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ABSTRACT: In this study, highly enantioselective copper(I)-
catalyzed hydroboration of bicyclic alkenes is reported. Using a
copper—taniaphos complex, excellent enantioselectivities up to
>99% ee were obtained for bicyclic alkenes including oxa- and
azabicyclic alkenes. Furthermore, copper-catalyzed enantiodi-
vergent hydroboration methods with the same chiral ligand—
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copper precursors were developed using different boron sources based on alternative mechanistic pathways.

he development of enantiodivergent synthetic methods

that produce both enantiomers from the same starting
material has been receiving increasing attention.' Asymmetric
catalysis is one of the most effective approaches for the
preparation of chiral compounds; however, it mostly relies on
the use of both enantiomers of a chiral ligand—catalyst complex
to access both enantiomers of a product. Because of the limited
availability of both enantiomers of chiral sources, the
development of enantiodivergent asymmetric catalysis utilizing
the same chiral catalyst (chirality inducer) is scanty, but highly
desirable.

Metal-catalyzed hydroboration of unsaturated carbon—
carbon bonds provides an easy access to organoboron
compounds, which can function as synthons for various
functional groups.” The reversal of enantioselectivity in the
hydroboration was first reported by Micouin and co-workers
for meso-bicyclic hydrazine substrates using catecholborane
reagent by switching the metal from rhodium to iridium.’
Although the switch in the enantioselectivity was observed in
their study, the obtained ee values of the products were low to
moderate (16—80% ee). So far, highly enantioselective
hydroboration of bicyclic alkenes has been achieved using
chiral boranes in a stoichiometric amount,* but not with
transition-metal catalysts such as rhodium® or iridium.®

Recently, we reported that chiral phosphine-coordinated
copper complexes are efficient catalysts for the enantioselective
hydroboration of acyclic alkenes with pinacolborane as the
hydroborating reagent.” Therefore, we decided to develop an
efficient copper-catalytic hydroboration system for bicyclic
alkenes. In this study, we report a highly enantioselective
copper-catalytic system using the (RR)-taniaphos ligand
(Figure 1), affording hydroborated products with excellent
enantioselectivities (>90% ee). Furthermore, copper-catalyzed
enantiodivergent hydroboration using the same chiral ligand—
copper precursors is reported by using different boron sources,
based on the alternative mechanistic pathways.

In initial experiments, a series of chiral phosphine—copper(I)
complexes were screened for the reaction of norbornadiene
(1a) using pinacolborane (pinBH) as the hydroborating
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Figure 1. Structure of chiral ligands.

reagent (Table 1). The two representative C, symmetric
bisphosphines, tol-binap and segphos, were ineflicient and
afforded disappointingly low yields (entries 1 and 2). Tangphos
and josiphos ligands, previously reported as effective ligands for
the enantioselective hydroboration of acyclic alkenes,” afforded
the products with moderate enantioselectivities (entries 3 and
4). In contrast, the taniaphos ligand (L1) afforded hydro-
borated product 2a in excellent enantioselectivities, but with
low conversions (entries S and 6). Fortunately, changing the
copper precursor to CuTC and increasing the reaction
temperature to 40 °C resulted in a good yield of the product
without deterioration of the ee in either toluene or THF
solvent (entries 7 and 8). The addition of NaOt-Bu base was
not necessary in this protocol,® and the catalytic combination of
CuTC and (RR)-taniaphos was chosen as the optimal catalyst.

With the optimized reaction conditions, the hydroboration of
diverse strained bicyclic alkenes was investigated (Table 2).
The reaction of an oxabicyclic alkene (1b) and azabicyclic
alkenes (1c and 1d) proceeded well to afford the corresponding
hydroborated products in excellent enantioselectivities (entries
1-3).'° Benzonorbornadienes (1e and 1f) were also suitable
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Table 1. Enantioselective Hydroboration with Various

Ligands
3 mol % Cu
3 mol % ligand o
7 + HBpin 6 mol % base ; g
(1.2 equiv)  solvent, rt, 24 h 0
1a (R)-2a
yield®  ee”
entry Cu ligand base solvent (%) (%)
1 CuCl (R)-tol-binap ~ NaOt-Bu toluene 14 -
2 CuCl (R)-segphos NaOt-Bu  toluene 6 -

3 CuCl (S,S,RR)- NaOt-Bu  toluene 80 66
tangphos

CuCl (RS)-josiphos ~ NaOt-Bu  toluene 88 62

S CuCl (RR)- NaOt-Bu  toluene 40 97
taniaphos

6 CuTC® (RR)- - toluene 28 98
taniaphos

79 CuTC  (RR)- - toluene 88 98
taniaphos

8¢  CuTC  (RR)- - THF 84 98
taniaphos

“Isolated yield. "Determined by chiral HPLC analysis. “CuTC =
copper(I) thiophene-2-carboxylate. “Reaction was perfomed at 40 °C.

