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Abstract: Herein, we present a mild and efficient method for
synthesizing enantioenriched tetrahydroquinoline-fused
cyclobutenes through a cascade reaction between 1,2-
dihydroquinolines and alkynones with catalysis by chiral spiro-
bicyclic bisboranes. The bisboranes served two functions: first they
catalyzed a hydride transfer to convert the 1,2-dihydroquinoline
substrate to a 1,4-dihydroquinoline, and then they activated the
alkynone substrate for an enantioselective [2+2] cycloaddition
reaction with the 1,4-dihydroquinoline generated in situ.

Introduction

Chiral cyclobutene skeletons are prevalent in natural
products and drugs.! The catalytic enantioselective [2+2]
cycloaddition reaction between an alkyne and an alkene is one
of the most direct and atom-economical methods for
synthesizing enantioenriched cyclobutenes. Transition metals
such as Ru, Rh, Ir, and Ni are known to promote these reactions
via a sequential process involving alkene/alkyne oxidative
coupling and reductive elimination, but enantioselective
examples have been confined to highly reactive strained olefins,
such as norbornene, norbornadiene, and aza- or oxa-bridged
cyclic olefins (Scheme 1A).”! There have also been sporadic
reports of alternative mechanisms for transition-metal-catalyzed
enantioselective cyclobutene formation, including the palladium-
catalyzed Heck reaction® and nucleophilic addition of alkenes to
gold-activated alkynes. In addition, photocatalytic [2+2]
cycloaddition is feasible,® but enantiocontrol is challenging.

In contrast, Lewis acid catalyzed [2+2] cycloadditions
between alkynes and alkenes show promise for the generation
of cylcobutenes.® However, there have been only a few reports
of enantioselective reactions, most of which have involved
substrates capable of bidentate coordination to the Lewis acid!”
(Scheme 1B). Such coordination facilitates substrate activation
and decreases the conformational flexibility of the substrate, an
effect that is essential for diastereo- and enantioselectivity. So
far, there has been only one report of highly enantioselective
cycloaddition reactions involving monodentate substrates: Feng,
Liu, and co-workers carried out enantioselective [2+2]
cycloaddition reactions of alkynones with cyclic silyl enol ethers
with catalysis by a N,N"-dioxide-zinc(Il) complex.®

Because of our ongoing interest in catalysis using Lewis
acidic boranes, we reasoned that chiral borane catalysts might
promote enantioselective [2+2] cycloaddition reactions of
alkenes with alkynes. In fact, we herein report a protocol for
mechanistically novel borane-catalyzed reactions between 1,2-
dihydroquinolines and alkynones (Scheme 1C). These reactions

occurred via a cascade process promoted by a bifunctional
pentafluorophenyl-substituted  chiral  borane, which first
facilitated conversion of the 1,2-dihydroquinoline to a 1,4-
dihydroquinoline via a hydride transfer and then activated the
alkynone via monodentate coordination for enantioselective
[2+2] cycloaddition with the 1,4-dihydroquinoline. These are the
first examples of Lewis acid catalyzed enantioselective [2+2]
cycloaddition reactions between electron-rich enamine
intermediates and electron-deficient alkynes. Moreover, this is
also a rare report of a chiral borane Lewis acid acting both as a
conventional Lewis acid (to activate a carbonyl) and as an
unconventional Lewis acid (to catalyze hydride transfer) in a
single reaction.

A. Transiti tal lyzed enanti [2+2] cycloadditi
2
X R , X R?
R ¥, | | M = Ru, Rh, Ir, Ni R'
A, Ny 3
R! X R R
R® R! M 2
X=C,N,0 via | /R
R 3
H R

B. Lewis acid catalyzed er [2+2] cycl itions (selected ples)
normal electron demand
EDG 9 Q9

? JOL chiral Ti u\ )l\
N f N0
R N~ O *
/ Narasaka
R? R? EDG
inverse electron demand
OR chlral Cu
a - =0
Ishihara )\)—-
C. Borane-catalyzed hydride transfer and tive [2+2] cycloaddition (this work)

(CeF5)B

‘07) e
é H R 1
LA o
H 2

hydride
addition

hydride
abstraction

Scheme 1. Enantioselective synthesis of cyclobutenes via
[2+2] cycloaddition reactions

