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Abstract. A novel approach has been developed for the
synthesis of chiral 3-boryl-tetrahydroquinolines via the
copper(l)-catalyzed regio- and enantioselective
protoborylation of 1,2-dihydroquinolines, which were
prepared by the partial reduction of the corresponding
quinoline derivatives. This
dearomatization/enantioselective borylation sequence has
been used to provide facile access to a wide variety of
functionalized tetrahydroquinolines under mild conditions
from readily available quinoline starting materials in
combination with the stereospecific transformation of a
stereogenic C-B bond. A theoretical study of the
mechanism for the enantioselectivity of the reaction has
also been described.

Keywords: Asymmetric catalysis; Boron; Copper;
Synthetic methods

Many pharmaceutical agents and bioactive natural
products contain an optically active substituted
tetrahydroquinoline scaffold.™ In particular, chiral 3-
substituted tetrahydroquinolines can be found in a
wide range of drugs exhibiting a broad spectrum of
biological activities (Scheme 1).”) Based on their
interesting properties, there has been considerable
interest in the development of novel synthetic
methods for the preparation of substituted
tetrahydroquinolines from researchers working in
organic and medicinal chemistry.!

Optically active organoboron compounds are
recognized as useful chiral building blocks in
synthetic chemistry because they can be readily
applied to the stereospecific functionalization of
stereogenic C-B bonds.”! Considering their great
synthetic utility, chiral N-heterocyclic
organoboronates represent promising intermediates
for the preparation of various bioactive molecules and
pharmaceutical drugs.®” Despite significant progress
toward the development of synthetic approaches for

the preparation of chiral boronates, reports pertaining
to the catalytic enantioselective construction of these
compounds remain scarce.*”"!
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Figure 1. Representative bioactive tetrahydroquinolines.

We recently reported a novel approach to chiral 3-
boryl-tetrahydropyridines via the copper(l)-catalyzed
regio-, diastereo- and enantioselective borylation of
1,2-dihydropyridines, which were prepared by the
partial reduction of the corresponding pyridine
derivatives (Scheme 1a)."® This
dearomatization/enantioselective borylation sequence
provided direct access to chiral piperidines from
readily available pyridines in combination with the
stereospecific transformation of a stereogenic C-B
bond.”! More recently, we turned our attention to the
synthesis of chiral boryl-tetrahydroquinolines from
quinolines using this sequential dearomative
reduction/borylation  strategy ~ (Scheme  1b).
Pleasingly, we found that the enantioselective
protoborylation of 1,2-dihydroquinolines, which were
readily prepared by the partial reduction of the
corresponding quinolines, in the presence of a
copper(l)/(R,R)-QuinoxP* complex catalyst
proceeded smoothly to afford the chiral boronates in
high  vyields  with  excellent regio- and
enantioselectivities.®*!  Furthermore, the chiral



boronate products could be further functionalized in a
stereospecific manner via the oxidation or amination
of their C-B bond.
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Scheme 1. Dearomatization/enantioselective borylation
stepwise strategy for the synthesis of chiral N-heterocyclic
organoboron compounds.

The results of an extensive series of optimization
experiments revealed that the reaction of N-acetyl
1,2-dihydroquinoline 2a, which was prepared by the
reduction of quinolone (1a) with NaBH, ™, with
bis(pinacolato)diboron (3) (1.2 equiv.) in the
presence of CuCl/(R,R)-QuinoxP* (5 mol %), K(O-t-
Bu) (20 mol %) and MeOH (2.0 equiv.) in THF at
-10 °C afforded the desired chiral 3-boryl-
tetrahydroquinoline (R)-4a in high yield (90%) with
excellent enantioselectivity (99% ee) (Table 1, entry
1). The use of (R,R)-BenzP* or (R,R)-Me-Duphos
also provided high levels of enantioselectivity (Table
1, entries 2 and 3, 97 and 95% ee, respectively).
Lower chemical yields and enantioselectivities were
observed when a triarylphosphine-type ligand, such
as (R)-BINAP or (R)-SEGPHOS was used in the
reaction (Table 1, entries 4 and 5). Several other
chiral ligands, including (R,R)-BDPP and (R,S)-
Josiphos, were also screened in the reaction.
Although these ligands both provided access to the
desired borylation product, they afforded poor
enantioselectivities (Table 1, entries 6 and 7; —14 and
—29% ee, respectively). The nature of the proton
source was also found to be important to the success
of this transformation (Table 1, entries 8 and 9). For
example, the use of sterically hindered t-BuOH
instead of MeOH resulted in a lower yield of the
desired product (Table 1, entry 8; 39%, 95% ee).
Furthermore, the use of PhOH as a proton source
provided a low vyield, despite affording a high
enantioselectivity (Table 1, entry 9; 48%, 98% ee).
These results therefore suggest that the proton source
is not involved the enantiodetermining step of this
reaction. Notably, this enantioselective borylation
reaction also proceeded with a 1 mol % loading of the
copper(l) catalyst and showed good enantioselectivity
(87% ee), although a longer reaction time was
required (Table 1, entry 10). Increasing the
temperature of the reaction led to a slight decrease in
the enantioselectivity (Table 1, entry 11; 85%, 95%
ee). The reaction proceeded smoothly on a gram scale