Table 2. Copper-Catalyzed Enantioselective Hydroboration
of 1 with Pinacolborane

X 3 mol % CuTC X
ij 3 mol % L1 wi
+ i T e in
R HBpin toluene, 40 C, 24 h R Bpin
1 (R)-2
entry  substrate (1) product (2) yield* ee”
(%) (%)
o} 0
1 @b @iﬁpin 88 97¢
1ib 2b
Boc-y Bcc“,N
2 @Ij @38}% i P
1c 2c
Boc-. Boc.
MeO N MeO N
3 88 99
MeO / MeO@bein i
1d 2d
4 @bmin 88 90
1e 2e
MeO MeO
3 @éwin 84 %
med mec X
o] o]
MeO MeO
o Meoﬁb MeOﬁbein 20 >99
o e Jd 2

“Isolated yield. *Determined by chiral HPLC analysis with 2 or its
derivatives. See the Supporting Information for details. “The
configuration was determined by comparing the optical rotation data
reported in the literature. “The reaction was performed at 50 °C.

substrates for the reaction and afforded products in good yield
and high ee. However, the reaction of norbornadiene (1g)
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containing an ester functional group afforded a low isolated
yield of the desired product albeit in high ee, possibly because
of side reactions by the additions of copper—hydride species'’
to the conjugate ester moieties.

We then investigated the formal hydroboration of bicyclic
alkenes using the same chiral ligand—copper combinations in
the presence of bis(pinacolato)diboron (B,pin,) and MeOH
instead of pinacolborane to test the feasibility of enantiodi-
vergent catalysis. The combination of both the reagents is quite
well-known to afford hydroborylated products by the
borylcupration and successive protonolysis.'> However, the
protocol has not been applied to the enantioselective formal
hydroboration of bicyclic alkenes.'> We were pleased to find
that the L1-coordinated copper complex was reactive for the
borylation of bicyclic alkenes to afford products in good yields
and high enantioselectivities (Scheme 1).'* The reaction of

Scheme 1. Enantioselective Borylation of Bicyclic Alkenes
(1) Using B,pin, and MeOH

3 mol % CuCl
3 mol % L1
10 mol % NaOf-Bu )
1 + Bypin, _—
P2 MeOH (2 equiv)
THF, rt, 24 h
0 Boc\N
Bpin Bpin i
A& AR vt s e
(S)-2a (S)-2b (S)-2¢
74% 79% 90%
>99% ee 94% ee >99% ee
MeO O
Bpin MeO Bpin
MeO.
MeO  (s)-2f O (512
82% 42%
>99% ee >99% ee

norbornadiene produced 2a in >99% ee, with exactly the
opposite absolute configuration to that of (R)-2a obtained by
the hydroboration with pinacolborane (Table 1, entries 7 and
8)."* The other substrates were investigated, and all afforded
the opposite enantiomers as the major enantiomer to those
obtained in Table 2 with excellent enantioselectivities up to
>99% ee. Thus, the reversal of enantioselectivity in the
asymmetric hydroboration was achieved using different
borylating reagents in the presence of the same copper—ligand
complex. These results together establish a good example of
highly enantioselective and enantiodivergent catalysis.

In Micouin and co-workers’ report,” the reversal of the
enantioselectivity was achieved by switching the catalytic metal
from rhodium to iridium. Favored Ir—B and Rh—H insertion
pathways over Ir—H and Rh—B were proposed for the switch in
the enantioselectivity (regioselectivity) of meso-hydrazines. In
our study, the results could be explained by following
mechanisms including catalytically active Cu—H or Cu—B
species, generated in situ from the copper precursors with
different boron reagents (Scheme 2).12216 The insertion of a
bicyclic alkene into either the Cu—H or Cu—B bond generates
two different organocopper intermediates, and the subsequent
steps such as transmetalation with pinBH (A-cycle) and
protonolysis with MeOH (B-cycle) afforded both enantiomers
of a chiral product.
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Scheme 2. Proposed Mechanisms
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In summary, we successfully developed a copper(I)-catalyzed
highly enantioselective hydroboration of bicyclic alkenes under
mild reaction conditions. Using pinacolborane as the hydro-
borating reagent, we found that the (RR)-taniaphos ligand is
extremely selective for the hydroboration of bicyclic alkenes
including oxa- and azabicyclic alkenes with enantioselectivities
up to >99%. Furthermore, copper-catalyzed enantiodivergent
hydroboration with the same chiral ligand—copper precursors
was demonstrated by using different boron sources based on
alternative mechanistic pathways.
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