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Catalytic asymmetric hydrogenation of (Z)-a-
dehydroamido boronate esters: direct route to
alkyl-substituted a-amidoboronic esters+
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The direct catalytic asymmetric hydrogenation of (2)-a-dehydroamino boronate esters was realized. Using
this approach, a class of therapeutically relevant alkyl-substituted oa-amidoboronic esters was easily
synthesized in high yields with generally excellent enantioselectivities (up to 99% yield and 99% ee). The
utility of the products has been demonstrated by transformation to their corresponding boronic acid

derivatives by a Pd-catalyzed borylation reaction and an efficient synthesis of a potential intermediate of
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Since FDA approval of bortezomib® for the treatment of multiple
myeloma, chiral a-aminoboronic acids have been recognized as
key pharmacophores for the design of proteasome inhibitors.>
The incorporation of chiral a-aminoboronic acid motifs at the
C-terminal position of a peptide® to develop potential clinical
drug candidates has drawn increasing interest* (Fig. 1). Mean-
while, chiral a-amidoboronic acids and their derivatives are
useful synthetic building blocks for the stereospecific
construction of chiral amine compounds.® The biological and
synthetic value of a-amidoboronates has led to considerable
efforts for the development of efficient synthetic methods.
However, up to now, limited transition-metal-catalyzed asym-
metric approaches have been reported. The widely used strate-
gies to synthesize these compounds are stepwise Matteson
homologation/N-nucleophilic replacement,® borylation of
imines,” and alkene functionalization.® Recently, two other
elegant approaches, Ni-catalyzed decarboxylative borylation of
a-amino acid derivatives® and enantiospecific borylation of
lithiated «-N-Boc species,'® were reported by the Baran and
Negishi groups, respectively. To the best of our knowledge, the
majority of the methods relied on either stoichiometric
amounts of chiral auxiliaries®’** or substrate-control strategies®
and most of these methods enable the construction of aryl-
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substituted a-aminoboronates. Enantioselective methods to
access unfunctionalized alkyl-substituted a-aminoboronic
esters are still rarely developed and so far only two examples
have been realized by the Miura® and Scheidt” groups,
respectively. Considering that most therapeutically relevant a-
amidoboronic acid fragments contain an alkyl subunit and the
fact that the options for the synthesis of alkyl-substituted o-
amidoboronic esters in an enantioselective manner are still
rare, the development of other distinct approaches would be
highly desirable. Herein, we report a new alternative to access
these compounds by catalytic asymmetric hydrogenation of (2)-
a-dehydroamidoboronate esters. With this approach, the
desired chiral alkyl-substituted a-amidoboronic esters could be
obtained in high yields and generally excellent enantiose-
lectivities (up to 99% yield and 99% ee) with simple
purification.

Catalytic asymmetric hydrogenation of olefins is an atom-
economic, environmentally friendly and clean process for the
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Fig. 1 Selected inhibitors containing chiral alkyl-substituted o-ami-
doboronic acids.
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synthesis of valuable pharmaceuticals, agricultural compounds
and feedstock chemicals."* Recently, hydrogenation of vinyl-
boronic compounds has emerged for the preparation of chiral
boronic compounds in a regiodefined manner."»** However,
surprisingly a-dehydroamido boronate esters and their deriva-
tives, as elegant precursors to access alkyl-substituted a-ami-
doboronic compounds, have never been used as substrates in
asymmetric hydrogenation and remain a challenging project.
To our knowledge, only one efficient hydrogenation approach to
(1-halo-1-alkenyl) boronic esters was reported for indirect
synthesis of alkyl-substituted a-aminoboronic esters but it was
accompanied by inevitable de-halogenated by-products**
(Scheme 1). Given the catalytic efficiency and atom economy of
the hydrogenation method, the development of a new direct
hydrogenation approach to construct these important chiral
alkyl-substituted o-amidoboronic esters would be very
appealing.