We chose pentafluorophenyl-substituted boranes because
they have many unique and interesting activities attributable to
their strong Lewis acidity and sterically hindered boron center.*”
For example, B(C¢Fs)3 can mediate hydride abstraction from the
a carbon of an amine to generate an iminium ion and a
borohydride.™! Recently, this activity has become a flourishing
platform for the development of catalytic organic reactions,
including transfer hydrogenations,*?  dehydrogenations,*®
Mannich-type reactions, cyclizations,*® and
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dehydrogenation/functionalization cascade reactions.™®
Intrigued by this activity, we hypothesized that boranes might
perhaps convert 2-alkyl-substituted 1,2-dihydroquinolines (which
can easily be prepared by reaction of an alkyllithium reagent
with an unsubstituted quinoline) to 1,4-dihydroquinolines, which
are much less synthetically accessible, via borane-mediated
hydride transfer. Subsequently, if an alkynone was present, the
boranes could activate the alkynone for an inverse-electron-
demand [2+2] cycloaddition reaction with the 1,4-
dihydroquinoline. Moreover, a chiral borane catalyst might be
able to control the enantioselectivity.

Results and Discussion

To test our hypothesis, we began by carrying out reactions
of 1,2-dihydroquinoline 1la with alkynone 2a at 30 °C in toluene
in the presence of various Lewis acid catalysts (Table 1). First,
we tested several commonly used Lewis acids—Sc(OTf)s,
Zn(OTf),, Mg(OTf),, FeCls;, and BF3-OEt,—but none of them
were active under these conditions (entries 1-5). Encouragingly,
however, when we used B(CsFs)s (10 mol %), the desired
hydride transfer/[2+2] cycloaddition cascade occurred to afford
tetrahydroquinoline-fused cyclobutene 3a in 23% yield (entry 6).
We then tested some chiral boranes with the goal of achieving
an enantioselective reaction. Interestingly, chiral spiro-bicyclic
bisborane™” CAT1 gave 3a in a greatly improved yield (85%)
with an ee of 68% (entry 7). Next, we tested four bisborane
catalysts with substituted aryl rings (CAT2—-CAT5, entries 8-11)
and found that the enantioselectivity was markedly improved by
a 4-benzoxyphenyl-substituted catalyst (CAT5), which gave an
81% yield and an 85% ee (entry 11). Changing the solvent to n-
hexane or THF resulted in little to none of the desired product
(entries 12 and 13). The yield was slightly higher in DCE than in
toluene, but the enantioselectivity was slightly lower (entry 14).
Performing the reaction in CHCl; gave the highest
enantioselectivity (87% ee, entry 15). Moreover, adding 4 A
molecular sieves increased the ee to 89% (entry 16). The
enantioselectivity improved further when we decreased the
reaction temperature; at 0 °C, 3a was obtained in 92% yield and
93% ee (entry 18).1'®

Table 1. Optimization of reaction conditions®®

catalyst H
Ph
L, - AL b ool
+
N "Me Ar)x solvent NN Ar
1
Bn Ph T,2h gaMe 8
(Ar = 2-naphthyl)
1a 2a 3a
CAT1:R=Ph

CAT2: R = 4-FCgH,
CAT3: R = 4-PhCgH,
CAT4: R = 3-PhCgH,

R
(CeFs)2B <
WB(CBFS)Z

R CATS5: R = 4-BnOCgH,

entry catalyst solvent T (°C) yield (%)[b] ee (%)[C]
1 Sc(OTf)s toluene 30 n.d. -

2 Zn(OTf), toluene 30 n.d. -

3 Mg(OTf), toluene 30 n.d. -

4 FeCls toluene 30 n.d. -

5 BF3-OEt, toluene 30 n.d. -

6! B(CeFs)s toluene 30 23 -

7 CAT1 toluene 30 85 68
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8 CAT2 toluene 30 93 56
9 CAT3 toluene 30 82 75
10 CAT4 toluene 30 79 61
11 CAT5 toluene 30 81 85
12 CAT5 n-hexane 30 16 80
13 CAT5 THF 30 n.d. -

14 CAT5 DCE 30 92 82
15 CAT5 CHCls3 30 89 87
16! CAT5 CHCls 30 20 89
179 CAT5 CHCls 10 91 92
18 CAT5 CHCl3 0 92 93

[a] Unless otherwise noted, all reactions were performed with 5 mol % of a
catalyst, 0.24 mmol of 1a, and 0.20 mmol of 2a in 2 mL of solvent for 2 h. [b]
NMR yields; n.d. = not detected. [c] Determined by HPLC with a chiral column.
[d] The amount of B(C¢Fs)s was 10 mol %, and the reaction time was 12 h. [e]
Molecular sieves (4 A, 50 mg) were added.

