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ABSTRACT: We herein describe a chiral diboron-templated
highly diastereoselective and enantioselective reductive coupling
of isoquinolines which have provided an expedite access to a
series of chiral substituted bisisoquinolines in good yields and
excellent ee’s under mild conditions. The method enjoys a broad
substrate scope and good functional group compatibility. Mecha-
nistic investigation suggests that the reaction proceeds through a
concerted [3,3]-sigmatropic rearrangement.

Diboron compounds' have become increasingly important feed
stocks in organic synthesis thanks to the rapid development of the
Suzuki-Miyaura cross-coupling’ and various transition-metal
catalyzed borylations.®> In addition, the transition-metal-free
borylation* with diboron reagents has built a new dimension of
their synthetic utilities. With the addition of a Lewis base, the
diboron compound can proceed a borylative addition or a dibora-
tion on various 7 systems (Scheme 1a).** When a pyridine deriva-
tive is employed, a reductive addition® of bispyridine (Scheme 1b)
or the formation of a persistent radical’ (Scheme Ic) can result
which can proceed further transformations.® Herein we describe a
transition-metal-free carbon-carbon bond-forming transformation
templated by a chiral diboron compound that have led to a highly
diastereoselective and enantioselective reductive coupling of iso-
quinolines, providing the access to a variety of chiral bisisoquino-
line diacetamides in good yields and excellent enantioselectivities.
Scheme 1. Transition-metal-free borylation with diboron
a. Base-promoted borylative addition or diboration of = systems
B —x %% B BH

7 + =X

B % X=C,N

b. Reductive addition of bispyridine

c. Formation of persistent radical

g+ NQCN - . B*N/i\ CN_I

d. Asymmetric reductive coupling of isoquinolines (this work)

B* ‘\ A
é~+ R// N

Despite the significance of chiral 1,2-diamines’ and deriva-
tives in organic synthesis, their efficient preparations remain chal-
lenges. Chiral bisisoquinolines are used as chiral phase transfer
agents or ligand backbones.'” However, the lack of efficient syn-
thetic methods has hampered their applications. Low dl/meso
selectivities were often observed in reductive coupling of iso-
quinolines or derivatives.'®*® Search for a practical and efficient
asymmetric reductive coupling for the synthesis of chiral bisiso-
quinolines remains an important goal.

During our studies on diboron compounds and related trans-
formations,'' we were interested in exploring new transformations

of diboron compounds in the presence of a heterocyclic com-
pound. Instead of employing a substituted pyridine for activation
of diboron compounds, we chose isoquinoline as the base for
study (Table 1). When isoquinoline (2a) was treated with 0.5
equiv. of bis(pinacolato)diboron (DB1) in dioxane at rt for 0.5 h,
the reductive coupling product 4 was isolated in an almost perfect
yield (entry 1). The facile and exclusive formation of dI-N,N-
diborate 4 instead of the meso diastereomer 3 was in sharp con-
trast to the reported reductive coupling methods of isoquinolines
with zinc or low-valent niobium as the reducing reagents, where
significant amounts of meso compounds were formed.'” No
other side-products were observed even when only 0.25 equiv. of
DB1 was employed (entry 2). The reductive coupling can proceed
even at -40 °C without compromising the yield of 4 (entry 3).
However, when the mixture was stirred at rt for 12 h, a dimin-
ished yield (75%) of 4 was isolated, suggesting partial decomposi-
tion of 4 with a prolonged reaction time (entry 4).

Table 1. Reductive coupling of isoquinoline mediated by
bis(pinacolato)diboron (DB1)

L
o O Y dioxane N=Bpin
BB * _N HJ M
o © ,0.5h O N—Bpin
=
DB1 2a 3 4
(0.5 equiv) (1.0 equiv) 0% yield 99% yield
Entries® Other conditions Yield of 4 (%)°
1 / 99
2 DB1 (0.25 equiv) 49
3 -40°C, 2 h 98
4 12 h 75

“Unless otherwise specified, the mixture was stirred in dioxane at rt
for 0.5 h. “Isolated yield.