to give the desired product (1.53 g) with excellent
enantioselectivity (Table 1, entry 12, 97% ee).

Table 1. Optimization of the reaction conditions./

CuCl (5 mol %)
chiral ligand (5 mol %)

m NaBH 4 @Ej B,(pin), (1.2 equiv) (3) mam'm
i 4
K(0O-t-Bu) (20 mol %) N
Ac()H alcohol (2 equiv)
THF,-10°C, 2 h

]
2a Ac (R)-4a Ac

Entry Chiral ligand Alcohol  Yield Ee
%) (%)

1 (R,R)-QuinoxP* MeOH 90 99
2 (R,R)-BenzP* MeOH 96 97
3 (R,R)-Me-Duphos MeOH 90 95
4 (R)-BINAP MeOH 26 81
5 (R)-SEGPHOS MeOH 12 58
6 (R)-BDPP MeOH 94 -14
7 (R,S)-Josiphos MeOH 12 -29
8 (R,R)-QuinoxP* t-BuOH 39 95
9 (R,R)-QuinoxP* PhOH 48 98

MeOH 60 87
MeOH 85 95
MeOH 94 97

10°  (R,R)-QuinoxP*
11°  (R,R)-QuinoxP*
12" (R, R)-QuinoxP*

e e\ Q
SRl @E e
‘Bul Me ‘Bu/ Me
{R,R)QunoxP* {R R)yBenzP*

R R)—MeDuphos {R,R)BDPP

PPh, PPh, m ,@\/ @

Pth PPhy B

@

{RF-SEGPHOS (R)—SEGPHOS {R, S)y-Josiphos
&I Conditions: CuCl (0.025 mmol), ligand (0.025 mmol),
2a (0.5 mmol), bis(pinacolato)diboron (3) (0.6 mmol),
K(O-t-Bu) (0.1 mmol) and alcohol (1.0 mmol) in THF (1.0
mL).
I Determined by *H NMR analysis of the crude reaction
mixture with an internal standard.

[ Determined by HPLC analysis.

(1 mol % CuCl and ligand were used in this reaction with
a reaction time of 24 h.

EIThe reaction was carried out at 30 °C.
[MThe reaction was carried out on a 5.8 mmol scale.

With the optimized conditions in hand, we
provided to evaluate the substrate scope of the
reaction using a series of substituted quinolones
(Table 2). The borylation products in Table 2 were
isolated as the corresponding silyl ethers following
the sequential oxidation/silylation of their C—B bonds
(Please see Scheme 2 and the Supporting Information
for further details)."™ 1,2-Dihydroquinolines bearing
a Me-, t-Bu-, MeO- or TIPS group at their 6-position
(2b—e) reacted smoothly in the presence of the
copper(1)/(R,R)-QuinoxP* catalyst system to give the
desired products [(R)-4b—(R)-4d] with high
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enantioselectivities (93-98% ee) (Table 2). In
contrast, substrates bearing an electron-withdrawing
group such as a halogen or nitro group (2f-2h)
provided only moderate enantioselectivities (68—-73%
ee) (Table 2). Fortunately, the borylations of 2f and
2g with (R,R)-BenzP* instead of (R,R)-QuinoxP*
showed high enantioselectivities (97% ee and 96%
ee, respectively). The 7-methyl substituted 1,2-
dihydroquinoline 2i was also borylated under the
optimized conditions to afford the corresponding 3-
boryl-tetrahydroquinoline [(R)-4i] with excellent
enantioselectivity (93% ee) (Table 2). The borylation
of the 7-bromo substituted 1,2-dihydroquinoline 2j
also proceeded well with high enantioselectivity
(87% ee) (Table 2). The copper(l)/(R,R)-QuinoxP*
complex also performed as an effective catalyst for
the enantioselective protoborylation of the carbamate-
protected substrate 2k, which was prepared by a
NaBH, reduction™ to give the corresponding
borylation product [(R)-4k] in high yield (84%) and
enantioselectivity (98% ee) (Table 2).

