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Catalytic enantioselective alkenylation is an efficient method to construct chiral alkene molecules, but
the asymmetric alkenylation of simple alkenes catalyzed by metal-free catalysts remains an elusive chal-
lenge. Herein, we reported an asymmetric alkenylation of benzoxazinones with diarylethylenes by uti-
lizing a B(CgFs)3/chiral phosphoric acid catalyst. A broad of benzoxazinones and diarylethylenes with
electron-withdrawing and electron-donating groups were tolerated (up to 95% yield and 97.5:2.5 e.r.) in
the methodology under mild reaction conditions. Moreover, the synthetic utility was confirmed by the
scaled-up reaction and transformations of the products. The mechanism was preliminarily explored by
control reactions, nonlinear effect experiment and DFT calculations.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Stereochemically defined alkenes are prominent structures
in natural products, pharmaceutical ingredients and bioactive
compounds [1,2]. In addition, they are important building blocks
in asymmetric synthesis because the alkene group can be func-
tionalized in many ways. Consequently, efficient catalytic methods
toward the synthesis of chiral alkenes with high enantiopu-
rity has long been pursued in synthetic organic chemistry [3].
Catalytic asymmetric alkenylation, which alkenyl reagents are
asymmetrically added to unsaturated bonds or stereoselectively
cross-coupled with alkyl halides, is considered as one of the
most efficient method to construct chiral alkene molecules [4-7].
Asymmetric alkenylation of traditional alkenyl reagents, which is
heavily dependent on alkenyl metals [8-10] or metalloids [11-20],
has been widely developed (Scheme 1a). The use of these tradi-
tional alkenyl reagents usually produces waste such as metal ions,
which does not meet the requirements of green chemistry. There-
fore, non-metal-based alkenes are considered to be ideal alkenyl
reagents. However, the use of non-metal-based alkenes as alkenyl
reagents is less explored. In 1989, the first asymmetric Heck
reaction was published by using palladium catalyst which realized
the stereoselective cross-coupling of alkenes [21-23]. Since then,
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the work of asymmetric alkenylation of non-metal-based alkenes
by organometallic catalysis has been continuously developing [24-
29]. In 2015, Jia developed the enantioselective addition reaction
of N-sulfonyl «-ketiminoesters and styrenes catalyzed by Nickel
catalyst [30,31]. In addition, compared to metal catalysts, metal-
free catalysts have greater limitations, making it more difficult
to catalyze the reaction of non-metal-based alkenes. Therefore,
very limited approached have been disclosed for the asymmetric
alkenylation by metal-free catalysis. The alkenyl reagents used in
previously reported examples catalyzed by metal-free catalysts
are either alkenes containing electron rich indole groups that
make them more nucleophilic, or the alkenes containing activated
groups such as phenolic hydroxyl groups [32-36]. So the develop-
ment of efficient strategy, especially by metal-free catalysis, for the
asymmetric alkenylation with simple alkenes, is very meaningful
and highly desirable.

Chiral benzoxazines and benzoxazinones constitute the key or-
ganic scaffolds of various active pharmaceuticals and agricultural
chemicals (Scheme 1b) [37-40]. Over the past several decades,
the development of approaches for the synthesis of these com-
pounds has attracted considerable attention [41-46]. However,
there is only one example of asymmetric alkenylation of benzox-
azinones catalyzed by [Rh(COE),Cl], with a chiral sulfur-olefin lig-
and, which suffered from poor reactivity and harsh reaction con-
ditions [42]. Accordingly, it is extremely significant to develop an
efficient asymmetric alkenylation method of benzoxazinone.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Background and concept of the work.

