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Spiro Bicyclic Bisborane Catalysts for Metal-Free Chemoselective
and Enantioselective Hydrogenation of Quinolines

Xiang Li,# Jun-Jie Tian,* Ning Liu, Xian-Shuang Tu, Ning-Ning Zeng, and Xiao-Chen Wang*

Dedicated to the 100th anniversary of Nankai University

Abstract: We have prepared a new series of spiro bicyclic bisborane
catalysts by means of hydroboration reactions of C,-symmetric spiro
bicyclic dienes with HB(CsFs), and HB(p-CsFsH),. When used for
hydrogenation of quinolines, these catalysts gave excellent yields and
enantiomeric excesses and showed turnover numbers up to 460. The
most attractive feature of these metal-free hydrogenation reactions
was the broad functional group tolerance, making this method
complementary to existing methods for quinoline hydrogenation.

Because of the prevalence of chiral tetrahydroquinoline
scaffolds in natural products and drugs,l the development of
methods for enantioselective hydrogenation of quinolines is
an important area of research. Methods that use transition-
metal catalysts with chiral ligands have been extensively
investigated,” and the good performing catalysts are
generally iridium- and ruthenium-centered.[3-% However, the
need to use precious metals, especially when the turnover
numbers are not high, limits the attractiveness of these
methods, for both economic and environmental reasons. More
important, because other unsaturated functional groups, such
as olefins, alkynes, and electron-rich heteroarenes, are
reactive under metal-catalyzed hydrogenation conditions, it is
very difficult to preserve these groups during hydrogenation of
the quinoline core. Indeed, most of the existing methods have
been used only on substrates that have relatively inert
substituents and thus lack handles for further elaboration.?-51

With the emergence of frustrated Lewis pair chemistry,®
studies on metal-free borane-catalyzed hydrogenations of N-
heteroarenes have grown rapidly.["l Particularly, chiral borane
Lewis acids have been tested for enantioselective
hydrogenation of quinolines. The first report appeared in 2011:
the Repo group used a chiral ansa-ammonium borate as a
catalyst for hydrogenation of 2-phenylquinoline, and obtained
an ee value of 37%.18] Subsequently, the Du group made a
breakthrough by using binaphthyl-diene-derived bisborane
catalysts; they reported excellent enantioselectivities in the
hydrogenations of 2,3- and 2,4-disubstituted quinolines, 2,3,4-
trisubstituted quinolines, and 2,3-disubstituted quinoxalines.!®!
However, the methods described in these pioneering studies
have limitations. First, monosubstituted quinolines remain
mostly unexplored. Besides the results for 2-phenylquinoline
reported by Repo (37% ee),®! there is only one report of Du,
who tested their catalysts with methyl quinoline-2-carboxylate
but obtained an ee of merely 14%.['%1 By comparison, the
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success with di- and trisubstituted quinolines using Du’s
catalysts!®®! implies that the steric influence from additional
substituents might be essential for enantiocontrol. Second,
the compatible di- and trisubstituted quinolines in Du’s studies
all have an aryl substituent at the 2-position; we suspect that
the 2-aryl substituent increases the steric bulk around the
nitrogen atom, thereby preventing undesired coordination of
the nitrogen to the Lewis acid catalyst. Third, the functional
group tolerance is limited. Therefore, the development of more
effective catalytic systems is highly desirable.

Recently, we developed a series of chiral Cz-symmetric
bisborane catalysts that are prepared by hydroboration
reactions of bicyclic [3.3.0] dienes with HB(CsF5)2 and HB(p-
CeF4H)2.I""l These catalysts are highly effective and selective
in asymmetric imine hydrogenations. We attempted to use
them for the hydrogenation of 2-methylquinoline, a less bulky
substrate that was not studied by Repo® or Dul®'
Disappointingly, we observed no reaction (the upper equation
in Scheme 1). We hypothesized that our catalysts were not
sterically hindered enough to prevent the coordination of this
quinoline to the boron center. To increase the steric bulk, we
intended to change the fused bicyclic structure to a spiro
bicyclic structure because the latter consists of two
perpendicular rings, which produce a steric environment
similar to that in compounds with geminal dialkyl substituents.
Furthermore, the presence of Ar and BAr"2 groups attached to
the rings would further increase the steric bulkiness. We
hoped that such catalysts would show better activities than the
existing borane catalysts. Herein, we report that these new
spiro bicyclic bisboranes have now been synthesized and that,
to our delight, they exhibit excellent catalytic activities and
selectivities for the hydrogenation reactions of quinolines (the
lower equation in Scheme 1).
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Scheme 1. Hydrogenation of quinolines with chiral bicyclic bisborane
catalysts

