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etric hydrogenation of (Z)-a-
dehydroamido boronate esters: direct route to
alkyl-substituted a-amidoboronic esters†

Yazhou Lou,a Jun Wang,a Gelin Gong,a Fanfu Guan,a Jiaxiang Lu,a Jialin Wen ab

and Xumu Zhang *a

The direct catalytic asymmetric hydrogenation of (Z)-a-dehydroamino boronate esters was realized. Using

this approach, a class of therapeutically relevant alkyl-substituted a-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

bortezomib. The clean, atom-economic and environment friendly nature of this catalytic asymmetric

hydrogenation process would make this approach a new alternative for the production of alkyl-

substituted a-amidoboronic esters of great potential in the area of organic synthesis and medicinal

chemistry.
Since FDA approval of bortezomib1 for the treatment of multiple
myeloma, chiral a-aminoboronic acids have been recognized as
key pharmacophores for the design of proteasome inhibitors.2

The incorporation of chiral a-aminoboronic acid motifs at the
C-terminal position of a peptide3 to develop potential clinical
drug candidates has drawn increasing interest4 (Fig. 1). Mean-
while, chiral a-amidoboronic acids and their derivatives are
useful synthetic building blocks for the stereospecic
construction of chiral amine compounds.5 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,6 borylation of
imines,7 and alkene functionalization.8 Recently, two other
elegant approaches, Ni-catalyzed decarboxylative borylation of
a-amino acid derivatives9 and enantiospecic borylation of
lithiated a-N-Boc species,10 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 auxiliaries6,7a,b or substrate-control strategies9

and most of these methods enable the construction of aryl-
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hemistry 2020
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 Miura8a and Scheidt7f 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 a-
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 (Z)-
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
purication.

Catalytic asymmetric hydrogenation of olens is an atom-
economic, environmentally friendly and clean process for the
Fig. 1 Selected inhibitors containing chiral alkyl-substituted a-ami-
doboronic acids.
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Scheme 2 Synthetic route to (Z)-a-dehydroamino boronates.

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

Entry Sub Ligand Conv.b (%) eec (%)

1d 1a (Rc,Sp)-DuanPhos 89 n.d.
2e 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
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synthesis of valuable pharmaceuticals, agricultural compounds
and feedstock chemicals.11 Recently, hydrogenation of vinyl-
boronic compounds has emerged for the preparation of chiral
boronic compounds in a regiodened manner.12,13 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-products14

(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 a-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 oen required.15

Thus, we envisaged that N-carboxyl protected a-dehydroamido
boronate esters could serve as a potential precursor for the
synthesis of alkyl-substituted a-amidoboronates through Rh-
catalyzed asymmetric hydrogenation of the C]C bond16

(Fig. 1), a strategically distinct approach to the construction of
unfunctionalized alkyl-substituted a-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;17 (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
Scheme 1 Approaches towards the synthesis of chiral alkyl-
substituted a-aminoboronic esters.

852 | Chem. Sci., 2020, 11, 851–855
approaches to construct valuable motifs,18 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.19

However, different a/b-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 ESI† for details). Of note, (Z)-a-dehydroamido boronate
esters should be puried with deactivated silica gel,7c or else
protodeborylation would occur readily with ash
chromatography.
7 1b (R,R)-iPr-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 (S,S)-f-Binaphane >99 61
12 1b (2S,4S)-BDPP >99 59
13e,f,g 1b (Rc,Sp)-DuanPhos >99(99) 99

a Unless otherwise mentioned, the reactions were performed with 1 (0.1
mmol), Rh(NBD)2BF4 (10 mol%), and a ligand (11 mol%) in 1.0 mL THF
at 50 �C for 15 h. b Determined by crude 1H NMR. c Determined with
chiral HPLC. d The reaction was performed in iPrOH. e Rh(NBD)2BF4
(1.0 mol%) and ligand (1.05 mol%) were used. f Isolated yield in
parentheses. g 1,2-DCE was used as the solvent. Pin ¼ 2,3-dimethyl-
2,3-butanediol; dan ¼ 1,8-diaminonaphthalene.

This journal is © The Royal Society of Chemistry 2020
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In order to check the feasibility of our hypothesis, three
substrates were prepared with Rh(NBD)2BF4 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
Table 2 Substrate scope.a,b,c

a Unless otherwise mentioned, the reactions were performed with 1 (0.1
mmol), Rh(NBD)2BF4 (1.0 mol%), and a ligand (1.05 mol%) in 1.0 mL
1,2-DCE at 50 �C under 50 atm H2 for 15 h. b Isolated yield.
c Determined with chiral HPLC. d Determined by crude 1H NMR.