On the other hand, the use of simple alkenes as alkenyl
reagents is inexpensive and atom economic, but there exist several
important challenges. First, simple alkenes are relatively stable,
which are difficult to be activated by metal-free catalysts. Second,
because simple alkenes have no activated site that can form
strong interactions with the catalyst, it is not easy to control the
stereoselectivity. Originally pioneered by Ishihara, the combination
of boron type Lewis acid and chiral phosphoric acids (CPAs) sig-
nificantly improves the activity of the catalyst and the selectivity
of the reaction [47]. Very recently, we have realized the enantios-
elective ene reaction and aza-Diels-Alder reaction of ketimine by a
B(CgFs5)3/CPA catalyst system, and found that the imine substrate
can be sufficiently activated by B(CgFs)3/CPA system to react
with simple alkenes [48,49]. Based on this finding, we surmised
that the B(CgFs)3/CPA system can also reduce the LUMO orbital
energy of benzoxazinone and match it with the HOMO orbital
energy of proper simple alkenes. Herein, we report an efficient
asymmetric alkenylation of benzoxazinones with unactivated di-
arylethylenes under mild conditions through B(CgF5)3/CPA catalyst
system (Scheme 1c). This process does not require any sacrificial
reagent and is byproduct-free. The Lewis acid enhanced Brgnsted
acid catalytic system effectively reduces the activation free energy
barrier for the alkenylation, thus enabling an unprecedented
C(sp?)—C(sp?) formation to form an alkenylated tertiary center.

To verify our hypothesis, by using 2H-benzo[b][1,4]oxazin-2-one
1a and 1,1-diphenylethylene 2a as the model substrates, we started
a preliminary attempt with 2 mol% chiral phosphoric acid (S)-4a as
catalyst in CH,Cl, (DCM) at room temperature. However, only trace
amounts of target product 3aa was obtained, which is obviously
unsatisfactory (Table 1, entry 1). We expect that the use of boron
Lewis acids in association with chiral phosphoric acid as catalyst
system can enhance the outcome of this reaction. To our delight,
with the addition of Lewis acid, the yield and enantioselectivity of
product 3aa are increased (Table 1, entries 2-5). Especially when
the catalyst system B(CgFs)3/(S)-4a is used, providing 3aa in 90%
yield and 92:8 e.r. (Table 1, entries 5). Some metal type Lewis acids
were also attempted,but no better results were acquired (Table S1

Table 1
Optimization of the reaction conditions.?

LA (2 mol%)
@[ T )\Ph

CPA (2 mol%)

—»
Sol. (0.1 mol/L), H
12h,rt. 3aa
SO OGS
0.0 0.0
OO 0" “OH ‘O 0" “OH
Ar Ar
Entry LA CPA Sol. erc
14 - 4a DCM Trace -
2 BF;-OEt, 4a DCM 20 46:54
3 BCl3 4a DCM 10 50:50
4 BBr; 4a DCM 69 46:54
5 B(CgFs)3 4a DCM 90 92:8
6 B(CsFs)3 5a DCM 15 84.5:15.5
7 B(CsFs)3 6a DCM 45 62:38
8 B(CsFs)3 4a DCE 73 89:11
9 B(CsFs)3 4a Et,0 Trace -
10 B(CsF5)3 4a DMF Trace -
11¢ B(CsFs)3 4a DCM 97 94:6
12f B(CsFs)3 4a DCM 95 97:3

2 General reaction conditions: 1a (0.1 mmol), 2a (0.12 mmol), LA (2 mol%) and CPA
(2 mol%) in solvent (1.0mL) at room temperature under argon for 12 h.

b Yields of isolated products.

¢ The enantiomeric ratio (e.r.) values were determined by HLPC analysis.

4 For 48 h.

e 5 A MS (50.0mg) was added for 8 h.

f 5A MS (50.0mg) was added in DCM (0.5mL) at —20 °C for 48 h.

in Supporting information for details). Then a series of CPAs [50-
53] were further evaluated, showed that 9-anthryl substituted (S)-
4a was still the best one (Table 1, entries 5-7). Other kinds of CPAs
were also examined with no better results obtained (Table S1). Af-
ter that, the effect of solvent was investigated (Table 1, entries 8-
10). It was found that the solvent had a significant impact on the
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48% yield, 95:5 e.r.?