We then explored the substrate scope with respect to the
alkynone by carrying out reactions with 1a (Table 2). Alkynones
with an electron-donating or electron-withdrawing substituent at
the para position of the phenyl ring were well tolerated, giving
the corresponding cyclobutenes (3a—3f) in moderate to high
yields (71-90%) with excellent ee values (91-93%). ortho-

Table 2. Substrate scope with respect to the alkynone!®

CAT5
(5 mol %)

“aws
CHCly
0°C,2h

H
R! 3a,R'=H, 89%, 93% ee
H O gram scale (2.5 mol %), 90%, 94% ee H
3b,R'=F, 83%, 91% ee
O T 3¢, R' = Br, 84%, 93% ee l] 2nap
N 2MaP 39 R=CFs, 71%, 91% ee ,
Bn o 3e, R' = OMe, 90%, 92% ee
3f, R' = CO,Me, 77%, 92% ee

) 8
5
N o
V4

39, 92%, 90% ee

S
H \\ H o Bn
CHy O ]
N 2-nap O N m 2-nap ‘\/N\/K'(Ph
I Me | Me Bn Me o
Bn ¢} Bn (o}

3h, 92%, 91% ee 3], 45%, 92% eel>!

H ~_ Ph
.
Bn o

3k, 64%, 84% eel®dl

‘ i ) ,
’}‘ Me
B F

n (o}

3i, 87%, 90% ee
31, R? = H, 86%, 91% ee
3m, R? = F, 82%, 93% ee
3n, R? = CF3, 78%, 95% ee
30, R? = OMe, 85%, 93% ee
3p, R? = Me, 82%, 92% ee

01048
'}‘ Me
Bn (o]
3q, R? = CO,Me, 85%, 93% ee
H Ph
QL
EISrv Me (o} Me

(0]

3r, 84%, 91% ee 3s, 86%, 92% ee 3t, 90%, 83% ee

H o Ph
‘f“.‘\/,!\(o | by Mi e n %\/\/
Bn Bn Bn O

3u, 87%, 89% ee 3w, 72%, 91% eel’!

H
1] IS
N Me e N M >
Me Bn'C O Bn'C O

n

3v, 65%, 91% eel®®l

o-Z

3x, 95%, 90% eel®*! 3y, 55%, 90% eel®] 3z, 62%, 83% eel>fl

[a] Unless otherwise noted, all reactions were performed with 5 mol % of
CATS5, 0.24 mmol of 1a, 0.20 mmol of 2, and 50 mg of 4 A molecular sieves in
2 mL of CHCI3 at 0 °C for 2 h; isolated yields are provided. [b] —20 °C. [c] 24 h.

[d] =50 °C. [e] -30 °C. [f] 1 h.
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Fluorophenyl-, meta-tolyl- and 2-thienyl-substituted alkynones
were also compatible (3g—3i). When the alkyne was substituted
with a benzyl or styryl group, the reaction occurred, but either
the yield (3j) or the enantioselectivity (3k) decreased. As for the
ketone substituent, substrates with an aryl ring bearing various
groups were reactive, providing cyclobutenes 3I-3s in 78-86%
yields and 91-95% ee.[*® 2-Furyl and 2-thienyl compounds gave
the corresponding products (3t and 3u) with 83% ee and 89%
ee, respectively. Ketones with an alkyl group (methyl, n-pentyl,
or cyclohexyl) were also suitable, affording 3v—3x with excellent
enantioselectivities. Furthermore, the reaction was compatible
with terminal alkynes (3y and 3z).% Finally, a gram-scale
reaction between la and 2a in the presence of only 2.5 mol % of
catalyst gave 3a in 90% yield with 94% ee.