The inspiration for our approach to the hydrogenation of a-
dehydroamido boronates came from the molecular structures
of relevant biologically active inhibitors containing alkyl-
substituted a-amidoboronic acid fragments. Due to the
limited stability of free a-aminoboronic acids, an electron-
withdrawing carboxylic N-substituent is often required."
Thus, we envisaged that N-carboxyl protected a-dehydroamido
boronate esters could serve as a potential precursor for the
synthesis of alkyl-substituted o-amidoboronates through Rh-
catalyzed asymmetric hydrogenation of the C=C bond"
(Fig. 1), a strategically distinct approach to the construction of
unfunctionalized alkyl-substituted o-amidoboronic esters.
However, challenges still remain, including: (1) how to synthe-
size a-dehydroamido boronates; (2) the facile transmetalation
process of the starting materials leading to deboronated by-
products in the hydrogenation process;'” (3) the unknown
stability of a-amidoboronic compounds in the presence of
a transition-metal catalyst and hydrogen molecules. As part of
our continuous efforts to develop efficient hydrogenation

a) Previous approaches for alkyl-substituted o-aminoboronates
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Scheme 1 Approaches towards the synthesis of chiral alkyl-
substituted a-aminoboronic esters.
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Scheme 2 Synthetic route to (2)-a-dehydroamino boronates.

approaches to construct valuable motifs,' here we present the
results of the investigation to address the aforementioned
challenges.

The desired aryl-substituted (Z)-a-dehydroamido boronates
could be obtained by Cu-catalyzed regioselective hydro-
borylation of ynamide according to a previous report.*
However, different o/p-regioselectivity was observed for the
preparation of alkyl-substituted (Z)-a-dehydroamido boronate
esters and a new synthetic route was developed (Scheme 2, see
the ESIt for details). Of note, (Z)-a-dehydroamido boronate
esters should be purified with deactivated silica gel,” or else
protodeborylation ~ would occur readily with flash
chromatography.

Table 1 Condition optimization for catalytic asymmetric hydrogena-
tion of 1¢

( Lo [ \A\o [N 10 Rh(NBD),BF,, L* solvent (N 10

Ph\)\B(OH)Ph\)\B(dan) h%Bpm 50 atm Hy, 50 °C F’“\/kBpm

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1b 2b
Entry Sub Ligand Conv.? (%) ee’ (%)
14 1a (Re,Sp)-DuanPhos 89 n.d.
2¢ 1b (Rc,Sp)-DuanPhos >99 98
3 1c (Rc,Sp)-DuanPhos n.r. n.d.
4 1b (R,R)-QuinoxP* >99 97
5 1b (S)-SegPhos >99 17
6 1b (S)- BINAP >99 10
7 1b (R,R)-Pr-DuPhos >99 3
8 1b (R,S)-Cy-JosiPhos >99 14
9 1b (R)-BIPHEP >99 -30
10 1b (R,R)-Ph-BPE >99 —86
11 1b (8,S)-f-Binaphane >99 61
12 1b (25,4S)-BDPP >99 59
1348 1b (Rc,Sp)-DuanPhos >99(99) 99

g& 2R

PPhy

PPh,
PPhy

PPh,

(S)-BINAP (S) SegPhos  (Sc,Rp)-DuanPhos  (R,R)-iPr-DuPhos (R.R)-Ph-| BF’E

P O @p
~ o 2P
©i I Pph2 PPhZPF‘hZ th:@ O

(RR)- QulnoxP (R)-BIPHEP  (2S,4S)-BDPP (R,S)-Cy-. JOSIphos (S,S)--Binaphane

“ Unless otherwise mentioned, the reactions were performed with 1 (0.1
mmol), Rh(NBD)ZBF4 (10 mol%), and a hgand (11 mol%) in 1.0 mL THF
at 50 °C for 15 h. ? Determined by crude 'H NMR. ° Determined with
chiral HPLC. ¢ The reaction was performed in ‘PrOH. ¢ Rh(NBD)ZBF4
(1.0 mol%) and ligand (1.05 mol%) were used. / Isolated yield in
parentheses. ¢ 1,2-DCE was used as the solvent. Pin = 2,3-dimethyl-
2,3-butanediol; dan = 1,8-diaminonaphthalene.
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In order to check the feasibility of our hypothesis, three
substrates were prepared with Rh(NBD),BF, and examined and
our group prepared (Rc,Sp)-DuanPhos under 50 atm hydrogen
pressure (Table 1). Gratifyingly, substrate 1b reacted smoothly
to provide the desired product 2b in high yield and enantiose-
lectivity (>99% conv., 98% ee, entry 2) whilst the reaction with
substrate 1a yielded a mixture of deborylation products and 1c
did not work at all (entries 1 and 3). Of note, we did not observe
deborylation products with 1b under the current reaction
conditions and we did not select (Z)-a-dehydroamido boronic

a.b,c

Table 2 Substrate scope.