F cl Br
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N7 N p NN ey NN phy NN p N7 N e
H H H H H

3da 3ea 3fa
91% yield, 95:5 e.r. 89% yield, 95.5:4.5 e.r. 82% yield, 97.5:2.5 e.r.

3ja 3ka 3la
75% yield, 88:12 e.r.? 84% vyield, 95:5 e.r.

0._0 0._0 0.0 0._0 Me F
_ Ph Ph
Et N7 N p gy N N Spn E N Ph N N7 N ey Lk Lk
H H H ve H £ H Me N Ph Me N Ph
e H

3ma 3na 3oa
80% yield, 95.5:4.5 e.r. 72% yield, 94:6 e.r.

87% vyield, 90:10 e.r.° 83% yield, 92.5:7.5 e.r.°

3qa 3ra 3sa
89% yield, 89.5:10.5 e.r° 70% vyield, 95:5 e.r. 80% vyield, 88:12 e.r.

Scheme 2. Scope of the benzoxazinones. The reactions were carried out with 1 (0.1 mmol), 2 (0.12 mmol), B(CsFs); (2 mol%), (S)-4a (2 mol%) and 5A MS (50.0mg) in DCM
(0.5mL) at —20 °C under argon for 48 h, yields of isolated products. The e.r. values were determined by HLPC analysis. 2At r.t. At —60 °C. <(S)-5b (2 mol%) was used.

yield and enantioselectivity, in which the initial used CH,Cl, gave
the best outcome (Table 1, entry 5). Fortunately, the addition of
5 A molecular sieves could accelerate the reaction rate and increase
the enantioselectivity (Table 1, entry 11). In addition, lowering the
reaction temperature to —20 °C associated with increasing the con-
centration to 0.2 mol/L further raised the enantiomeric ratio value
to 97:3 (Table 1, entry 12). The absolute configuration of 3aa was
determined to be (R) by X-ray diffraction analysis, and those of
other products were assigned by analogy.

With the optimal conditions in hand, we explored the scope of
this asymmetric alkenylation reaction. As exhibited in Scheme 2, a
range of substrates bearing different electronic features of the sub-
stituents (F, Cl, Br and Me) at the C7 and C8 position were well
tolerated to deliver the corresponding. products 3ba-3ia in 80%-
91% yields and 93:7-97.5:2.5 e.r. In addition, the benzoxazinone
bearing methoxy group at C7 position, which has relatively weak
electrophilicity, can also be applied to current studied catalytic
strategy, afforded product 3ja in 48% yield with 95:5 e.r. (3ja) at
room temperature. Similarly, the ester group at the C7 position can
also achieve good results (3ka, 88:12 e.r.). Furthermore, substrates
with C5 and C6 position substituents on the phenyl ring were also
examined. As a result, various alkyl substituents at C5 position,
such as methyl group, ethyl group and tert-butyl group, can re-
act smoothly regardless of steric hindrance, providing 3la-3na in
72%-84% yields and 94:6-95.5:4.5 e.r. By using CPA (S)-5b, sub-
strates with the methyl group at C5 position and the fluoro group
at C5 and C6 position could also give the desired product in 83%-
89% yields and 89.5:10.5-92.5:7.5 e.r. (30a-3qa). Moreover, disub-
stituted substrates had good compatibility in this B(CgF5)3/CPA cat-
alyzed reaction, affording the corresponding products 3ra and 3sa
in 70% and 80% yields with 95:5 and 88:12 e.r., respectively.

