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Catalytic Asymmetric Intermolecular Radical
Aminotrifluoromethylation of Alkenes with Hydrazines by
Cu(l)/CPA Cooperative Catalysis

Zhe Wang*,® " Jiang-Tao Cheng*@ Zhichao Shi,”" Na Wang,"” Feng Zhan,* "

Sheng-Peng Jiang,"” Jin-Shun Lin,*™* Yuyang Jiang,*

A first catalytic enantioselective intermolecular radical
aminotrifluoromethylation of alkene with hydrazine and Togni'’s
reagent by Cu(l)/CPA cooperative catalysis has been reported,
accessing diversely substituted CF;-containing enantioenriched
diarylmethylamines bearing an a-tertiary stereocenter with high
enantioselectivity and excellent chemoselectivity. The highly
asymmetric induction of C—N bond formation between
hydrazine and the carbocation intermediate was achieved by
using a CPA catalyst via hydrogen-bonding and ion pair
interaction.

Catalytic difunctionalization of unactivated alkenes, simultane-
ously installing two different functional groups across a double
bond in a single step, is a versatile and step-economic strategy
for construction of complex molecular architectures from simple
and readily available alkene feedstocks." In this context,
transition-metal-catalyzed trifluoromethylation of alkenes has
attracted considerable attention due to the unique physical and
biological properties of trifluoromethyl (CF;)-containing
molecules.” Recently, very impressive advances have been
achieved in the development of transition-metal-catalyzed
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radical-involved intra-®/intermolecular™ aminotrifluorometh-
ylation of alkenes with different CF;-containing reagents, which
enable highly efficient and selective incorporation of a CF,
group and amino/azido group into alkenes, providing an
efficient access to diversely CF;-containing azaheterocycles or
B-trifluoromethylamines in racemic fashion (Scheme 1a).”’ Given
the increasing importance of chiral CF;-containing molecules
for the development of pharmaceuticals and agrochemicals, it
would be of high value to develop enantioselective variants.
Our group has recently developed the copper/chiral phosphate
as a single-electron-transfer catalyst for the asymmetric radical-
involved intramolecular aminotrifluoromethylation of N-alkeny-
lurea with Togni’s reagent® or CF;SO,CI"” respectively, giving
facile access to densely functionalized CF;-containing azahe-
terocycles bearing an a-tertiary stereocenter with excellent
enantioselectivity (Scheme 1b). In 2019, Chen G & He G etal.
succeeded in utilizing copper/BOX ligand for asymmetric intra-
molecular aminotrifluoromethylation of O-homoallyl benzimi-
dates with Togni’s reagent to afford chiral 1,3-oxazines with
high enantioselectivity (Scheme 1c).¥ Unfortunately, despite
these achievements, the catalytic enantioselective radical-involved
intermolecular aminotrifluoromethylation of alkenes, to the best
of our knowledge, still has not been demonstrated so far.
Although great endeavors have been devoted to diversely
asymmetric  variants of radical-involved intermolecular
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Scheme 1. Asymmetric radical aminotrifluoromethylation of alkenes.
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trifluoromethylation of alkenes, the development of catalytic
asymmetric radical-involved intermolecular trifluoromethylation
of a-substituted alkene for the efficient construction of chiral
quaternary stereocenter via tertiary carbon-centered radical still
remains a formidable challenge and scarcity. To address this
challenge, Liu et al. have recently developed the asymmetric
Cu/Box-catalyzed radical intermolecular trifluoromethylarylation
of a-substituted acrylamides to construct chiral quaternary all-
carbon stereocenters.”” More recently, we have developed an
asymmetric intermolecular, three-component radical-involved
dicarbofunctionalization of 1,1-diarylalkenes by a Cu(l)/chiral
phosphoric acid (CPA) dual-catalysis strategy, affording the
chiral heteroaromatic-containing triarylmethanes bearing qua-
ternary all-carbon stereocenters with excellent chemo- and
enantioselectivity via the cooperative interactions.”

