsPCH3Br (1.2 equiv) NHBoc
8a, 0.1 mmol {BUOK (1.2 equiv) Ph
( BuoRsequy) |
96% ee THF (0.1 M) N
recrystallization RT to reflux, overnight NH
>99% ee

10, 99%, 99% ee

Scheme 2 Gram-scale reaction and derivatizations.
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1 mol% of C1, the aryltrifluoromethylation reaction was per-
formed with 1a, Togni-II and indole on a 2.5 mmol scale and the
other one with a-bromoacetophenone 7a on a 5 mmol scale,
offering the corresponding products 4a and 8a in 42% and 53%
yield respectively, with the same 96% ee by prolonging the
reaction time (Scheme 2a). After recrystallization, the optically
pure 8a was obtained, which was subjected to the further
transformation. Under a reflux condition, chiral y-amino
ketone 8a could react with hydroxylamine hydrochloride
(NH,OH-HCI) to provide oxime 9 in excellent yield and enan-
tioselectivity. Furthermore, 8a could be easily transformed into
alkene 10 through Wittig reaction in 99% yield with 99% ee
(Scheme 2b).

To understand the reaction mechanism, several control
experiments were performed (Scheme 3). When 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) was added to the reac-
tion mixture under the standard conditions, no product 4a or 8a
was generated, indicating that the reaction might involve
a radical process (Scheme 3a and ESIf). Trifluoromethylated
enamine 11 generated from the reaction of 1a with Togni-II was
employed as the substrate to react with indole under the action
of chiral phosphoric acid. After 12 h, only trace amount of the
product was detected by TLC, indicating that the reaction pro-
ceeded via the imine intermediate instead of enamine (Scheme

a) radical inhibition experiment

TEMPO (2 equiv) HN
O:\> €1 (5 mol%) o §
N 3 AMS (50 mg)
CFS H THF (0.1 M), -20 °C A,)LN CFs
Ar = 4-MeOPh 427 nm kessil LEDs H
1a 2 3a no product

b) reaction from trifluoromethylated enamine
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it
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Scheme 3 Mechanistic studies.
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3b). Using N-Me protected enamines or indoles in the reaction
under the standard conditions, the reaction was completely
inhibited, indicating that the generated imine and indole might
both interact with chiral phosphoric acid by the way of
hydrogen-bonding to provide the product (Scheme 3c). When
either 1a or indole was not added to the reaction mixture, full
conversion of Togni-Il was observed, accompanied by the
generation of trifluoromethylated products. Treating the Togni-
II under the standard conditions, 2 also completely decom-
posed and the chiral phosphoric acid could accelerate this
process (see ESIT). In addition, the UV/Vis absorption spectra
and the '"H NMR indicated that there is an interaction between
Togni-II and C1 (see Section 6.3 and 6.4 in ESIt). These results
suggested that the trifluoromethyl radical was formed through
the direct decomposition of Togni-II with the assistance of C1
under the irradiation of visible-light. The linear effect experi-
ments were also performed and the results suggests that only
one chiral phosphate molecule was included in the second C-C
bond-forming step for the enantiomeric control (Scheme 3d).
Based on the mechanistic studies and reported literatures,
a plausible reaction mechanism is outlined in Fig. 1. Under the
activation of CPA, Togni-II decomposes into the trifluoromethyl
radical and related hypervalent iodine intermediate III under
the direct irradiation of visible light. Then the trifluoromethyl
radical would undergoes a radical addition with enamine to
produce the a-amino radical IV, which is then oxidized by
hypervalent iodine intermediate III to form the corresponding
imine intermediate V. Under the action of the chiral phosphoric
acid through the hydrogen-bonding, the imine intermediate V
undergoes a Mannich reaction with indole, forming the Ts-I
transition state to provide the final chiral products. For the

HN g\o
¢
9y §om C[ko
)J\ CF3 \ :

A AN o) Res
09 ar e-face

-Po. _
‘H’N?;

A
X=0 Siface
SRS AT

0~ ~o. —

JH-
0.0

Ts-l Ts-ll
disfavored

favored

Fig. 1 Proposed reaction mechanism.
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synthesis of chiral y-amino acid derivatives, a SET process
between a-bromocarbonyl compounds and excited PC occurs to
afford the corresponding carbon radical intermediate, and then
the generated o-amino radical is oxidized by PC™" to generate
the imine intermediate and complete the photocatalytic cycle.

Conclusion

In summary, we have developed a metal-free, visible-light
mediated enantioselective dicarbofunctionalization and oxy-
trifluoromethylation of enamines in the present of chiral
phosphoric acids. Compared with the previous works enabled
by transition metals or photocatalysts, Togni-II underwent
a direct decomposition to produce the trifluoromethyl radical
under the visible-light irradiation. Using (hetero)aromatics and
alcohols as nucleophiles, the corresponding chiral arylmethyl-
amines and aza-hemiacetals were obtained in moderate to good
yields with excellent enantioselectivities. Notably, for the first
time, the chiral C-O bond was constructed from simple alco-
hols via visible-light photocatalysis. In addition, the radical
precursors could also be expanded to various a-bromocarbonyl
compounds by addition of an extra organic photocatalyst
developed by our group, affording the y-amino acid derivatives
with excellent enantioselectivities. Mechanistic studies sug-
gested that CPAs not only controlled the stereoselectivity but
also accelerate the generation of the trifluoromethyl radical
through activation of Togni's reagent.
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