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Abstract

Enantioenriched a-aminoboronic acids play a unique role in medicinal chemistry and have
emerged as privileged pharmacophores in proteasome inhibitors. Additionally, they represent
synthetically useful chiral building blocks in organic synthesis. Recently, CuH-catalyzed
asymmetric alkene hydrofunctionalization has become a powerful tool to construct stereogenic
carbon centers. In contrast, applying CuH cascade catalysis to achieve reductive 1,1-
difunctionalization of alkynes remains an important, but largely unaddressed, synthetic challenge.
Herein, we report an efficient strategy to synthesize a-aminoboronates v/a CuH-catalyzed
hydroboration/hydroamination cascade of readily available alkynes. Notably, this transformation
selectively delivers the desired 1,1-heterodifunctionalized product in favor of alternative
homodifunctionalized, 1,2-heterodifunctionalized, or reductively monofunctionalized byproducts,
thereby offering rapid access to these privileged scaffolds with high chemo-, regio- and
enantioselectivity.

Alkenes and alkynes are ideal starting materials in organic synthesis due to the fact that they
can be readily prepared using a variety of convenient synthetic methods and are widely
available from commercial suppliers. Catalytic functionalization of the rt-bonds in these
substrates leads to a valuable array of building blocks and in the case of alkenes offers a
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gateway to chiral products from planar achiral starting materialsl4. The myriad of options
for alkene functionalization notwithstanding®®, the development of a complementary
platform for stereoselective multi-functionalization of alkynes that bypasses synthesis and
isolation of an alkene intermediate would be enabling, as it would increase the scope of
product structures that can be accessed, reduce step count, and improve atom economy.

In light of the rapid rise of CuH catalysis for enabling hydrofunctionalization of carbon-
carbon rt-bonds during recent years (Fig. 1A)":8, this type of system appeared to be a
plausible means of achieving reductive alkyne difunctionalization. Specifically, we
envisioned that a single CuH catalyst would play the dual role of converting the alkyne
starting material into a functionalized alkene and subsequently hydrofunctionalize this
alkene intermediate to the desired 1,1-difunctionalized product (Fig. 1B). Using a single
CuH catalyst system rather than two separate catalysts for each of the steps offer the
advantages of operational simplicity, reduced cost, and lower likelihood of cross-
compatibility problems. The key challenge in this regard is to identify a catalyst that would
exhibit the requisite levels of selectivity in each of the key steps and minimize side product
formation. Indeed, several issues pertaining to reagent compatibility and catalyst selectivity
could be anticipated during the development of this platform, including the possibility of
side reactions stemming from homodifunctionalization®, reduction1®1, or non-selective
hydrometalation (Fig. 1C)12. In parallel to the present study, Lalic and coworkers described
a cascade CuH/Pd dual catalytic system to access racemic 1,1-borylarylated products from
alkynes13.

Several groups have previously disclosed relevant CuH-catalyzed hydrofunctionalization
reactions of functionalized alkenes'4-20, We were particularly inspired by a seminal
publication by Hirano and Miura describing a procedure for enantioselective CuH-catalyzed
hydroamination of alkenylBdan substrates (dan = naphthalene-1,8-diaminato) to access
chiral 1,1-aminoboronates (Fig. 1D)7, which are widely used in commercial proteasome
inhibitor therapeutics?1-24, Though highly enabling in its own right, Hirano and Miura’s
method has notable drawbacks, including variable yields across different alkene substrates,
the need to prepare the alkenylBdan starting material (which is then used in excess, 1.2
equiv) through a 1-2 step sequence, and the relative high loading of catalyst and ligand
loading (10 mol%).