We began our study by synthesizing the necessary spiro
[4.4] diene precursors (Scheme 2a) as follows. First, racemic
spiro [4.4]nonane-1,6-dione 2 was prepared from ethyl 2-
oxocyclopentanecarboxylate (1) via a previously reported
three-step synthesis.l'? Then 2 was resolved by condensation
with (R)-2-hydrazinyl-2-oxo-N-(1-phenylethyl)acetamide and
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multiple recrystallizations of the obtained diastereomeric
mixture.['8l  After hydrolysis of the pure hydrazone
diastereomer, (R)-2 was obtained in enantiopure form. Dione
(R)-2 was then transformed into enol triflate 3 by reaction with
N-(2-pyridyl)trifimide in the presence of potassium
bis(trimethylsilyl)amide (KHMDS). It is worth mentioning that
for this step, we tested several triflyl sources under various
reaction conditions, and only N-(2-pyridyl)trifimide gave the
desired product in a high yield without the loss of enantiomeric
purity.[' From common intermediate 3, we were able to
prepared four aryl-substituted spiro [4.4] dienes, 4a—4d, via
Suzuki coupling reactions. These dienes served as precursors
for the corresponding bisborane catalysts.

To study the process for catalyst formation, we subjected
dienes 4a—4d in their racemic form to hydroboration with Piers
borane, HB(CesFs)2 (Scheme 2b).['3 In toluene at 25 °C, the
dienes were completely consumed within 15 min, at which
point a strongly coordinative base (isoquinoline or pyridine)
was added to the reaction mixture to capture the resulting
bisborane species as stable Lewis acid/base adducts 5a-2L—
5d-2L. Remarkably, despite the possibility for formation of
multiple regioisomers and diastereomers, single isomers of
the bisborane adducts were obtained in high yields as
determined by NMR analyses using CH2Br2 as an internal
standard. Single crystals of 5a-2L and 5d-2L were obtained
via recrystallization from 20:1 (v/v) hexane/dichloromethane
at room temperature. X-ray crystallographic analyses
revealed that the aryl groups were trans to the B(CeFs)2
groups in both cyclopentane rings and that the overall
structures  were  Co-symmetric.['®  Notably,  unlike
hydroboration reactions of bicyclic [3.3.0] dienes,['!! these
hydroborations gave the same isomers when they were
performed at higher temperatures (e.g., 80 °C).

(a) Syntheses of the spiro [4.4] dienes:
1) condensation with
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(b) Preparation of the bisborane Lewis adducts:
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5a2L | 5d-2L
Scheme 2. Preparation and characterization of bisborane catalysts

Knowing that hydroboration reactions of the spiro [4.4]
dienes could efficiently generate single bisborane isomers, we
investigated the use of in situ generated bisborane
compounds for enantioselective hydrogenation with 2-
methylquinoline (S1) (Table 1). For each reaction, an
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enantiopure diene and HB(CsFs)2 were first allowed to react in
toluene at 25 °C for 15 min to generate the active catalyst, and
then 2-methylquinoline was added. The resulting mixture was
hydrogenated in an autoclave. We were pleased to find that
these spiro bicyclic bisborane catalysts were active and
selective: the use of 5 mol % of catalyst 5a resulted in
complete conversion to the corresponding tetrahydroquinoline
product (P1) with 63% ee (entry 1). Although 5b exhibited
markedly diminished activity (30% conversion, entry 2), both
5¢ and 5d were very active, providing P1 in complete
conversion (entries 3 and 4). However, the enantioselectivities
of these catalysts were no better than that of 5a. Gratifyingly,
after an extensive optimization study, we discovered that
changing the B(CsF5)2 group in 5a to B(p-CsF4H)2 to afford
5a*F improved the enantioselectivity to 78% ee (entry 5).['7]
With this catalyst, the ee gradually increased with decreasing
reaction temperature (entries 6 and 7); at -20 °C, the
substrate was completely consumed, and P1 was obtained
with 84% ee. Moreover, switching the solvent to PhCF3
markedly improved the enantioselectivity (to 92% ee, entry 9).
Under these conditions, the same result was obtained even
when the hydrogen pressure was decreased from 50 to 20 bar
(entry 10).

Table 1. Study of Reaction Conditions for Hydrogenation of 2-
Methylquinoline®®

N
2 + Hy
N Me

Ph

catalyst ; (p-CesF4H)2B. 4
(5 mol %) ©\/j\ : \E>%:/B(P-CGF4H)2
—» :

. 50 bar solvent, T, 24 h N H Me 5;2
entry catalyst  solvent T(°C) conv. (%) ee (%)
1 5a toluene 25 100 63
2 5b toluene 25 30 45
3 5¢c toluene 25 100 62
4 5d toluene 25 100 53
5 5a%f toluene 25 100 78
6 5a%f toluene 0 100 81
7 5a%f toluene -20 100 84
8 5a%f n-hexane  -20 95 79
9 5a*F PhCF; -20 100 92
101 5a*F PhCF; =20 100 92

[a] Unless otherwise specified, all hydrogenations were performed with
0.1 mmol of 81 in 2 mL of solvent in a 30 mL autoclave. [b] Determined by
NMR. [c] Determined by HPLC with a Chiralcel OD-H column. [d] H2
pressure, 20 bar.