Next, we explored the substrate scope with respect to the
1,2-dihydroquinoline by carrying out reactions with alkynone 2a
(Table 3). Substrates with a 6-fluoro, 6-chloro, or 6-methoxy
substituent were tolerated, affording desired products 4b—4d in

good yields (81-96%) with high enantioselectivities (92—94% ee).

Notably, unsaturated alkynyl and vinyl substituents were
untouched by the reaction conditions; products 4e and 4f were
obtained in excellent yields and enantioselectivities. Substrates
with a 5-methyl, 7-methyl, 7-trifluoromethyl, or 8-fluoro
substituent reacted smoothly to give desired products 4g-4j,
respectively, in 88-97% yields with 92-93% ee. Changing the 2-
methyl group to a 2-butyl group was tolerated; 4k was obtained

Table 3. Substrate scope with respect to the l,2-dihydroquino|ine["‘]

o]

Rl TS )\ _(5mol%) mol%
{ + Ar
PNNTR? X Ph 4A MS
! CHCI
Bn 3
(Ar = 2-naphthyl) 0°C,2h
1 2a
variation of R!
F. P en cl Hen MeO. P en
Me Me I Me
Bn (o] Bn (o] Bn o)
4b, 96%, 94% ee 4c, 92%, 92% eel® 4d, 81%, 92% eel®
Ph
X H ph ) H
u Z
O N Ar Ar .]
1 M 1M
BnC O Bn'C 0O o Ve
4e, 92%, 90% ee 4f, 95%, 93% eel” 4g, 95%, 92% ee

4h, 97%, 93% ee

variation of R?

4n, 23%, 91% eel>c!

O 3 Ph
m Ar

FeC N Mi e I

Bn (0]

4i, 88%, 93% eel®!

En \:\ (o]

41, 43%, 2% ee[b“]

-- cyclic enamine substrates

H
Ph
('.‘\/Fl\rf
Ts e}

4o, 72%, 33% eelde ]

O 5 Ph
q l Ar
'}‘ Me
F  Bn (0]

4j, 90%, 93% eel®!

[a] Unless otherwise noted, all reactions were performed with 5 mol % of
CAT5, 0.24 mmol of 1, 0.20 mmol of 2a, and 50 mg of 4 A molecular sieves in
2 mL of CHCl; at 0 °C for 2 h; isolated yields are provided. [b] 24 h. [c] 20 °C.
[d] 0.3 mmol of 1. [e] 4 h. [f] 25 °C.

3
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in 92% vyield with 92% ee. A 2-alkynyl 1,2-dihydroquinoline was
less reactive, and the reaction was less selective, affording 4l in
43% vyield with 82% ee. When the 2-position was substituted
with an alkyl group bearing a terminal olefin, the reaction gave
4m in 81% yield and 93% ee. A sterically hindered 2-cyclopropyl
substrate was much less reactive (4n, 23% yield), but the high
enantioselectivity was maintained (91% ee). However, any
substituent other than a hydrogen at the 3- or 4-position of the
1,2-dihydroquinoline greatly inhibited the reaction; either no
reaction occurred at all, or only trace of product formed.™
Subsequently, we tested six- and five-membered-ring enamines
for the [2+2] cycloaddition, which afforded the corresponding
products (4o and 4p) with 33% ee and 56% ee, respectively.

We then studied the mechanism of the reaction by
performing several control experiments. A reaction of a 2-
deuterium-labeled 1,2-dihydroquinoline (1a-d) with 2| catalyzed
by CAT5 gave 3I-d, the product arising from deuterium transfer
to the 4-position of the N-heterocyclic ring (Scheme 2A). This
result demonstrates that the hydride transfer occurred prior to
the cycloaddition. Furthermore, the deuterium in 3I-d was evenly
split between the two faces of the heterocyclic ring, indicating
the absence of enantiocontrol during the hydride transfer. A
competition experiment involving la-d and 1e gave 3a-d and 4e-
d in 47% and 46% yields, respectively, with deuterium evenly
distributed to the two products (Scheme 2B); this result suggests
that the hydride transfer proceeds in an intermolecular fashion.
Treatment of la with 5 mol % CATS5 for 5 min gave 1,4-
dihydroquinoline 5 in 83% yield, accompanied by decomposition
of the remainder of the starting material (Scheme 2C).
Interestingly, when we tested the more acidic borane B(CgsFs)3
(10 mol %) in a reaction with 1a, the hydride transfer product
was not detected; instead, quinolinium borohydride intermediate
6 was generated in 6% yield, along with unchanged starting
material (Scheme 2D). When the amount of B(CesFs); was
increased to 1 equiv, 6 was produced in 82% yield after 30 min