To expand the substrate scope, we also examined a range
of 1,1-diarylethylene derivatives. As shown in Scheme 3, 1,1-
diphenylethylenes bearing either electron-donating group (CH;
and ‘Bu) or electron-withdrawing group (F, Cl and Br) are all
tolerated to acquire the desired products in 65%-86% yields
and 93.5:6.5-97:3 e.r. (3ab-3af). Furthermore, monosubstituted
1,1-diphenylethylenes 2g-2i were also investigated, in which
corresponding products 3ag-3ai were obtained in good yields
(64%-85%) with moderate Z/E ratios (1:1.7-1:1.9) and excellent
enantioselectivities (Z: 95:5-96.5:3.5 er.; E: 96:4-97.5:2.5 eur.).

B(CoFs)3 (2 mol%)
(S)-4a (2 mol%)
5A MS (50 mg

@b

DCM (0.2 mol/L), -20 °C
CLL L @
N
| Jegel

o, O

3ab 3ac 3ad
80% yield, 93.5:6.5 e.r. 86% yield, 94.5:5.5 e.r. 81% yield, 97:3 e.r.

cr X X
OOOO OO

3ae 3af
70% yield, 96.5:3.5 e.r. 65% yield, 95:5 e.r.

0. 0O
L

N

1a

3ag, 85% vyield, Z/E = 1:1.9
Z:955er., E:96:4 er.?

o5 G5 G
0" O, oo

3ah, 64% yield, ZZE = 1:1.8 3ai, 70% yield, Z/E = 1:1.7 3aj, 90% yield, ZZE = 1:1.3
Z:955er., E:96:4er® Z:96.535er, E:97.525er.? Z:946er, E:955er.?

Scheme 3. Scope of the alkenes. The reactions were carried out with 1 (0.1 mmol),
2 (0.12mmol), B(CsFs); (2 mol%), (S)-4a (2 mol%) and 5A MS (50.0mg) in DCM
(0.5mL) at —20 °C under argon for 48 h, yields of isolated products. The e.r. values
were determined by HLPC analysis. *Z/E ratio, determined by using 'H NMR.

In addition, when 2-(1-phenylvinyl) naphthalene is used as the
alkenyl reagent, the desired product 3aj can also be obtained in
90% yield with 1:1.3 Z/E and 94:6/95:5 e.r. The relative configura-
tions of Z/E of 3ah were determined by the 2D-NOESY experiment
(see Supporting information) and those of other products of 3ag,
3ai and 3aj were assigned by analogy.

To confirm the efficiency of this method in preparative
synthesis, a gram-scale reaction was performed with 2H-
benzo[b][1,4]oxazin-2-one 1a (5mmol) and 1,1-diphenylethylene

a (6 mmol). Encouragingly, the reaction gave the desired prod-
uct 3aa in 83% yield and 97:3 e.r. (Scheme 4a). In order to show
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B(CgFs)3 (2 mol%) o. .0
(S)-4a (2 mol%)
5A MS (2500.0 mg)
_—

O
N /Ph

DCM. (0.2 mol/L), -20 °C H
1a, 5 mmol 2a, 6 mmol 3aa, 1.36 g
83% yield, 97:3 e.r.
(b) Synthetic transformation H OMe
N O
©: Lk PdIC, H, PdIC, Hy 0
EA, rt,5h N ~ MeOH, r.t., 12 h OH Ph

4, 95% yield, 97:3 e.r.

CLCr
N = Ph
!

3aa, 97:3 e.r.

5, 80% vyield, 97:3 e.r.

o BnNH, OH
©: j\/FC 1. Et,0, LiAlH,, 0°C _~ “\_ Pyridin-2-ol C[ )\ph
>
N Ph 2. DIAD, PhsP, THF THF, rt., 12 h N

rt., 12h
6, 87% vyield, 96:4 e.r.

TO

7, 84% yield, 94.5:5.5, e.r.