With the optimal conditions in hand, we investigated the
generality of this borane-catalyzed enantioselective
hydrogenation reaction by testing various quinoline substrates
(Table 2). A number of 2-alkyl substituents, including n-butyl,
n-pentyl, n-octyl, benzyl, and cyclohexyl, were compatible with
the reaction conditions; the corresponding products (P2-P6,
respectively) were obtained in 90—-98% yields with 90-95% ee
values. Substrates with various co-existing substituents at the
6-position of the 2-methylquinolines were then studied (S7—-
$10). Gratifyingly, bromo, Bpin, and terminal alkyne and
alkene substituents were preserved, giving the desired
products (P7—P10, respectively) with high ee values. Similarly,
when a substrate possessing an unconjugated internal olefin
at the 2-position was used, the double bond remained
untouched when the heterocycle was hydrogenated (P11).
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Table 2. Investigation of Quinolines with Various Substituents®

rel XN 5a*F (2 or 5 mol %) refl N
L pZ 1 + Ha _— = 1
N" R 0 ors0bar PNCF3-20°C,24h N R
$1-S26 P1-P26

O, Co, oo o
N TMe N u u (CH3)4CHs N T(CH2),CHs

P1lb] p2lc p3ld P4l
97%,91% ee 98%, 92% ee 98%, 90% ee 93%, 90% ee
p5] Pel® p7 P8l
95%, 91% ee 90%, 95% ee 91%, 90% ee 90%, 90% ee
\\/O AP0
T e
u Me N Me H
pol©! P10 P11P!
98%, 91% ee 63%, 91% ee 93%, 87% ee
eV ®
%Ph N NN
H H
Me OMe
P12 P13 P14P!
94%, 98% ee 87%, 98% ee 95%, 97% ee
l N 3 O N Z N Z O,
H H O H L/
Br CF3
P15 P16l p17bl
89%, 98% ee 90%, 97% ee 95%, 98% ee
% N N\
N S H | Z
H | / = N
P18 p19d P20l
80%, 99% ee 94%, 96% ee 93%, 95% ee
©\/M\Ph NN N
H Ph 2-naphthyl
P21l P22l p23Pb]
86%, 96% ee 98%, 96% ee 99%, 95% ee
Ph
N N
H \\ HOON C(Hj\/
T™S
P24l P25t P26l
93%, 91% ee 94%, 97% ee 91%, 98% ee

[a] Unless otherwise specified, hydrogenations were performed
with 0.25 mmol of the quinoline substrate in 5 mL of PhCF3 in a 30 mL
autoclave; the percentages shown are isolated yields and
enantiomeric excesses, in that order. [b] Used 5 mol % of 5a*" and 20
bar of H,. [c] Used 2 mol % of 5a%, 50 bar of H,, and 2 mL of PhCFa.
[d] Used 5 mol % of 5a*F and 50 bar of H,. [e] Used 2 mol % of 5a%F,
20 bar of H,, and 2 mL of PhCF;. [f] Used 5 mol % of 5a and 50 bar
of H,. [g] Reaction temperature, 25 °C.

Various quinolines with conjugated olefins at the 2-position
(812-S20) were subsequently tested. These olefin units are
highly susceptible to hydride reduction due to the activation by
the adjacent heteroarene.Fe#P7% |n fact, only a transfer
hydrogenation protocol that uses chiral phosphoric acids and
Hantzsch ester can enantioselectively reduce 3-nitro-2-
styrylquinolines while preserving the olefin group.l'® However,
we were gratified to find that when 2-styrylquinolines were
tested with our bisborane catalyst, hydrogenation
preferentially occurred at the heteroaromatic ring regardless
of the electronic nature of the substituents on the phenyl ring,
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and styryl-substituted tetrahydroquinolines (P12-P16) were
obtained in high yields with excellent ee values. Furthermore,
the presence of a furyl (P17) or thiophenyl (P18) moiety did
not inhibit the reaction. Although the hydrogenation reaction
of a pyridyl-substituted substrate reduced the conjugated
olefin to afford P19, the reaction of a substrate with a terminal
alkyl substituent left the olefin unit untouched (P20). Moreover,
the reaction was feasible with 2-dienyl- (P21) and alkynyl-
substituted (P22—-P25) quinolines, and even with a quinoline
bearing consecutive double and triple bonds (P26). Note that,
the asymmetric hydrogenation reactions of $12-S26 with
retention of the unsaturated = functional groups are
unprecedented with any kind of catalysis.