CAT5

A m < _(5mol%)
Me
NTE Xph Taaws e
Bn CHCly
0°C,2h
1a-d 21 3l-d, 88% vyield, 92% ee
50% D=
N7TMe .]
én b (o] M
CAT5 ©
1a-d . Ar)\ _(Bmol%) _  3aqg,47% yleld. 92% ee
Ph 4A MS o
Ph (Ar=2-naphthyl)  CHCl, 0% DX )

0°C,2h A
N 2a
N™ "Me
lIB Me

4e-d, 46% yleld. 91% ee
: N Me

CAT5
(5 mol %)

o

Me CDCly \
25 °C, 5 min Bn
5, 83% yield
B(CgFs); B [©]
(10 mol %) @, H—B(CeFs)s
CDCly N™ Me
25°C, 10 min Bn
6, 6% yield
B(CgFs)s A S
E (1 equiv) @ H—B(CsFs)3
Me CDCly l}l Me
Bn 25 °C, 30 min Bn
1a 6, 82% yield

Scheme 2. Control experiments
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(Scheme 2E). These results show that the chiral boranes
efficiently promoted the hydride transfer; whereas B(CsFs)s was
effective for hydride abstraction but not for hydride addition.

To improve our understanding of the hydride transfer
process, we performed density functional theory (DFT)
calculations for processes involving CAT1 and B(CeFs)s (Figure
1).2% Because 1a is racemic, the hydride abstraction catalyzed
by chiral borane CAT1 can proceed via one of two transition
states (TSA-R or TSA-S), each derived from one of the two
enantiomers. These transition states had similar moderate
energies (14.8 kcal/mol for TSA-R and 15.1 kcal/mol for TSA-S),
which explains the efficient hydride abstraction for both
enantiomers. The free energy of the resulting prochiral
quinolinium intermediate stabilized by CAT1-hydride anion (7,
-0.4 kcal/mol) was similar to the energy of 1la. The subsequent
hydride addition reaction (formation of 5 from 7) was exothermic
(—1.8 kcal/mol), and the energy barriers to addition from the top
and bottom faces were almost the same (TSB-1, 12.2 kcal/mol;
TSB-2, 12.6 kcal/mol); these results agree qualitatively with the
observed absence of enantiocontrol during the hydride addition
(Scheme 2A). The thermodynamic stability of 5 may have been
the driving force for hydride transfer. In contrast, when B(CeFs)s
was used as the catalyst, the hydride abstraction proceeded via
TSA' (15.2 kcal/mol), a process that was very exothermic
because the quinolinium intermediate stabilized by the B(C¢Fs)s—
hydride anion (6) had a relatively low energy (-3.9 kcal/mol).
This result is qualitatively in agreement with our experimental
results showing that the reaction of la with B(CgsFs)s
predominantly produced 6 instead of 5 (Scheme 2E) because 6
is thermodynamically more stable than 5. Formation of the
cycloaddition product with B(CgFs); (Table 1, entry 6) may have
resulted from a trace amount of 5, and the cycloaddition reaction
would shift the equilibrium between 6 and 5 toward 5.

TSB-1 (top)
N (\ ks
©
CH3 @(@l )
H-B
NS m N7 CH;, O>—"
(:H3 & © o2 o, TSB-2
TSA R 7 H-B* B 3 (bottom)
TSA' (15.2)
AGagg TSA-S (15.1)
(kcal-mol™) TSB-2 (12.6)
TSB-1(12.2)
& %
§ Y
Fotse N
Y,
',' B, \v CAT1
:” A Y
b ‘\
AN ‘\
B(CeFs)s ™\ \
"\
N\
\
(0.0) "\

quinolinium formation enamine formation

hydride abstraction

B(CoFs) ] N
’}‘ N CH.