Scheme 4. Large-scale synthesis and application of the methodology in synthesis.

the applicability of this reaction, some transformations of 3aa were
also studied. As shown in Scheme 4b, the alkenylation product
3aa can be easily reduced to 4 in 95% yield with maintained 97:3
e.r. in 5 h. When methanol is used as the reducing reaction sol-
vent, a chiral amino acid derivative 5 can be obtained in 80% yield
without the loss of optical purity. In addition, 3aa can be reduced
by LiAlH4 at 0°C, and then the corresponding product 6 is ob-
tained in 87% yield and 96:4 e.r. through the Mitsunobu reaction.
Moreover, 3aa can undergo the nucleophilic attack of benzylamine
and open the ring to form aryl glycine amide 7 in 84% yield and
94.5:55 eur.

In order to demonstrate the mechanism, we performed several
experiments. First, control experiments were conducted to inves-
tigate the cooperative effect of B(CgzFs)3/(S)-4a of the alkenylation
reaction. As shown in Scheme 5a, the reaction did not work un-
der the standard reaction conditions with the absence of B(CgFs);

r (5)-4a, indicating that B(CgF5); complexed with (S)-4a could
greatly enhanced the reactivity of the alkenylation process. Sec-
ond, we did the examination of ratio of B(CgF5)3/(S)-4a. The results
showed that increasing the amount of B(CgF5); can accelerate the
reaction without changing the stereoselectivity of the product, but
increasing the amount of (S)-4a basically has no other effect on
the reaction (Scheme 5b). Moreover, the nonlinear effect experi-
ment indicated that only one chiral phosphoric acid participated
in the enantiodetermining transition state (Scheme 5c).

To gain insight of the origin of stereoselectivity in cur-
rent studied asymmetric alkenylation reaction, a DFT cal-
culation was conducted at the IEFPCM(CH,Cl,)/M06-2X/6-
311+G(2d,p)//IEFPCM(CH,Cl, )/B3LYP/def2-SVP  level of theory
[54-58]. In our previous studies, a B(CgF5)3/CPA complex was pro-
posed as the catalyst. So, we first investigated the reaction in this
catalytic scenario (Scheme 6a, pathway B). The present reaction
is initiated from the protonation of 1a, and the corresponding
intermediate INT2-B is located at —3.2 kcal/mol. Through INT3-B,
the transition states for C-C bond formation (TS1B-R & TS1B-S)
are reached. The energy barrier of the transition state leading to
the major enantiomer (TS1B-R) is 11.1 kcal/mol, suggesting that
the reaction can occur smoothly under standard conditions. We
wondered if a second B(CgFs); molecule could further reduce
the energy barrier of the reaction by lowering the LUMO orbital
energy of 1a, considering it has a carbonyl Lewis base site besides
the nitrogen site. When introducing the second B(CgFs); molecule,
a more stable intermediate INT2-A occurred, located below INT2-B
by 2.4kcal/mol. As a result, the predicted barrier of TS1A-R in
the two-B(CgF5)3-involved catalytic scenario (Scheme 6a, pathway

B(CFs)s (2 mol%)
5A MS (50 mg)
C

(a) Control experiment
DCM. (0.2 mol/L), -20 °

0. _0
o0t
N
2a 3a

48 h, trace
Cry - n @[ o
+
N/ )\Ph
DCM. (0.2 mol/L), -20 °c

1a 2a 3a
48 h, trace

(b) Examination of B(CgF5)3/CPA ratio

(S)-4a (2 mol%)
5A MS (50 mg)

B(CgF5)3 (X mol%)

) o (S)-4a (y mol%) 00
5A MS (50 mg)
7 * )\ > N" N “ph
N Ph DeM. (0.2 moliL), -20 °C Rl

1a 2a 3a

48h, 95% yield, 97:3 e.r.
48h, 95% yield, 97:3 e.r.
36h, 96% yield, 97:3 e.r.

X X X
<< <
nwonon
AN
RIS

y =0.9367x + 1.1557
R?=0.9970

@
3

P

Enantioselectivity of 3a
IS
8

n
S

0 20 40 60 80 100
Enantioselectivity of (S)-4a
® Enantioselectivity of 3a

Scheme 5. Mechanistic experiments.