In continuation of our efforts in copper-catalyzed asymmet-
ric radical reactions,*”'>"" we were wondering whether our
recently developed radical-carbocation crossover together with
Cu(l)/CPA cooperative catalysis strategy could enable the
enantioselective radical intermolecular aminotrifluorometh-
ylation of alkenes. Considering the intrinsic instability and the
high reactivity of tertiary benzylic carbocation, and the long-
standing problems associated with tertiary benzylic radical
derived from a-substituted styrene, there are several ongoing
challenges that have to be faced with, such as (1) achieving
steric differentiation between the enantiotopic faces of tertiary
benzylic carbocation” by electrostatic interactions that lack
rigidity in their association and the steric repulsion between the
bulky tertiary benzylic cation and amino group in the stereo-
induction; (2) selectively controlling promiscuous reaction, such
as competitive deprotonation™® of the tertiary benzylic carbo-
cation and direct C—H trifluoromethylation of arenes."® Herein
we describe our ongoing efforts toward the development of
the first efficient asymmetric intermolecular radical
aminotrifluoromethylation of 1,1-diarylalkenes with nitrogen-
based nucleophile and Togni’s reagent enabled by Cu(l)/CPA
cooperative catalysis (Scheme 1d). The success of the strategy
would provide a step-economic and practicable approach to
construct enantioenriched hydroxy-substituted diarylmeth-
ylamines bearing an a-tertiary stereocenter, which represent
key structural motifs of a large number of bioactive molecules
in medicinal chemistry, such as chiral tetrahydroisoquinoline
phenols,"  3-(4-hydroxyphenyl)-indolin-2-ones,!”™  fluorescein
hydrazones,'® FR-Lys,"” and (S)-HPPH,"® whose asymmetric
construction remains a significant challenge and scarce (Fig-
ure 1).

Our study commenced with the examination of 1,1-diary-
lalkene 1a bearing p-OH-substituted electron-rich arene as the
pilot alkene substrate with Togni’s reagent 3" and phenylurea
2Aa,”” where the urea bearing two acidic N-H may act as both
the nucleophile and directing group. Unfortunately, asymmetric
intermolecular radical-involved aminotrifluoromethylation in
the presence of Cul and CPA (S)-A1 provided the side
monofunctionalization product 4bb in good yield via a (-
hydride elimination process without any desired product
(Scheme 2).) Next, we set out to explore other nitrogen-based
nucleophiles, such as aniline, BzZNH,, BZNHNH, or PhSO,NH,. To
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Figure 1. Representative hydroxy-substituted diarylmethylamines bearing an
a-tertiary stereocenter.

our delight, BZNHNH, afforded the desired product 4A in 56 %
yield, albeit with poor enantioselectivity (3% ee), presumably
due to the appropriate nucleophilicity of the nitrogen for the
nucleophilic attacking and cooperative hydrogen-bonding
interaction with the CPA, and other nitrogen-based nucleo-
philes did not result in any formation of the desired products.

Encouraged by the proof-of-principle results, we continued
to carry out further systematic optimizations of different
reaction parameters (Table 1). To minimize the pS-hydride
elimination side-reaction and improve the enantioselectivity of
the reaction, we screened the reaction temperatures and
different copper salts as well as various organic solvents.

Table 1. Screening of reaction conditions.
CF3 [cu] (10 mol:/o F3C— NHNHBz
‘J\‘ O + BzNHNH, + @ CPA (10 mol%)_ l \ l
solvent
HO 1a CHs 2a 3
Ar
(S)-A1: Ar =4-Ph-CgH, OO
(S)-A2: Ar =2-naphthy-Ph 0. pgo (R)-A5: Ar =4-Ph-CqH,
(S)-A3: Ar =1-pyrenyl OO 0" "OH (R)-A6: Ar =1-pyrenyl
(S)-Ad: Ar =4-Bu-CgHa-CoHa "
entry [Cu] CPA solvent TI[°Cl yield™ ee[%]"
1 Cul (5)-A1 DCM 0 70 48
2 Cul (S)-A2 DCM 0 82 41
3 Cul (5)-A3 DCM 0 78 14
4 Cul (5)-A4 DCM 0 92 55
5 Cul (R)-A5  DCM 0 96 19
6 Cul (R)-A6  DCM 0 74 1
7 Cul - DCM 0 trace -
8 Cu(CH,CN),BF,  (5)-A4 DCM 0 81 3
9 Cu,0 (5)-A4 DCM 0 58 61
10 Cu,(OTf),ePh (5-A4 DCM 0 53 29
11 Cul (5)-A4 DCM —-10 94 72
12 Cul (S5)-A4 DCM —20 94 74
13 Cul (S)-A4  CHCI, —-20 38 63
14 Cul (5)-A4  DCE —20 20 68
15 Cul (S)-A4  PhMe -20 trace -
16 - (5)-A4 DCM —20 - -
[a] Reaction conditions: 1a (0.05 mmol), 2a (0.05 mmol), Togni’s reagent 3
(0.05 mmol), solvent (2.0 mL) in 25 mL Schlenk tube under argon. [b]
Isolated yield based on 1a. [c] Ee value on HPLC.
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Scheme 2. Evaluation of diverse nitrogen-based nucleophiles.” [a] Reaction conditions: 1a (0.05 mmol), 2 (0.05 mmol), Togni's reagent 3 (0.05 mmol), Cul
(10 mol %), CPA (10 mol %), DCM (1.0 mL) under argon. [b] Isolated yield. [c] ee value on HPLC.