CHs | 3

hydride addition
©)
H \»t';‘B(Cst)a T
O)
6 NZCH,
B

B rsar 6 HB(CoFo): B s

Figure 1. Energy profiles of hydride transfer reactions catalyzed by CAT1 and

B(CsFs)s at 298 K. The DFT calculations were performed using w-B97XD/def2-
TZVPP/SMD(chloroform)//w-B97XD/6-31G(d).
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\
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(AAG* = 0.0)
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(AAG? = 1.4)

Figure 2. Optimized transition states in the stereo-determining step of the [2+2]
cycloaddition reaction between 5 and 2| catalyzed by CAT1 at 273 K. The DFT
calculations were performed using w-B97XD/def2-
TZVPP/SMD(chloroform)//w-B97XD/6-31G(d). Energies are given in kcal/mol.
Bond lengths are given in A.

In _addition, we also studied the CAT1-catalyzed
enantioselective [2+2] cycloaddition reaction between 5 and 2l
by means of DFT calculations (Figure 2). The two most stable
transition states for generation of the two enantiomers were
TS1-R and TS1-S, which differ in free energy by 1.4 kcal/mol, a
result that is in good agreement with the observed 86% ee of 3l
(with CAT1). After coordination to one of the boron atoms, an
alkynone would occupy the open space between a BAr", group
of one cyclopentane ring and a phenyl group of the other
cyclopentane ring. The position of the alkynone would be fixed
by a -1 stacking interaction between the phenyl ring adjacent
to the alkyne and an Ar" group. The 1,4-dihydroquinoline would
react with the alkynone at a position fixed by the -1 stacking
interaction with the alkynone (TS1-R); the reaction with a flipped
1,4-dihydroquinoline would be disfavored by the absence of the
m—1 stacking interaction and by steric repulsion (TS1-S).
Furthermore, we evaluated the possibility of cooperation
between two boron atoms of one catalyst molecule (e.g., one
boron atom activates the alkynone while the other captures the
1,4-dihydroquinoline). However, the sterics of the catalyst would
prevent such interactions (the DFT calculations showed no
viable models). Because the catalyst is C,-symmetric, the two
boron atoms are equivalent and presumably function
independently. Indeed, racemic monocyclic trans-2-phenyl-1-
B(CsFs)2-cyclopentane was also found to be very active for this
cascade reaction (see Supporting Information).

Conclusion

In summary, we have developed a protocol for
enantioselective synthesis of fully substituted cyclobutenes by
means of a cascade process comprising a borane-catalyzed
hydride transfer and an enantioselective [2+2] cycloaddition.
This protocol has the following advantages due to the use of a
chiral spiro-bicyclic bisborane catalyst: the strong Lewis acidity
of the catalyst activated the substrates, enabling reactions with
sterically  hindered compounds (internal alkynes and
trisubstituted alkene); the combination of the steric bulk of the
catalyst and its strong Lewis acidity resulted in excellent
enantiocontrol of the reactions of monodentate substrates
(alkynones). In addition, the catalyst showed unique activity; that
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is, it catalyzed hydride transfer. We are currently evaluating
chiral borane catalysts in additional enantioselective reactions
that are traditionally catalyzed by conventional Lewis acids to
see whether the use of chiral boranes will uncover new
reactivities or circumvent the limitations of existing methods.

Acknowledgements

We are grateful for financial support from the National Natural
Science Foundation of China (91956106 and 21871147), the
Natural Science Foundation of Tianjin (20JCZDJC00720 and
20JCJQJCO00030), the NCC Fund (NCC2020PY10), and the
Fundamental Research Funds for Central Universities
(2122018165). We thank Prof. Qi-Lin Zhou and Prof. Xiao-Song
Xue for helpful discussions. X.-C.W. thanks the Tencent
Foundation for support via the Xplorer Prize.

Keywords: asymmetric catalysis * boron « hydride transfer ¢
cycloaddition « heterocycles

[1] For selected reviews, see: a) A. Misale, S. Niyomchon, N. Maulide, Acc.
Chem. Res. 2016, 49, 2444-2458; b) Y. Xu, M. L. Conner, M. K. Brown,
Angew. Chem. Int. Ed. 2015, 54, 11918-11928; Angew. Chem. 2015,
127, 12086-12097; c) E. Lee-Ruff, G. Mladenova, Chem. Rev. 2003,
103, 1449-1484.