A) is only 7.7 kcal/mol, which is 3.4 kcal/mol lower than that of
TS1B-R. Charge analysis of the reaction site of 1a (Fig. S1 in
Supporting information) further supports this hypothesis. The
Hirshfeld charge (0.80) of the reaction site (C9) in TS1A-R is
0.05 higher than that in TS1B-R, reflecting it's more electrophilic
[59]. The role of B(CgFs);, which is perhaps more important
than we previously realized, is not only enhancing the acidity of
CPA but also activating the benzoxazinone substrate. The favored
transition state (TS1B-R) in the B(CgFs)3/CPA complex catalytic
scenario is located 3.4 kcal/mol above the TS1A-R, reflecting that
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\ Strong TTese [T interaction
TS1A-R
AAG* = 0.0 keal/mol

Weak ITeeel] interaction

TS1A-S
AAG* = 1.1 keal/mol

Scheme 6. (a) Calculated free energy surface for Borane/chiral Brgnsted acid-catalyzed asymmetric conjugate addition of addition of benzoxazinone with diphenylethylene.
(b) Calculated structures and the relative Gibbs free energy for the lowest-lying transition states.

the B(CgF5)3/CPA complex catalytic scenario contributes little to
the enantioselectivity.

Next, we focused on the favorable catalytic scenario involv-
ing two B(CgFs); molecules to interpret the enantioselectivity.
The energy difference between TS1A-R and TS1A-S is 1.1 kcal/mol
(Scheme 6b), indicating an 90% ee value of the R enantiomer,
which agrees well with the observed 94% ee value (Table 1, entry
12). Non-covalent interaction plots reveal the presence of multi-
ple noncovalent interactions, including hydrogen bonding, C-H..-7r,
and s stacking interactions in both TS1A-R and TS1A-S (Fig.
S2 in Supporting information), making it difficult to determine
which weak interaction dominates the enantioselectivity. There-
fore, we conducted a quantitative analysis of the strength of hy-
drogen bonds according to electron density at the bond critical
point [60]. As shown in Table S1 (Supporting information), the
N-H---O hydrogen bond contributed most to stabilize the corre-
sponding transition states among all the hydrogen bonds. The en-
ergy of this type of hydrogen bond is —9.09 kcal/mol in TS1A-R and

—11.08 kcal/mol in TS1A-S, respectively. This is in line with the dis-
tance (Ng—H1077 168A VS. N]23,H]]6“~O34 1.62 A) Although the
N-H---O hydrogen bond in TS1A-R is somewhat weaker than that
in TS1A-S, the presence of several other hydrogen bonds in TS1A-
R may compensate for the unfavorable energy difference caused by
the N-H---O hydrogen bond. Overall, these interactions make TS1A-
R more stable than TS1A-S by 0.56 kcal/mol. Additionally, we ob-
served that a sandwich structure stacking by a perfluoro phenyl
group of B(CgFs)3, benzoxazinone, and diphenylethylene facilitates
-7 interactions (Fig. S3 in Supporting information), lending ex-
tra help to stabilize TS1A-R. Therefore, we think that the ob-
served enantioselectivity can be attributed to the multiple hydro-
gen bonding and 7.7 interactions.

In summary, we have achieved the enantioselective alkenyla-
tion of benzoxazinones with diarylethylenes to construct chiral
alkene molecules by a simple B(CgFs5)3/CPA catalyst system. Us-
ing this mild method, a wide array of benzoxazinones and di-
arylethylenes with various groups were well compatible in good
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yields with high to excellent enantioselectivities. In addition, the
synthetic utility was proved by the scaled-up reaction and trans-
formations of the products. Preliminarily mechanism was studied
by control reactions, nonlinear effect experiment and theoretical
calculations. Moreover, DFT studies shown that B(CgFs); not only
increased the acidity of chiral phosphoric acid but also interacted
with the substrate to activate the imine.
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