This journal is © The Royal Society of Chemistry 2020
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)2BF4 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)-iPr-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
(Z)-a-dehydroamido boronate esters were tested and the results
are summarized in Table 2. All the substrates reacted smoothly
to give the corresponding alkyl-substituted a-amidoboronates
in high yields with good to excellent enantioselectivities (2b, 2d–
2r, and 2u, 99% yield, 57–99% ee). Alkyl-substituted (Z)-a-
dehydroamido boronate esters were well tolerated in the
current reaction, providing the corresponding a-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–l, 2n and 2p–r) and
withdrawing (2m and 2o) 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, 2l, 2m and
2o–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
Scheme 3 Scale-up synthesis and synthetic utility.

Chem. Sci., 2020, 11, 851–855 | 853
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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 conguration of
generated a-amidoboronates was assigned as (S) by X-ray crys-
tallographic analysis of 2i (Scheme 3).20

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
KHF2,6d,21 followed by hydrolysis with TMSCl to yield a-amido
boronic acid 4b in 46% yield,22 which could also be obtained
from 2b by treating it with BCl3 in 84% yield, without loss of the
optical purity.8b 2m could easily be transformed to 4m in 68%
yield by a Pd-catalyzed borylation reaction. Meanwhile, aer
hydrogenation of 1x to 2x0 and transformation of 2x0 to its tri-
uoroborate derivative 3x0, removal of the benzyl group of 3x0

with Pd/C under hydrogenation conditions23 yielded the
primary a-aminoborate 4x in 62% yield in three steps, which
could serve as a potential precursor15 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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A. Girbig and M. Kalesse, Angew. Chem., Int. Ed., 2013, 52,
5450; (g) D. Chauhan, Z. Tian, B. Zhou, D. Kuhn,
R. Orlowski, N. Raje, P. Richardson and K. C. Anderson,
Clin. Cancer Res., 2011, 17, 5311.

5 (a) T. Awano, T. Ohmura andM. Suginome, J. Am. Chem. Soc.,
2011, 133, 20738; (b) T. Ohmura, T. Awano andM. Suginome,
J. Am. Chem. Soc., 2010, 132, 13191; (c) T. Ohmura, T. Awano
and M. Suginome, Chem. Lett., 2009, 38, 664; (d) T. Ohmura,
K. Miwa, T. Awano and M. Suginome, Chem.—Asian J., 2018,
13, 2414.

6 Reviews and selected examples, see: (a) D. S. Matteson,
Chem. Rev., 1989, 89, 1535; (b) D. S. Matteson, Acc. Chem.
Res., 1988, 21, 294; (c) D. S. Matteson and M. Debesh, J.
Am. Chem. Soc., 1980, 102, 7588; (d) D. S. Matteson and
K. M. Sadhu, J. Am. Chem. Soc., 1981, 103, 5241.

7 (a) M. A. Beenen, C. An and J. A. Ellman, J. Am. Chem. Soc.,
2008, 130, 6910; (b) A. W. Buesking, V. Bacauanu, I. Cai
and J. A. Ellman, J. Org. Chem., 2014, 79, 3671; (c) K. Hong
and J. P. Morken, J. Am. Chem. Soc., 2013, 135, 9252; (d)
S. Zhang, Y. Zhao, P. Tian and G. Lin, Synlett, 2013, 4, 437;
(e) D. Wang, P. Cao, B. Wang, T. Jia, Y. Lou, M. Wang and
J. Liao, Org. Lett., 2015, 17, 2420; (f) C. B. Schwamb,
K. P. Fitzpatrick, A. C. Brueckner, H. C. Richardson,
P. H. Cheong and K. A. Scheidt, J. Am. Chem. Soc., 2018,
140, 10644.

8 (a) D. Nishikawa, K. Hirano and M. Miura, J. Am. Chem. Soc.,
2015, 137, 15620; (b) N. Hu, G. Zhao, Y. Zhang, X. Liu, G. Li
and W. Tang, J. Am. Chem. Soc., 2015, 137, 6746; (c) L. Chen,
X. Zou, H. Zhao and S. Xu, Org. Lett., 2017, 19, 3676; (d)
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2014, 70, 2654; (c) S. J. Roseblade, E. Casas-Arcé,
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