[2] For selected examples, see: a) H. Qin, J. Chen, K. Li, Z. He, Y. Zhou, B.
Fan, Chem. Asian J. 2018, 13, 2431-2434; b) D. Kossler, N. Cramer,
Chem. Sci. 2017, 8, 1862-1866; c) D. Kossler, F. G. Perrin, A. A.
Suleymanov, G. Kiefer, R. Scopelliti, K. Severin, N. Cramer, Angew.
Chem. Int. Ed. 2017, 56, 11490-11493; Angew. Chem. 2017, 129,
11648-11651; d) B.-M. Fan, X.-J. Li, F.-Z. Peng, H.-B. Zhang, A. S. C.
Chan, Z.-H. Shao, Org. Lett. 2010, 12, 304-306; e) T. Shibata, K.
Takami, A. Kawachi, Org. Lett. 2006, 8, 1343-1345.

[8] Z. Jiao, Q. Shi, J. S. Zhou, Angew. Chem. Int.
14567-14571; Angew. Chem. 2017, 129, 14759-14763.

Ed. 2017, 56,

[4] C. Garcia-Morales, B. Ranieri, . Escofet, L. Lépez-Suarez, C. Obradors,
A. |. Konovalov, A. M. Echavarren, J. Am. Chem. Soc. 2017, 139,
13628-13631.

[5] M. M. Maturi, T. Bach, Angew. Chem. Int. Ed. 2014, 53, 7661-7664;
Angew. Chem. 2014, 126, 7793-7796.

[6] For selected examples of Lewis acid catalyzed racemic cycloaddition
reactions, see: a) L. Shen, K. Zhao, K. Doitomi, R. Ganguly, Y.-X. Li, Z.-
L. Shen, H. Hirao, T.-P. Loh, J. Am. Chem. Soc. 2017, 139,
13570-13578; b) K. Okamoto, T. Shimbayashi, E. Tamura, K. Ohe, Org.
Lett. 2015, 17, 5843-5845; c) H. Li, R. P. Hsung, K. A. DeKorver, Y. Wei,
Org. Lett. 2010, 12, 3780-3783; d) R. F. Sweis, M. P. Schramm, S. A.
Kozmin, J. Am. Chem. Soc. 2004, 126, 7442—7443.

[71 a) K. Enomoto, H. Oyama, M. Nakada, Chem.—Eur. J. 2015, 21, 2798—
2802; b) C. Schotes, A. Mezzetti, Angew. Chem. Int. Ed. 2011, 50,
3072-3074; Angew. Chem. 2011, 123, 3128-3130; c) K. Ishihara, M.
Fushimi, J. Am. Chem. Soc. 2008, 130, 7532-7533; d) Y. Takenaka, H.
Ito, M. Hasegawa, K. Iguchi, Tetrahedron 2006, 62, 3380-3388; e) K.
Narasaka, Y. Hayashi, H. Shimadzu, S. Niihata, J. Am. Chem. Soc. 1992,
114, 8869-8885.

[8] a)T.Kang, S. Ge, L. Lin, Y. Lu, X. Liu, X. Feng, Angew. Chem. Int. Ed.
2016, 55, 5541-5544; Angew. Chem. 2016, 128, 5631-5634. For a
computational study, see: b) X. Meng, J. Li, Y. Zuo, C. Hu, Z. Su,
Organometallics 2019, 38, 3111-3123.

[9] a)J.-J. Tian, N. Liu, Q.-F. Liu, W. Sun, X.-C. Wang, J. Am. Chem. Soc.
2021, 143, 3054-3059; b) Z.-Y. Liu, M. Zhang, X.-C. Wang, J. Am.
Chem. Soc. 2020, 142, 581-588; c) Z.-Y. Liu, Z.-H. Wen, X.-C. Wang,

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

10.1002/anie.202106168

WILEY-VCH

Angew. Chem. Int. Ed. 2017, 56, 5817-5820; Angew. Chem. 2017, 129,
5911-5914; d) Z.-Y. Zhang, Z.-Y. Liu, R.-T. Guo, Y.-Q. Zhao, X. Li, X.-C.
Wang, Angew. Chem. Int. Ed. 2017, 56, 4028—4032; Angew. Chem.
2017, 129, 4086-4090.