Ro 50 atm H, ,
Q Rh(NBD),BF (1.0 mol%) o

Ry

R1\N/§o (Re, Sp)-DuanPhos (1.05 mol%) R1\N)§o
R~ R .
\/I\Bpin 1,2-DCE, 50 °C, 15 h \/kBpln
2

/\/\.‘\Bpin \m_\\Bpin

1
Bpin \/\’.ospi”

N N
7° 7° r°
2b (—c\)f 2d <—o 2e (—o 2f Qo
98% yield? 96% yield 98% yield 96% yield
99% e6® 99% ee 95% ee 96% ee
«Bpin \Bpi Bpin
~Bpi PhM“ Bpin ® p
N N
0 N_o 0=
z <—f 2h (_;F 2i ﬁ(\f
99% yield 95% yield 8% vield
99% ee 96% ee 009 i‘s
/©/\A\Bpin m_.\Bpin m «Bpin m «Bpin
e O % (O T
4 °© * ° 92% yle\d
97% yield 96% yield 90% ee 99% yield

99% ee 98% ee 99% ee

\©/\.\\Bpin F. Bpin Bpin O «Bpin
s T T
_0 29 -0

2n (_;fo 20 (;c\,fo (;

98% yield 94% yield 98% yield 92% yield
99% ee 99% ee 99% ee 97% o6
. \Bpi .
«Bpin ph/\.\\BP'n Ph/\“ pin Bpin
N_o Ph N\]¢O phn"CYO /N7¢O
2r (;;]7 ’(—o 2s 2t —O 2u O\
i i 97% yield
95% yield 99% yield 99% yield 5502 ixee
99% ee 18:1d.r.? 2:1drd
i «Bpi «Bpin «Bpin
«Bpin ~Bpin N P

N_o N_o N0

o (7 (7 (7
(Re, Sp) DuanPhos
99% yield, 26:1 d.r.¢

(Sc, Rp)-DuanPhos:
99% yield, 1:7 d.r.¢

(Re, Sp)-DuanPhos:
99% yield, 7:1 d.r.9
(Sc, Rp)-DuanPhos:
99% yield, 1:27 d.r.¢

(Re, Sp)-DuanPhos:
99% yield, 44:1 d.r.¢
(Sc, Rp)-DuanPhos:
99% yield, 1:17 d.r.¢

Bpm Bpin ©/\(Bpm
AN~ N Bpin

1, 1t Boc

92 yleld \ T n.r.
57% ee

(Re, Sp)-DuanPhos:
99% yield, 40:1 d.r.9
(Sc, Rp)-DuanPhos:
99% yield, 1:11 d.r.9

“ Unless otherwise mentioned, the reactions were performed with 1 (0.1

mmol), Rh(NBD),BF, (1.0 mol%), and a ligand (1.05 mol%) in 1.0 mL

1 ,2-DCE at 50 °C under 50 atm H, for 15 h. Isolated yield.
Determlned with chiral HPLC. ¢ Determined by crude 'H NMR.
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acid 1a as the model substrate because of its poor solubility in
most solvents. Then, a variety of chiral diphosphine ligands
were investigated along with Rh(NBD),BF, and the results are
shown in Table 1. In most cases, the reaction proceeded
smoothly to furnish the desired products and the best results
were obtained when (Rc,Sp)-DuanPhos was used as the ligand
(entries 2 and 4-12). Poor results were obtained with axially
bidentate phosphine ligands (entries 5, 6 and 9). (R,R)-QuinoxP*
and (R,R)-Ph-BPE also gave good conversion with a slightly
decreased ee whilst (R,R)-'Pr-DuPhos exhibited poor results
(entries 4, 7 and 10). Subsequent solvent screening revealed that
the desired products could be obtained in most of the solvents
and 1,2-DCE was the best solvent. (Entry 13, see the ESI).
With the optimized reaction conditions in hand, a series of
(Z2)-o-dehydroamido boronate esters were tested and the results
are summarized in Table 2. All the substrates reacted smoothly
to give the corresponding alkyl-substituted «-amidoboronates
in high yields with good to excellent enantioselectivities (2b, 2d-
2r, and 2u, 99% yield, 57-99% ee). Alkyl-substituted (Z)-o-
dehydroamido boronate esters were well tolerated in the
current reaction, providing the corresponding o-amidoboro-
nates in high yields and excellent enantioselectivities (2d-2i,
99% yield, 96-99% ee). Aryl-substituted (Z)-a-dehydroamido
boronate esters with electron-donating (2j-1, 2n and 2p-r) and
withdrawing (2m and 20) substituents could also give the
desired products in excellent yield with excellent enantiose-
lectivities (90-99% ee). The ortho-methyl-substituted substrate
1r reacted smoothly to give the desired product with excellent
enantioselectivity, but the 2,6-dimethyl-substituted substrate 1z
could not react at all. Functional groups such as ether, halo and
benzyl were well tolerated in the current reaction (2k, 21, 2m and
20-q). Replacement of the N-substituents with acyclic carba-
mate was also tolerated but with a decreased ee (2u and 2z).
Substrates containing a chiral oxazolidin-2-one unit bearing
bulky Ph-substituents around the nitrogen and oxygen were also