Herein, we report an efficient strategy to synthesize enantioenriched a-aminoboronates via a
cascade process in which a single CuH catalyst mediates sequential hydroboration and
hydroamination of readily available alkyne substrates. The transformation offers practical
value in streamlining access to the important aminoboronates substructure in a manner that
complements existing methods 2°-34, This system takes advantage on in situ formation of the
key terminal alkenylBdan intermediate, a process that had only been described for aliphatic
alkynes with HBpin (pin = pinacolato) using a CusNHC catalyst (NHC = A-heterocyclic
carbene) prior to this work35-37, This reaction is compatible with aliphatic and aryl alkynes,
as well as acyclic and cyclic O-benzoyl hydroxylamine electrophiles, including those
containing an C=C bond. The cascade transformation can be performed in an intramolecular
fashion to generate heterocyclic boronates, namely azetidine-2-ylboronates and pyrrolidin-2-
ylboronates. Additionally, this strategy facilitates the efficient synthesis of the aminoboronic

Nat Catal. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gao et al. Page 3

acid drug, bortezomib. Mechanistic studies including reaction kinetics and DFT calculations
shed light on the origin of the experimentally observed chemoselectivity and
enantioselectivity.

Results

Optimization studies

We first examined possible reaction conditions by using 5-phenyl-1-pentyne (1a) as the
model substrate, O-benzoyl- N, N-dibenzylhydroxylamine as the amine electrophile, HBdan
as the boron reagent, and polymethylhydrosiloxane (PMHS) as the hydride source. As
summarized in Fig. 2A, a diverse array of bisphosphine ligands were examined for their
efficiency to promote the cascade reaction. The desired product 4a could be isolated in 42%
yield and 56% ee by initially choosing (/,)-DM-Segphos as the ligand (entry 1). We were
delighted to find that sterically bulky (/,)-DTBM-Segphos was a suitable ligand, providing
a-aminoboronic ester 4a in 61% yield and 95% ee without any observation of homo-
difunctionalized byproducts (entries 2-3). A series of ligands bearing alternative backbones
led to the desired product 4a in low yields (entries 4—7). Further screening of boron and base
sources did not lead to any improvement (entries 8-10). The optimal reaction conditions
were found by slightly tuning the amount of PMHS and LiOBu (80%, 96% ee, entry 11).

Scope of the reaction

After obtaining the optimized reaction conditions, we systematically investigated the
substrate scope of terminal alkynes (Fig. 2B). A wide range of alkynes could be successfully
transformed into the target products in good yields, high regioselectivity, and excellent
enantioselectivity. Alkynes containing different primary alkyl chains all readily underwent
efficient sequential hydroborylation/hydroamination (4a—d). Reactions of alkynes featuring
sterically hindered isopropyl and cycloalkyl groups proceeded smoothly to deliver the
corresponding products in synthetically useful yields with high levels of stereoinduction
(4e—i). Of particular note, the alkyne with a pendant piperidine, a common heterocycle found
in medicinally relevant molecules, was also a competent coupling partner (4j). Ester and
amide functional groups did not show any deleterious effect on the efficiency of this reaction
(4k—m). The cascade reductive 1,1-difunctionalization of phenylacetylene delivers the
enantioenriched product 4n in 60% yield and 97% ee. Gratifyingly, this reaction could be
scaled up to 2- or 3-mmol scale without notable erosion of yield and enantioselectivity (4a
and 4e).

The generality of this reaction was further evaluated by exploring different hydroxylamine
electrophiles, as shown in Fig 2B. Acyclic hydroxylamine derivatives were subjected to the
reaction conditions, affording a-amidoboronates 40—q in 83-89% vyields and 96-97% ee. N\-
benzyl-N-allyl- and N, N-diallylhydroxylamine electrophiles (2r—s) were competent partners,
allowing highly chemo-, regio- and enantioselective synthesis of 4r and 4s with preservation
of the alkene moieties, a somewhat surprising result given that alkenes display a high degree
of reactivity with hydroxylamine electrophiles and boron hydride reagents in the presence of
copper hydrides. This strategy also allows for the straightforward and expedient synthesis of
a-aminoboronates containing saturated aza-heterocycles (4t—zd). It is worth noting that the
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desired products containing morpholine (4w, 4zc-zd), thiomorpholine (4x),
tetrahydrothienopyridine (4y) and piperazine (4z—zb) are important for drug development
considering the prevalence of these heterocyclic motifs in medicinal chemistry. Across these
different experiments, the only product generally observed was the desired 1,1-
aminoborylated compound, with the remainder of the material typically being unreacted
alkyne substrate, hydroborylated intermediate, or decomposition byproducts. The exquisite
selectivity is noteworthy given the three-component nature of the reaction and the possibility
for multiple competing hydroamination and hydroboration processes. In cases where it is a
possible to make a direct head-to-head comparison with Hirano and Miura’s procedure for
hydroboration of pre-formed alkenylBdan reagents!’, this cascade procedure typically
provides similar or higher yields (see Supplementary Figure 6 for details), illustrating the
synergistic nature of the two catalytic cycles involved (see below).