Table 2. Substrate scope.*"

R1
)
R2 N

CudCl {5 mol %)
{R, R QunoxP* {5 mol %)
Bo{pm); {1.2 equw) {3)

K{O-#-Bu) {20 mol %)

rt

¥ . R2
3 MeOH {2 equiv) h
2 R THF, 10 °C R R
Qo O T
N N N
1 | 1
{R)4a {R)-4b {R)y-4c

2h, 0% (78%), 98% ee 4 h, 91% (83%), 98% ee

MeO \@\/Tn(p'n) TIPSO mn{ph) F mn{ph)
N N N
Ac

{R4d {R)4e
2 h, 90% {83%), 93% ee 16 h, 89% (79%), 96% ce

4h, 89% {83%), 96% ee

(R)-AF
3 h, 94% (70%), 69% ee

3h, 84% (71%), 97% ee®

Cl \Co/ﬂ(ph) 0OaN meph) mB{ph)
N N Mo SN
Ad Ac

{R)-4g
2h, 91% {67%), 73% ee

(R)-4h {R)4i
17 h, 27% {17'%), 68% ee 3 h, 92% (59%), 93% ee

95 h, 82% (73%), 96% ee®
e
AT .
A COsMe

{R)Y4) {4k
3h, 73% {63%), 87% ee 2 h, 99% (84%), 98% ee

8 Conditions: CuCl (0.025 mmol), (R,R)-QuinoxP* (0.025
mmol), 2 (0.5 mmol), bis(pinacolato)diboron 3 (0.6 mmol),
K(O-t-Bu) (0.1 mmol) and MeOH (1.0 mmol) in THF (1.0
mL).

I1H NMR yields of the borylation products. The isolated
yields of the corresponding silyl ethers 5 after the
sequential oxidation/silylation of the borylation products 4
are shown in parenthesis.

[ (R,R)-BenzP* was used instead of (R,R)-QuinoxP*.

The borylation products generated in this study
could be used as versatile building blocks for the
preparation of a wide range of chiral
tetrahydroquinolines. For example, the oxidation of
the crude mixture resulting from the borylation of 2a
with NaBO;,*" followed by the sequential silyl
protection of the resulting alcohol afforded the chiral
tetrahydroquinolinol (R)-5 with high enantiomeric
excess (Scheme 2). Furthermore, the amination™™® of
the crude product (R)-4a with BnNj; provided the
chiral amine (R)-6 in a stereospecific manner
(Scheme 2). Lastly, the oxidation of compound (S)-
4k, which was prepared by the borylation of 2k with
(S,5)-QuinoxP*, afforded the known chiral alcohol
(S)-7 in 3 steps from quinoline. Notably, compound
(S)-7 is an |m§)ortant intermediate in the synthesis of
Sumanirole.!

5 mol % CuCl/
{R.R)y-QuinoxP* _ . 1.NaBO 40
,y 2(17cqum) @\/j;a“'") THFMH,0 OTBS
K{O-+Bu) N 2. TBSCI @qj,
MeOH, THF h inidazole h
40°C,2n (RH4a Ac CHLCly (R)y5a Ac
Y 99% (NMR), 9% ee ?8%, 98% ee
BCl3, CHaCl
then BN, 0°C
{R)Y& Ac
AT%, 08% ee
@W%gimqr
N THF
(S)4k COMe ()7 COMe
97% ee 9%, 97'% ee Sumanlmle
Scheme 2. Synthesis of functionalized chiral

tetrahydroquinolines through the derivatizations of the
borylation products.