1)
Rh(NBD),BF, (0.1 mol%)

X BPin (Rc,Sp)-DuanPhos (0.11 mol%)
N_o —  — —— _——~

" Q(T 50atm Hy, 1,2DCE, 50°C, 48h  2b

«Bpin WBFK
m o KHFa MeOH m

) — D

) W Cr
93% yield

99% yield

0629 98% ee

T™SCI
THF/H,0

; 64% yield
<BPIN py(dba),, XPhos
- B(OH),
cl t\fo Boping, KOAG, (o, o}
pin)B \f N_o
2m lo] dioxane, 85°C 4m (;0 ™ 1;%

68% yield
99% ee

2)

62 mg, 99% ee 96% ee

3)

B
pm//z Rh(NBD),BF; (0.7 mol%) ) Bpin BFK O
N (Sc,Rp)-DuanPhos (0.8 mol%) J( KHF,, MeOH g
. —_ NN
PR %, 50atmHy, 1,2-DCE, 50 °C, 24 h S 0°C-70°C l\/
Ph F‘h Ph 3x'Ph z
1x 2 Ph
069 99% yield, 1:17 d.r. 93% yield, 1:17 d.r.

Pd/C, 50 atm H, MBK o [ j\m \)L ﬁ\
_— T, B(OH),

MeOH/THF, 45 °C
4x

68% yield bortezomib

Scheme 3 Scale-up synthesis and synthetic utility.
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competent, yielding the desired products with good to excellent
diastereoselectivities (2s, 2t, and 2v-y). Of note, the substrate 1s
bearing an N-Ms substituent and the cyclic substrate 1t did not
work in the current reaction. The absolute configuration of
generated a-amidoboronates was assigned as (S) by X-ray crys-
tallographic analysis of 2i (Scheme 3).°

To demonstrate the utility of the products, a scale-up reac-
tion (0.62 g) was successfully performed with 0.1 mol% catalytic
loading, giving 2b in 99% yield and 98% ee, and 2b could be
easily transformed to a more stable a-amidoborate 3b with
KHF,,***' followed by hydrolysis with TMSCI to yield a-amido
boronic acid 4b in 46% yield,* which could also be obtained
from 2b by treating it with BCl; in 84% yield, without loss of the
optical purity.®” 2m could easily be transformed to 4m in 68%
yield by a Pd-catalyzed borylation reaction. Meanwhile, after
hydrogenation of 1x to 2x’ and transformation of 2x’ to its tri-
fluoroborate derivative 3x/, removal of the benzyl group of 3x/
with Pd/C under hydrogenation conditions® yielded the
primary o-aminoborate 4x in 62% yield in three steps, which
could serve as a potential precursor® to synthesize bortezomib.

Conclusions

In summary, we have presented a strategically distinct alterna-
tive for the direct synthesis of chiral alkyl-substituted a-ami-
doboronates by Rh-catalyzed asymmetric hydrogenation. A
series of (Z)-a-dehydroamido boronate esters could be hydro-
genated to the corresponding alkyl-substituted a-amidoboronic
esters in excellent yields with generally excellent enantiose-
lectivities. The boronic acid derivatives and the potential
precursor of bortezomib could be facilely obtained with this
approach. Additional asymmetric transformations of the alkyl-
substituted a-amidoboronates are underway in our laboratory.
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