The labile nature of 4 encouraged us to form a stable deriva-
tive of 4 during the reaction. Treatment of 4 with acetyl chloride
led to the successful formation of diacetamide 5a in 90% yield.
To our delight, the derivatization can be done in one pot with the
reductive coupling reaction (Table 2). With this protocol, a varie-
ty of diboron compounds DB1-6 can be applied to form the same
product Sa in various yields (entries 1-6). Bis(pinacolato)diboron
(DB1) proved to be most effective in terms of yield. In order to
form enantiomerically enriched diacetamide 5a, a series of chiral
diborons DB7-11 were prepared'” and applied to the reaction.
(4S,4'S)-4,4'-Diphenyl-2,2'-bi(1,3,2-dioxaborolane) (DB7) pro-
vided the desired product 5a in 93% yield and 39% ee (entry 7).
A sterically more hindered diboron DB8 containing two geminal
methyl groups provided a diminished yield (75%) and a similarly
low ee (37%, entry 8). Gratifyingly, a high yield (87%) and an
excellent ee (93%) were achieved when a diboron DB9 derived
from (15,25)-1,2-diphenylethane-1,2-diol was employed (entry 9).
Only a moderate yield (57%) was obtained when DB10 derived
from (S)-1,1,2-triphenylethane-1,2-diol was used, albeit with an
excellent ee (94%, entry 10). A diminished ee was afforded when
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Table 2. Asymmetric reductive coupling of isoquinoline mediat-
ed by chiral diboron compounds

X 1) solvent, rt
+diboron ——
_N 2) AcCl E

2a DB1-12
entries” diboron  solvent yield (%) ee of 5a (%)
1 DB1 dioxane 90 -
2 DB2 dioxane 70 -
3 DB3 dioxane 84 -
4 DB4 dioxane 9 -
5 DB5 dioxane 7 -
6 DB6 dioxane 6 -
7 DB7 dioxane 93 39
8 DB8 dioxane 75 37
9 DB9 dioxane 87 93
10 DB10 dioxane 57 94
11 DB11 dioxane 90 82
12 DB12 dioxane 35 80
13 DB9  dioxane 82 93
14 DB9 MTBE 87 99

j 1i@ss]@XBf <

-t Tt

Ph,,.
Lo, L T
DB7 DB8 DB9
Ph>[ BE fPhPh>[ BE fph \’ @

‘Ph Ph o
DB10 DB11 DB12

“Unless otherwise specified, the reactions were carried out at rt
with 2a (0.5 mmol, 1.0 equiv), diboron (0.375 mmol, 0.75 equiv) in
the designated solvent for 0.5 h, and then AcCl (0.5 mL) was added.
The mixture was stirred for additional 5 min before work-up. The
absolute configuration of 5a was determined by its X-ray crystallog-
raphy. “The mixture was stirred for 5 min before the addition of
AcCL

DB11 was applied as the diboron species (entry 11). The diboron
DB12 prepared from a chiral pinanediol only provided a low yield
(35%) and a moderated ee (80%, entry 12). We then employed
DB9 as the reagent for further optimization. When 2a and DB9
were stirred at rt for only 5 min, a similarly high yield and enanti-
oselectivity was achieved (entry 13). Finally, switch of solvent
from dioxane to MTBE further enhanced the chiral induction, and
product 5a was isolated in 99% ee and 87% yield, whose absolute

configuration was determined by X-ray crystallography (entry 14).

We then looked into the substrate scope of the reductive cou-
pling with DB9 as the chiral diboron reagent. A variety of quino-
line derivatives with different substituents at various positions
were applicable to form a series of chiral bisisoquinoline diac-
etamides in moderate to high yields and excellent ee’s (up to
99%). It should be noted that no meso compounds were formed
on all the substrates studied. As shown in Table 3, the reductive
coupling was applicable to S-substituted isoquinolines to provide

Table 3. Asymmetric reductive coupling of isoquinolines tem-
plated by chiral diboron DB9*

5e
68% yield 94% yield 70% yield 390/2 yield
94% ee 98% ee 97% ee 93% ee

5f

69% yield
97% ee

5j 5k 51 5m
50% yield 57% yield 60% yield 96% yield
93% ee 98% ee 97% ee 97% ee

5n 50
50% yield 81% yield 78% yield 27% yield
87% ee 97% ee 93‘o’/oyee 712/oy|ee
nBu OMe

nBu
5s 5u
91% yield 77% yield 79% yield 63% yield
98% ee 94% ee 99% ee 73% ee

“Unless otherwise specified, the reactions were carried out at rt
with 2b-u (0.2 mmol, 1.0 equiv), diboron (0.15 mmol, 0.75 equiv) in
MTBE (1 mL) for 0.5 h, and then AcCl (0.5 mL) was added. The
mixture was stirred for additional 5 min before work-up.