DFT calculations (B3PW91l/cc-pvVDZ) were
conducted to elucidate the mechanism responsible for
the enantioselectivity of the current reaction for the
borylation of 1,2-dihydroquinolines (Figure 2). The
results revealed that the addition of the (R,R)-
QuinoxP*/borylcopper(l) complex to the Si-face of
1,2-dihydroquinoline 2a would give transition state
TS1, ¥ which would be free from steric congestion
between the t-Bu group of the ligand and the 1,2-
dihydroquinoline scaffold. This reaction pathway
would therefore afford the (R)-isomer as the major
product, which is consistent with the observed
absolute configuration of the borylated product.”” In
contrast, the activation barrier for the addition of the
complex to the Re-face to give transition state TS2
was +3.35 kcal/mol higher in energy than that of
TS1. This difference in the activation barrier was
attributed to steric congestion between the 1,2-
dihydroquinoline 2a and the t-Bu group on the ligand
in  TS2, thereby explaining the observed
enantioselectivity of this reaction.
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Figure 2. DFT calculations (B3PW91/cc-pVDZ) of the
transition states for the (R,R)-QuinoxP*/copper(l)-
catalyzed  enantioselective  borylation  of  1,2-
dihydroquinoline 2a. Relative G values (kcal/mol) were
obtained at 263 K and 1.0 atm in the gas phase.

In summary, we have developed a novel approach
to chiral 3-boryl-tetrahydroquinolines via the
copper(l)-catalyzed regio- and enantioselective
protoborylation of 1,2-dihydroquinolines, which were
prepared by the partial reduction of the corresponding
quinoline derivatives. This new stepwise strategy
represents a simple and direct method for the
synthesis of optically active tetrahydroquinolines
bearing a C3-stereocenter in combination with a
stereospecific boron functionalization process.

Experimental Section

General Remarks

Materials were obtained from commercial suppliers and
purified by standard procedures unless otherwise noted.
Solvents were also purchased from commercial suppliers,
degassed via three freeze-pump-thaw cycles and further
dried over 4 A molecular sieves. *H and **C NMR spectra
were recorded on JEOL JNM-ECX400P spectrometer at
400 and 100 MHz, respectively. The peaks corresponding
to tetramethylsilane (*H) and CDCl; (**C) were employed
as reference standards in the 'H and *C NMR spectra,
respectively. 1,1,2,2-Tetrachloroethane was used as an
internal standard to determine the reaction yields by NMR.
GLC analyses were conducted on a Shimadzu GC-2014 or
GC-2025 system (Shimadzu, Kyoto, Japan) equipped with
an ULBON HR-1 glass capillary column (Shinwa
Chemical Industries) and an FID detector. HPLC analyses
were conducted over a chiral stationary phase on a Hitachi
LaChrome Elite HPLC system equipped with an L-2400
UV detector. High-resolution mass spectra were recorded
at the Global Facility Center, Hokkaido University.

Representative Procedure for Copper(l)-
Catalyzed Enantioselective Borylation of 2a.

Copper  chloride (26 mg, 0.026 mmol),
bis(pinacolato)diboron (153.6 mg, 0.6 mmol) and (R,R)-
QuinoxP* (8.4 mg, 0.025 mmol) were placed in an oven-
dried reaction vial, which was immediately sealed with a
screw cap containing a Teflon-coated rubber septum. The
sealed vial was then connected to a vacuum/nitrogen
manifold through a needle and vacuum purged with
nitrogen three times. THF (1.0 mL) was added to the vial
through the rubber septum, followed by a 1.0 M solution of
K(O-t-Bu) in THF (0.1 mL, 0.1 mmol), and the resting
mixture was cooled to —10 °C. A solution of 2a (92.1 mg,
0.53 mmol) in MeOH (40.5 pL, 1.0 mmol) was then added
to the cooled mixture at in a dropwise manner —10 °C.
Upon completion of the reaction, as determined by GC
analysis and TLC, the reaction mixture was passed through
a short silica gel column eluting with Et,0. The yield of
the borylation product (S)-4a was determined by 'H NMR
analysis with an internal standard (83% NMR yield). The
product was isolated following its conversion to the
corresponding silyl ether by the oxidation of the boryl
group, followed by the TBS protection of the resulting
alcohol (78% isolated yield, 3 steps). The details of these
transformations have been described in the Supporting
Information.

Supporting Information

Detailed descriptions of experimental procedures and
their spectroscopic data are available in the Supporting
Information.
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