Fortunately, lowering the reaction temperature and decreasing
the substrate concentrations were obviously beneficial for the
reaction, affording 4A in 70% vyield with 48% ee at 0°C
(entry 1). We then screened diverse SPINOL- and BINOL-derived
CPAs (entries 2-8) as well as copper salts, and found that the
combination of Cul (10 mol%) and (5)-4A (10 mol %) with 4-Bu-
C¢H,-C¢H, group at the 3,3'-positions was the best dual-catalyst
(entries 2-10). A control experiment revealed that only a trace
amount of the desired product was detected in the absence of
a CPA catalyst, unambiguously indicating that the dual catalyst
is essential as a single-electron catalyst to activate Togni's
reagent to generate CF; radical (entry 7). Further investigation
revealed that lowering the reaction temperature to —20°C led
to an increase in enantioselectivity (entries 11 and 12) but did
not affect the chemical yield. Finally, the screening of solvents
for chemical reactions did not improve the enantioselectivity
(entries 13-15).

Having identified effective conditions, we next investigated
the substrate scope of the asymmetric intermolecular radical-
involved aminotrifluoromethylation and the results are summar-
ized in Scheme 3. Various diversely functionalized 1,1-diary-
lalkenes with various substituents on the aromatic ring,
including those having aryl groups with strong electron-with-
drawing (—NO,, —CN, —CF;, —F and —Cl) or electron-donating
groups (—Me, —'Bu, and —Ph) at different positions (meta, or
para), were proved to be suitable candidates to afford the
expected products 4A-4L in 69-95% yields with 72-86% ee. It
was found that both the position and electronic nature of the
R' substituent on the aromatic ring had an obvious effect on
the efficiency and enantioselectivity of the reaction. Accord-
ingly, the 1,1-diarylethylenes bearing electron-withdrawing
groups on the phenyl ring, performed better than those bearing
electron-donating groups on the aromatic ring in term of
enantioselectivity, and the substituent (R') on the meta position
of phenyl ring resulted in relatively lower enantioselectivity.
Importantly, the halogen atoms (—Br and —I) on the phenyl ring

ChemCatChem 2021, 13, 185-190 www.chemcatchem.org

were well-tolerated, leading to the corresponding products 4l
and 4J, which also provided a versatile pathway for further
elaboration of the products. Additionally, the configurationally
acid-labile acetal group was well-tolerated and gave the
expected products 4L.%” Furthermore, a range of substituted
hydrazines all underwent the current radical-involved
aminotrifluoromethylation smoothly to furnish the expected
products 4M-4Q in excellent yields with good enantioselectiv-
ity, and the absolute configuration of 4N has been determined
to be R by chiroptical methods, wherein ECD spectra were
calculated by the DFT method (see Supplementary Information,
Figure S1 for details). Remarkably, the protocol could be
extended to benzyl- and thiophene-substituted hydrazines, and
the corresponding products 4R and 4S were obtained in good
results, showcasing the good functional group compatibility of
the protocol. To further expand the utility of this reaction, the
obtained enantioenriched products bearing a quaternary ster-
eocenter can serve as pivotal intermediates for easy access to
other medicinally intriguing enantioenriched CF;-containing
diarylmethylamines (Scheme 4). For instance, treatment of the
TIPS (triisopropylsilyl) protected product 5A with Sml,*" enables
the direct access to the hindered primary amine 6A, featuring a
fully substituted carbon center a to the primary amino func-
tional group, which is synthetically challenging® (Scheme 4,
eq 1). 6A could be further transformed to a chiral amide 7A
without erosion of the stereochemical integrity. Moreover, the
hydroxy group was readily triflated to afford 8A (Scheme 4,
eq 2), which provided extra synthetic application for further
transformation by cross-coupling reaction to provide 9A with
excellent efficiency."”