products 5b-d in good yields and excellent enantioselectivities. A
series of 6,6’-disubstituted bisisoquinoline diacetamides 5Se-i were
successfully formed in moderate yields and excellent ee’s. Sub-
stituents such as bromo, phenyl, methyl, thiophenyl, and furyl
groups were well tolerated. 7,7’-Disubstituted bisisoquinoline
diacetamides 5j-1 were also smoothly formed. A series of 8,8’-
disubstituted bisisoquinoline diacetamides 5m-q were also pre-
pared in high enantioselectivities. Products containing electronic-
donating substituents such as alkyl or methoxy groups at 4,4’-
positions 5r-t were formed in excellent ees, while no reaction was
observed on an isoquinoline bearing a bromo or trifluoromethyl
substituent at 4-position. No reaction was observed on a 1-, or 3-
substituted isoquinonline, probably due to the enhanced steric
hindrance. Excitingly, dihydroisoquinoline was also a good sub-
strate to provide 5u in 63% yield and 73% ee.

Scheme 2. Mechanistic investigation
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. . @ dioxane
(Brin); 2N ",05h

2a
(0.75 equiv) (1 equiv) tempo (0.75 equiv): 94% yield
cyclohexa-1,4-diene (0.75 equiv): 96%
X
(Bpin), + _N MTBE
i, 1h
=
2q

rac-4q
(1.0 equiv) (2.0 equiv) 90% yield

B-
(0.2 equiv) ©/ ° @
pentane, rt, 4h

30% yield

oo Tk

(PhCO0), + (Bpin),

(1.0 equiv) (1.0 equiv)
(0.2 equiv) ©/ Bo
pentane, rt, 4h
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, notobserved
—(a)
4000000 —b)
(© EPR study

3000000 — )

2000000 ’ @

1000000 ‘
E ° T ” . a. (Bpin), in dioxane
< 1000000 b. 4 in dioxane

2000000 ¢, (Bpin), and 2a in dioxane

3000000 d. (Bph), and 4-CNPy in dioxane

3400 300 3600
Magnetic / G
(Bpin)z
0.3 equiv) 2a (1.0 equiv) 46% yield
_—
MTBE, rt, 1h
DB13
(0.3 equiv)

A series of experiments were conducted in order to elucidate the
mechanism of the asymmetric reductive coupling (Scheme 2).
Firstly, the reductive coupling was performed in the presence of a
radical quencher tempo or cyclohexa-1,4-diene and the coupling
product 4 was isolated without deterioration of the yield; Second-
ary, 8-allylisoquinoline (2q) was subjected for reductive coupling.
Only rac-4q was isolated and no formation of compound 6 or
related cyclic products was observed; Thirdly, both 4-
cyanopyridine and isoquinoline were used as catalyst for the radi-
cal coupling reaction between (PhCOOQ), and B,pin,. Phenyl-
boronic ester was formed as reported with 4-cyanopyridine as an
additive,”™ whereas no coupling was observed with isoquinoline

as the additive, indicating no involvement of radical intermediates;