Synthetic utility

Mechanistic

We hypothesized that an intramolecular cascade hydroboration and hydroamination might
occur if the hydroxylamine electrophile and alkyne were tethered together38. To our delight,
the benzoyl-protected amine derivative resulted in the formation of the desired azetidin-2-
ylboronate, which represents another class of pharmaceutically important heterocycles, in
63% yield and 89% ee (Fig. 3A). Furthermore, the incorporation of pivaloate and electron-
rich p- N, N-dimethylaminobenzoate3? generate 4ze in slightly reduced yield and
enantioselectivity. Notably, pyrrolidin-2-ylboronate could be conveniently accessed in a
highly enantioselective manner through the same intramolecular hydrofunctionalization
strategy (4zf).

To demonstrate the utility of this method in enabling synthesis of diverse chiral building
blocks, we next sought to established robust methods for cleaving the protecting groups on
nitrogen and boron and to apply this strategy to a representative product in a multi-step
synthetic sequence (Fig. 3B). Product 4a could undergo hydrolysis of the Bdan group to
reveal chiral a-aminoboronic acid 5 in 80% yield. a-Aminoboronic ester 6 could be
efficiently prepared in three steps with a 65% isolated yield and 96% ee by conversion of
Bdan to Bpin under acidic conditions followed by selective hydrogenolysis of one benzyl
group and protection of the secondary amine. Moreover, this convenient approach to
accessing a-aminoboronates provides a facile tool for the construction of proteasome
inhibitors, which will expand access to these compounds and potentially reduce the cost of
research and development. As an example, a-aminoboronate 4e could undergo conversion of
Bdan to Bpin, hydrogenolysis of both benzyl groups, and condensation with Boc-L-Phe-OH
to furnish the peptide 7 in 50% yield (dr >20:1) over three steps. Hydrolysis of 7 with 4 N
HCI provided hydrochloride salt 8, which was coupled with 2-pyrazine carboxylic acid.
Upon subsequent hydrolysis of the Bpin group, the asymmetric total synthesis of
Bortezomib was accomplished (Fig. 3C).

studies

The remarkable selectivity of this reaction for a single enantiomeric product out of the
myriad of possibilities prompted us to examine the reaction mechanism. There are two
feasible reaction pathways, depending on the order of events: either a hydroboration-first
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sequence (Path A) or a hydroamination-first sequence (Path B) (see Supplementary Figure 5
for detailed depictions of these possible mechanisms). To probe which was operable, we
subjected each of the putative intermediates, alkenylBdan A (Path A) and substituted
enamine B (Path B), to the reaction conditions (Fig. 4A). We found that alkenylBdan A
could be converted to the desired product in similar ee to in the cascade sequence, while
enamine B only led to decomposition. These results show that alkenylBdan A is a competent
intermediate and that enamine B is not, ruling out Path B. Furthermore, during kinetics
experiments (vide infra), we observed free alkenylBdan in solution, which corroborates the
conclusion that Path A is operative. Notably, the addition of HBdan to a hydroamination-
only reaction of alkenylBdan A significantly improves the yield.