To probe the reaction mechanism, radical trapping experi-
ments with 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and
butylated hydroxytoluene (BHT) were conducted to reveal
remarkable inhibition of the desired reaction, and the TEMPO-
CF; adduct was detected with '"F NMR analysis, (Scheme 5,
eq 1, see the Supporting Information for details), suggesting

187 © 2020 Wiley-VCH GmbH
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Scheme 3. Substrate scope for alkenes or hydrazines.** [a] All of the reactions were conducted on a 0.1 mmol scale in 25 mL Schlenk tube under argon. [b]
Isolated yields based on 1. [c] Determined by chiral HPLC analysis. [d] Run at 0°C.
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Scheme 4. Representative product transformations

that the generation of the CF, radical might be involved in the
reaction process via a single electron-transfer process. Addition-
ally, no desired product 4A or trace of rac-4A was respectively

ChemCatChem 2021, 13, 185-190 www.chemcatchem.org
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observed in the absence of copper catalysts or CPAs (Table 1,
entries 7, and 16), thus indicating that both the Cu(l) salt and
CPA are essential for the present transformation. Furthermore,

188 © 2020 Wiley-VCH GmbH
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2a

only a racemic product 4T was obtained under otherwise
identical conditions using the methoxyl substituted 1,1-diary-
lalkene 1t as the substrate (Scheme 5, eq 2), clearly revealing
that the alkene with hydroxy group played a pivotal role in
asymmetric induction.

Based on the results of the present study and previous
reports,?><2941% 3 possible reaction mechanism is proposed, as
shown in Figure 2. Firstly, Togni's reagent 3 reacts with Cu(l)
and CPA to generate CF; radical species via single-electron
transfer (SET) and chiral Cu(ll) phosphate complex A, followed
by the addition of CF; radical to the alkene 1 to afford a-CF,
alkyl radical B, which could be subsequently trapped by Cu (II)
complex A to give the corresponding carbocation intermediate
C via single-electron oxidation, wherein the two aryl groups
could stabilize this carbocation."**® Subsequently, carbocation

FsC—I—O0
: «CF, F3C
LN F :
Togni's reagent 3 HO B
P e cull 1)
! . O ! CPA
(22 Hoae
: o “oH! HNHN™ TAF
.__CPA H I 2
............ H Cu'l
* Hi-N Ar?
Q (\9_ ;SN
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F3C—, NHNH Qo 4
HO 4 o 1J ¢
H
H
% N.__Ar?
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0‘220 ( CF;
4 Z
I‘l{ Ar!
70/ D
p-QMs

Figure 2. Mechanistic proposal.
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3
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F3CI—\/ NHNHBz
MeO aT CHs

74%,0 % ee

intermediate C is attacked by hydrazine 2 through intermediate
C® or its p-quinone methide resonance structure D to give
the desired product 4 along with the regeneration of CPA,
wherein the good stereoinduction proceeds through both
hydrogen-bonding interactions and ion-pair interactions in C
with the chiral phosphate anion or only hydrogen bonding
interactions in D.”¥

In summary, we have developed a highly efficient strategy
to enable the first catalytic enantioselective intermolecular
radical aminotrifluoromethylation of 1,1-diarylalkenes with
hydrazines and Togni's reagent by Cu(l)/CPA cooperative
catalysis, delivering an array of diversely substituted CF;-
containing enantioenriched hydroxy-substituted diarylmeth-
ylamines bearing an a-tertiary stereocenter with high enantio-
selectivity and excellent chemoselectivity. Incorporating a
convertible hydroxy group as the directing group and using
hydrazine as nitrogen-based nucleophile jointly favor the
desired radical aminotrifluoromethylation over the otherwise
remarkable side reactions. The highly asymmetric induction of
C—N bond formation between hydrazine and the carbocation
intermediate was achieved by using a CPA catalyst via hydro-
gen-bonding and ion pair interaction. The obtained enantioen-
riched p-OH-diarylmethylamines represent key structural motifs
of a large of biologically molecules in medicinal chemistry.
Furthermore, the highly enantioenriched products can be easily
transformed into other valuable chiral CF;-containing hindered
primary amines. Thus, this synthetic strategy holds significant
potential.
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