Fourthly, an EPR experiment of the mixture of isoquino-
line/B,pin, revealed no radical signals, while a mixture of 4-
cyanopyridine/B,pin, (g =2.0038, 298 K) cleared showed radical
signals as reported by Zhu & Li.” All the above experiments sug-
gested no involvement of a radical intermediate in the diboron-
templated reductive coupling, which was in contrast to the radical
formation in 4-cyanopyridine/B,pin, system.” To test whether
only a single diboron was involved in the reductive coupling, both
B,pin, (DB1) and DB13 were subjected in one pot for reductive
coupling of isoquinoline and only products 4 and 7 were isolated
with no formation of the cross-over product 8. This result indicat-
ed that the reductive coupling occurred with a single diboron
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compound as the template. Lastly, DFT (M06 method) calcula-
tions were performed on reaction of DB9 and 2a (Figure 1 and
Figure S1 in SI). The computed most favorable pathway initiates
with coordination of two 2a to chiral diboron DB9 to cooperative-
ly activate the B-B bond, followed by a concerted [3,3]-
sigmatropic rearrangement via 6-membered chair-form TSinta4a
with a low barrier of 10.8 kcal/mol in solution to afford reductive
coupling product 4a (AG, = -38.2 kcal/mol). The formation of
ent-4a requires a higher barrier than 4a by 2.1 kcal/mol, mainly
due to steric congestion of the two Ph groups and a lower stability
of ent-4a (-35.3 kcal/mol). The formation of a meso product
would require a boat-form and higher-energy transition state (16.2
kcal/mol). These results are consistent with the experimental ob-
servations, and show how the chiral diboron template guides the
formation of the observed chiral coupling product.

~ . B1-N1(B2-N2):

; B1-N1(B2-N2): i
?‘ 1539 A d\ S 23'511\?1?02 N2):
C1-N1(C2-N2): ) St
W 1342 A )' 1349 A
p o—a ﬁ(&‘
4 2.365 A on - "
> )O( o1r—
A\, < ,fﬂ}’
A0 B1-B2: 1.906 A /*‘f B1-B2: 2.029 A
. C1-C2:2.766 A ¢ 1 ci1-c22701A
fO3B1 B2-04: 58.4° «f(‘ﬂ B1-B2-02: -42.4°
AGHE TS|NTa-4a M06/6-31G* (kcal/mol) TS|NTa-ent-4
o0 00000  AAEge!AAGg 3.3/24
10.8  0.0/0.0 AAE;/ AAE i -1.4/4.7

Figure 1. DFT-computed energies and structures of the two most
lowest (reductive coupling) concerted [3,3]-sigmatropic rear-
rangement transition states with the key geometrical parameters.

Scheme 3. Scalability and derivatization of Sa

X 1)
+ DB9 —_—
=N

2a
(1.09) (2.07 g) (1.03 g) (1.92 g)
98% ee 95% recovery
77% yield

1) Pd(OH),, H, O3, PPhy
2)AcOH, HBr \@ B/ -78°C
78% 93%

5a

Rh(nbd),BF,
BI-DIME
N-Ac Br,, DCM c d\ Bgypiny

H

_ 0°C Toluene
AC o6 49%

In order to demonstrate the practicality of this method, the re-
ductive coupling was performed at a gram scale and product 5a
was obtained in 98% ee and 77% isolated yield (Scheme 3). De-
spite the requirement of a stoichiometric amount of DB9 for the
reaction, the chiral diol 9 was recovered in 95% yield, which
could be easily converted back to DB9. The chiral bisisoquino-
lines are versatile building blocks for further transformation. For
example, Sa could be hydrogenated and hydrolyzed under acidic
conditions to provide chiral diamine 10. Alternatively, it could be
transformed to an acyclic diamine derivative 11 by ozonolysis.
Bromination of 5a provided product 12, which was not accessible

3
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directly by reductive coupling. Excitingly, borylations'® at 3,3’-
positions were realized under rhodium catalysis with BI-DIME"
as the ligand to form 13 in an acceptable yield.

In conclusion, we have discovered a chiral diboron-templated
highly diastereoselective and enantioselective reductive coupling
of isoquinolines, which have provided an expedite access to a
series of chiral substituted bisisoquinoline diacetamides in good
yields and excellent enantioselectivities under mild conditions.
This simple and practical method enjoys a broad substrate scope
and good functional group compatibility. Mechanistic investiga-
tion suggests that the reaction proceeds through a concerted [3,3]-
sigmatropic rearrangement via a 6-membered chair-form transi-
tion state. Because of the synthetic versatility of chiral bisisoquin-
olines, this method is expected to facilitate further development of
chiral diamine chemistry and applications in asymmetric catalysis.

Supporting Information

Full experimental and computational details, characterization
data, NMR spectra of 2, 4, 5 and related intermediates, chiral
HPLC of 5a-u and related chiral intermediates, cif files of 4, 5a,
DB9. This information is available free of charge via the Internet
at http://pubs.acs.org/.
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