For selected reviews, see: a) J. R. Lawson, R. L. Melen, Inorg. Chem.
2017, 56, 8627-8643; b) D. W. Stephan, G. Erker, Angew. Chem. Int. Ed.
2015, 54, 6400-6441; Angew. Chem. 2015, 127, 6498-6541; c) M.
Oestreich, J. Hermeke, J. Mohr, Chem. Soc. Rev. 2015, 44, 2202-2220;
d) D. W. Stephan, G. Erker, Angew. Chem. Int. Ed. 2010, 49, 46-76;
Angew. Chem. 2010, 122, 51-81.

N. Millot, C. C. Santini, B. Fenet, J. M. Basset, Eur. J. Inorg. Chem. 2002,
3328-3335.

J. M. Farrell, Z. M. Heiden, D. W. Stephan, Organometallics 2011, 30,
4497-4500.

a) Y. Han, S. Zhang, J. He, Y. Zhang, J. Am. Chem. Soc. 2017, 139,
7399-7407; b) M. Kojima, M. Kanai, Angew. Chem. Int. Ed. 2016, 55,
12224-12227; Angew. Chem. 2016, 128, 12412-12415; c) A. F. G.
Maier, S. Tussing, T. Schneider, U. Florke, Z.-W. Qu, S. Grimme, J.
Paradies, Angew. Chem. Int. Ed. 2016, 55, 12219-12223; Angew. Chem.
2016, 128, 12407-12411.

a) S. Basak, A. Alvarez-Montoya, L. Winfrey, R. L. Melen, L. C. Morrill, A.
P. Pulis, ACS Catal. 2020, 10, 4835-4840; b) J. Z. Chan, Y. Chang, M.
Wasa, Org. Lett. 2019, 21, 984-988; c) M. Shang, J. Z. Chan, M. Cao, Y.
Chang, Q. Wang, B. Cook, S. Torker, M. Wasa, J. Am. Chem. Soc. 2018,
140, 10593-10601.

a) J.-J. Tian, N.-N. Zeng, N. Liu, X.-S. Tu, X.-C. Wang, ACS Catal. 2019,
9, 295-300; b) A. F. G. Maier, S. Tussing, H. Zhu, G. Wicker, P.
Tzvetkova, U. Florke, C. G. Daniliuc, S. Grimme, J. Paradies, Chem.—
Eur. J. 2018, 24, 16287-16291.

a) Y. Chang, A. Yesilcimen, M. Cao, Y. Zhang, B. Zhang, J. Z. Chan, M.
Wasa, J. Am. Chem. Soc. 2019, 141, 14570-14575; b) R. Li, Y. Chen, K.
Jiang, F. Wang, C. Lu, J. Nie, Z. Chen, G. Yang, Y.-C. Chen, Y. Zhao, C.
Ma, Chem. Commun. 2019, 55, 1217-1220; c) J. Zhang, S. Park, S.
Chang, J. Am. Chem. Soc. 2018, 140, 13209-13213.

a) J.-J. Tian, Z.-Y. Yang, X.-S. Liang, N. Liu, C.-Y. Hu, X.-S. Tu, X. Li,
X.-C. Wang, Angew. Chem. Int. Ed. 2020, 59, 18452-18456; Angew.
Chem. 2020, 132, 18610-18614; b) X. Li, J.-J. Tian, N. Liu, X.-S. Tu, N.-
N. Zeng, X.-C. Wang, Angew. Chem. Int. Ed. 2019, 58, 4664-4668;
Angew. Chem. 2019, 131, 4712-4716.

CCDC 2058710 (3q) and 2058712 (3a) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by The Cambridge Crystallographic Data Centre.

For a discussion of the limitations of this cascade reaction, see
Supporting Information.

To simplify the computational models, we performed calculations on
CATL1 instead of CAT5. The reactions in Scheme 2A and 2C were also
tested with CAT1; they gave similar results as CAT5. See Supporting
Information for details.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.202106168

WILEY-VCH

Entry for the Table of Contents

Ar
(CGFE)ZB\wB(CEFS)Z
H
o y O
2.5 mol % at gram scale

N7, ’ A O Igs
Elin hydride transfer/[2+2] cycloaddition ’}‘ .
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Bifunctional Borane Catalyst. A borane-catalyzed cascade reaction between a benzyl-protected 1,2-dihydroquinoline and an
alkynone has been developed. The reaction consists of hydride transfer and enantioselective [2+2] cycloaddition, which are both
promoted by the spiro-bicyclic bisborane catalysts.
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