We next moved on to examine the reaction kinetics. First we performed initial rate
experiments on the cascade process with 1a and 2a as representative reactants. From in situ
monitoring, we found that alkenylBdan A built up quickly to [A] = 17 mM and then leveled
off. Alkyne 1a was gradually consumed and converted to 4a, indicating that hydroboration
of 1a still takes place in the presence of alkenylBdan A. Concentration dependencies on
individual components were as follows: zero-order in [1a] and [2a], fractional-negative-
order in [PMHS], and fractional-positive-order in [CuBr] catalyst, [LiO?Bu], and [HBDan].
We found that the kinetic behavior of the cascade process was essentially identical to that of
a hydroamination-only cycle using reaction of alkenylBdan A as starting material (Fig. 4B,
see Supplementary Figure 8 for additional data), suggesting that hydroamination is the
turnover-limiting cycle. Furthermore, both the cascade and hydroamination-only reactions
were zero-order in [A]. Within the hydroamination cycle, zero-order dependencies on [A]
and [2a] and fractional-positive-order dependency on [LiOBu] rule out hydrocupration and
electrophilic amination, as turnover-limiting steps, pointing to a base-mediated catalyst
regeneration process as turnover-limiting3®-41. The complex pattern of rate dependencies on
[LiO®Bu], [PMHS], and [HBDan] point to an intricate network of interactions. Though the
mechanistic details of these steps are somewhat unclear, the data are consistent with a
scenario in which LiOBu promotes regeneration of LCuH catalyst from LCuOBz via the
intermediacy of LCuO’Bu. The negative rate order of [PMHS] may be attributed to
deactivating interactions between PMHS and LiOBu“2, which may reduce the concentration
of active base, thereby inhibiting formation of LCuO’Bu. The observation of positive order
of [HBdan] indicates that some percentage of active LCuH may also be generated from
reaction of HBdan with LCuO’Bu or LCuOBz.

To understand the origins of selectivity, the hydroboration-only cycle was also examined
(Fig. 4C). In this case, we observed a maximum of 10-20% of alkenylBdan A formation. At
extended reaction times, we noticed the appearance of reduced alkylBdan B (7%). Upon
spiking a hydroboration-only experiment with the amine electrophile, the 1,1-aminoboronate
product could be formed catalytically (see Supplementary Figure 5). These experiments
suggest that CuH reacts rapidly with alkenylBdan to form an a-boryl-alkyl-Cu
species?34344 which is off-cycle in the hydroboration-only process but on-cycle for the
hydroamination cycle in the overall cascade. This is further supported by 3P NMR analysis
of the hydroboration-only cycle; upon mixing a catalytic amount of in situ-generated LCuH
and A, a new major resting state, presumably the a-boryl-alkyl-Cu intermediate, was
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observed at —8.4 ppm (see Supplementary Figure 11). The regioselectivity of CuH addition
is controlled by electronic polarization of the alkene due to the Bdan substituent!®. We next
performed density functional theory (DFT) calculations to investigate the feasibility of
forming the off-cycle a-boryl-alkyl-Cu species under the hydroboration-only conditions.
Our calculations indicated that the hydrocupration of alkyne (TS1) is the rate-limiting step
in the hydroboration-only cycle. The subsequent transmetallation of the alkenyl-copper
intermediate 11 occurs via a stepwise mechanism and requires lower barriers (see
Supplementary Figure 12 for details). The hydrocupration of alkenylBdan (12) via TS2
requires a 5.7 kcal/mol lower barrier than that of alkyne via TS1. Therefore, in the presence
of alkenylBdan (12), the LCuH catalyst 8 is consumed to form a-boryl-alkyl-Cu 14 as an
off-cycle intermediate. Consequently, the alkyne hydroboration is suppressed due to catalyst
inhibition by the alkenylBdan product.

In summary, we have developed a cascade CuH-catalyzed method to access enantioenriched
1,1-aminoboronates from terminal alkynes, thereby simplifying the preparation of this
family of biomedically important products. It is expected that this general blueprint to
enantioselective reductive 1,1-difunctionalization will be applicable to array of different
transformations, thereby allowing alkynes to serve as direct progenitors to chiral scaffolds of
broad interest.