2-Aryl-substituted quinolines were next studied (Table 3).
We discovered that catalyst 5d provided the highest
enantioselectivities, and addition of tris[3,5-
bis(trifluoromethyl)phenyllphosphine improved the Yyields.
Phenyl rings bearing various electron-donating and electron-
withdrawing groups were tolerated, giving products P27-P35
in high yields and ee values. The presence of a Bpin moiety
(P36) or internal and terminal double and triple bonds (P37—
P40) did not influence the reactivity or selectivity. Furthermore,
coordinative MeS (P41) and heterocyclic substituents (P42—
P45) were compatible.

Table 3. Investigation of 2-Aryl-Substituted Quinolines !

5d (2 or 4 mol %)
m y [3,5-(CF3),CgHslsP (5 or 10 mol %) ©\/j\
+ A o
~
PhCF3, 20 °C, 24 h NTVA
N "Ar 50 par 8 oo
$27-845 P27-P45

P27 IR = H, 99%, 91% ee O
O P28,°IR = Bu, 97%, 93% ee N OMe
N O P29 [’ R = NMe,, 94%, 86% ee H O
R

P30l R = Br, 93%, 92% ee

P31 R = COMe, 90%, 91% ee p330!
P32/l R = TMS, 93%, 93% ee 99%, 91% ee
L
" ® ®
O YN M
H > H
o BPin
P34 P35 p3elcl
98%, 92% ee 99%, 88% ee 97%, 88% ee
O _ ‘\/j\‘\/ ‘\/j\‘\
Ph
P37l p3gld P39
96%, 92% ee 95%, 90% ee 96%, 92% ee
L i CL s
H H H |y
O s/
P40l P41l P42l
91%, 90% ee 95%, 88% ee 88%, 90% ee
S
N O
N % %
P43 P44P! P45lef]
95%, 88% ee 92%, 90% ee 97%, 87% ee

[a] Unless otherwise specified, hydrogenations were performed with 0.25
mmol of substrate in 2 mL of PhCF3 in a 30 mL autoclave; the percentages
shown are isolated yields and enantiomeric excesses, in that order. [b]
Used 2 mol % of 5d and 5 mol % of the phosphine. [c] Used 4 mol % of 5d
and 10 mol % of the phosphine. [d] Used 6 mol % of 5d, 12 mol % of the
phosphine, 60 bar of Hz, and 4 mL of PhCFs. [e] Used 4 mol % of 5d*F and
10 mol % of the phosphine. [f] Used 60 bar of H2 and 4 mL of PhCFa.
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To further demonstrate the power of our catalytic system,
we performed gram-scale reactions with styryl- (812) and
alkynyl-substituted (822) quinolines (Scheme 3). We
discovered that running these hydrogenations at 25 °C did not
compromise the enantioselectivities substantially. In addition,
by using only 0.2 mol % of catalyst 5al'% and extending the
reaction time to 48 h, we obtained P12 and P22 in high yields
with excellent ee values. Notably, the turnover number of 460,
obtained in the hydrogenation reaction of $12, represents the
highest turnover number so far for asymmetric hydrogenation
reactions promoted by a chiral borane catalyst. We reason
that the rigidity of the bicyclic scaffold and the steric bulk that
shields boron centers from attack or coordination by
nucleophiles (e.g., tetrahydroquinolines) might have
contributed to the enhanced stability and activity of these

catalysts.
C. SO
N N e
P12, 92% yield, 97% ee (TON = 460)

s125mmol, 1.169) 5a (0.2 mol %)

PhCF3, 25 °C,48 h
N 50 bar

X N X
Ph Ph

$22 (5 mmol, 1.15 g) P22, 69% yield, 90% ee (TON = 345)
Scheme 3. Gram-scale reactions with 0.2 mol % catalyst

In conclusion, we have synthesized a new class of spiro
bicyclic bisborane catalysts that exhibit excellent activities and
selectivities in asymmetric hydrogenation reactions of 2-
substituted quinolines. The unprecedented broad functional
group tolerance observed in these hydrogenation reactions
demonstrates the unique advantages of these catalysts over
transition metals and other borane catalysts. Our group is
currently investigating the origin of this ~excellent
chemoselectivity, as well as the potential applications of these
catalysts in other enantioselective transformations.
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. . . . . S Spiro Bicyclic Bisborane Catalysts
Spiro B,B bicycles: we have prepared a new series of C,-symmetric spiro bicyclic for Metal-Free Chemoselective and
bisboranes. These bisboranes have been demonstrated highly effective and Enantioselective Hydrogenation of
selective in promoting asymmetric hydrogenation of quinolines. The exceedingly Quinolines ydrog

broad functional group tolerance allows the access to various enantioenriched and
functionalized tetrahydroquinilines that were inaccessable with previous methods
using borane or transition metal catalysts.
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