General procedure

To a flame-dried reaction tube equipped with a Teflon-coated magnetic stir bar were added
CuBr (1.4 mg, 0.01 mmol, 0.05 equiv), (Ry)-DTBM-Segphos (14.2 mg, 0.012 mmol, 0.06
equiv), and LiOBu (50.0 mg, 0.625 mmol, 3.125 equiv) under N, atmosphere, and the
reaction vessel was evacuated under high vacuum for 10 min then back-filled with N».
Anhydrous THF (1.0 mL) was added, and the mixture was stirred at room temperature for
10 min. Next, polymethylhydrosiloxane (PMHS, 111.3 mg, 0.5 mmol, 2.5 equiv) and HBdan
(40.3 mg, 0.24 mmol, 1.2 equiv) were added successively, and the resultant mixture was
stirred at room temperature for an additional 10 min. Finally, alkyne 1 (0.2 mmol, 1.0 equiv)
and BzONRR? (0.24 mmol, 1.2 equiv) were added in succession. The reaction solution was
allowed to stir at room temperature for 16 h, at which point it was filtered through a pad of
celite and concentrated /n vacuo. After removal of volatiles under reduced pressure, the
resulting residue was purified by silica gel flash column chromatography to afford the
desired product 4.

Data availability

Most of the data that support the findings of this study are available within the article and its
Supplementary Information. Additional data are available from the corresponding author
upon reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. general depiction of classical CuH reactivity:
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C. potential pitfalls
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D. key precedent (Hirano and Miura, 2015)

A _Bdan cat. Cu(OAc), H
RTY cat. DTBM-Segphos NR
N ap R)\:/ 2
BZONR, PMHS, base Bdan
limitations

« variable yields
« 1-2-steps to alkenylBdan
« high catalyst/ligand loading (10 mol%)

E. commercial drugs containing an a-aminoboronate

Ao b

o™ e
bortezomib delanzomib
O O
Cl O OH
N/\n,
M
\/ *0? oH
Cl Me
ixazomib

Overview of proposed approach to CuH-catalyzed cascade reductive of difunctionalization
of alkynes. A, General depiction of classical CuH reactivity in hydrofunctionalization of
simple alkynes and alkenes. B, C, Design of CuH-catalyzed cascade process for alkyne 1,1-
difunctionalization and potential pitfalls. D, Key precedent of CuH-catalyzed
hydroamination of alkenylBdan. E, Commercial drugs containing an a-aminoboronate.
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Fig. 2.

Discovery and evaluation of CuH cascade process.A, Reaction optimization. B, Substrate
scope. (see Supplementary Information Section 1.3.2)

4Reaction conditions for optimization experiments: 1a (0.2 mmol), 2a (0.24 mmol), 3 (0.24
mmol), PMHS (0.4 mmol), LiOBu (0.4 mmol), CuBr (5 mol%), and ligand (6 mol%) in
THF (1.0 mL) at room temperature for 16 h. nd = not determined. ZIsolated yield. The
enantioselectivity was determined by SFC analysis. ?HBPin instead of HBdan. éNaO™Bu as
the base. ’/KO’Bu as the base. 9PMHS (2.5 equiv) and LiOBu (3.125 equiv). "Using PMHS
(3.0 equiv) and LiOBu (3.75 equiv).
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intramolecular cyclization
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Fig. 3. Synthetic applications of enantioselective 1,1-aminoboration method.
A, CuH-catalyzed intramolecular cascade hydroboration and hydroamination. B,

Deprotection of Bn and Bdan group. C, Synthesis of bortezomib.
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Fig. 4.

AG = 5.0 kcal/mol

AG* = 17.9 keal/mol

AG = —13.6 kcal/mol

Mechanistic Overview. A, Experiments to establish the competency of plausible
intermediates. B, Initial rate measures revealing that the hydroamination cycle is turnover-
limiting. C, Experiment to gain insight into the nature of the hydroboration-only cycle. D,

Proposed catalytic cycle. E, Computational studies.

aYield determined by 'H NMR. © The bracketed values correspond to an experiment with

added HBdan (1.2 equiv).
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