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Electrocatalytic methods that facilitate the asymmetric reductive coupling of
two Tr-components with complete control over regio-, stereo-, and enantios-
electivity remain underexplored. Herein, we report a highly regio- and enan-

tioselective cobaltaelectro-catalyzed alkyne-aldehyde coupling reaction, in
which protons and electrons serve as the hydrogen source and reductant,
respectively. Earth-abundant cobalt and air-stable (S,5)-2,3-bis(tert-butyl-
methylphosphino)quinoxaline (QuinoxP*) are used as the catalyst and ligand,
respectively. A series of enantioenriched allylic alcohols can be constructed
with excellent regio- (>19:1), stereo- (>19:1 E:Z), and enantioselectivity (up

to 98% ee).

Allylic alcohols are integral subunits of numerous biologically sig-
nificant natural products, as well as versatile building blocks for a
range of synthetic applications?, including m-allyl chemistry’®, Sn2’
displacements*, cationic cyclizations®, Claisen rearrangements®, and
related sigmatropic processes®. Traditionally, the enantioselective
preparation of allylic alcohols involves the generation of alkenylmetal
intermediates from alkynes in the presence of stoichiometric amounts
of R,Zn or RMgX and further reaction with aldehydes via asymmetric
addition’’. These methods are limited by synthetic inefficiencies,
chemical waste issues, and low sustainability. Asymmetric reductive
coupling of alkynes and aldehydes has thus emerged as a straightfor-
ward strategy for obtaining these important substructures, and sub-
stantial progress has been made in recent decades (Fig. 1a). However,
these transformations require excess reducing agent, e.g., explosive
H,'°", pyrophoric Et;B/Me,Zn'*", mass-intensive silane’®”, or
Hantzsch ester (HE)****, which may lead to serious safety issues, high
costs, low functional group tolerance, and low atom economy.
Therefore, it is desirable to develop new strategy for highly regio- and
enantioselective alkyne-aldehyde coupling using an inexpensive, safe,
and easily manipulated reductant.

Electrosynthesis offers an approach for sustainably mitigating the
aforementioned challenges because it uses electrons as inherently safe
redox reagents, thereby avoiding the need for stoichiometric and
reactive (sometimes dangerous) oxidants/reductants®*. To date,
there are few examples of electroreductive coupling of two T-
components* . Mechanistic insights from the successful reports
indicate that active radical species are generated in situ via direct

cathodic reduction of m-components and serve as the key inter-
mediates. These inherently energetic and reactive radical species make
it difficult to ensure enantioselective control. Despite progress in
asymmetric electrosynthesis®**>?!, electrocatalytic methods that
enable asymmetric reductive coupling of two -components with full
regio-, stereo-, and enantioselectivity control are, to our knowledge,
absent from the literature.

Herein, we propose an electroreductive alkyne-aldehyde coupling
reaction using protons, electrons, earth-abundant cobalt, and Qui-
noxP* (L1) as the hydrogen source, reductant, catalyst, and ligand,
respectively (Fig. 1b). This strategy allows for complete control over
the product selectivity. Various enantioenriched allylic alcohols are
constructed using.

Results and discussion
This approach, demonstrating its excellent regio- (>19:1), stereo- (>19:1
E:Z), and enantioselectivity (up to 98% ee).

The proposed electroreductive strategy is triggered by the low-
valent metal-mediated oxidative cyclometallation of alkynes and
aldehydes. Further quenching of the afforded five-membered metal-
lacycle with protons and electrons leads to the desired allylic alcohols
and recycles the catalyst. However, low-valent transition metals are
often highly reactive because they are easily oxidized to high-valent
metal-hydride species following protonation; this reactivity is well
established in electrochemistry’®**. Once metal-hydride is formed
along with the desired oxidative cyclometallation pathway, the regio-,
stereo- and enantioselectivity control will turn to be multiple, making
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Fig. 1| Introduction. a Metal-catalyzed asymmetric alkyne-aldehyde coupling.
b Enantioselective electroreductive alkyne-aldehyde coupling (this work).

the outcome hard to control or predict. Another challenge is that the
competing hydrogen evolution reaction (HER) is thermodynamically
favorable®, and therefore, it competes with the crucial protonation
process. Accordingly, it is necessary to select a suitable proton source
(i.e., sufficiently inert toward metal-hydride formation and kinetically
suppresses H, formation) to ensure successful enantioselective elec-
troreductive alkyne-aldehyde coupling.

Cyclic voltammetry (CV) was used to explore the interactions
between [Co(OAc),/L1] with different proton sources. In the CV profile
of [Co(OAc),/L1], the redox peak at -0.96 V were assigned to the Co"/
Co' couples (Fig. 2a, for details, please see Figs. S3-5 in the SI). The
addition of Acetic Acid (pKa = 4.74) to the solution significantly
increased the current for both the Co"/Co' peak. A negligible change in
the peak currents was observed when the less acidic 2,2,2-tri-
fluoroethanol (TFE; pKa = 12.5) was added. These results implied that
stronger acids (e.g., Acetic Acid) facilitated protonation of the low-
valent cobalt complex, whereas less acidic 2,2,2-trifluoroethanol led to
relatively inefficient protonation.

Furthermore, differential Electrochemical Mass Spectrometry
(DEMS) showed that a higher hydrogen evolution reaction current was
observed for [Co(OAc),/L1] with Acetic Acid (Fig. 2b), whereas there
was negligibly small hydrogen evolution reaction current with 2,2,2-
trifluoroethanol. These results revealed that a relatively weak acidic
proton source could efficiently inhibit the undesired metal-hydride
formation and hydrogen evolution reaction, thereby promoting the
reaction efficient and selectivity.

Next, the effects of proton source on the electroreductive cou-
pling of alkyne (1a) and aldehyde (1b) was investigated in an undivided
cell equipped with a magnesium anode and a graphite felt cathode
using [Co(OAc),/L1]. As shown in Fig. 2¢c, indeed, the pKa value of
proton source was crucial for determining the reaction efficiency and
selectivity. More acidic acetic acid led to low yields and selectivities,
while weakly acidic 2,2,2-trifluoroethanol afforded high yields and
excellent regio-, stereo-, and enantioselectivity.

Investigation of the reaction conditions

Having established the proof of concept, the enantioselective elec-
troreductive coupling of alkynes and aldehydes was optimized. As
shown in Table 1, the desired allylic alcohol 1 was isolated in 77% yield
with excellent regio- (>19:1), stereo- (>19:1), and enantioselectivity (95%
ee) when using CoBr; as the catalyst, QuinoxP* (L1) as the ligand, and
TFE as the proton source (entry 1). When other Co precursor, such as
Co(0OAc),, and Co(acac),, were applied instead of CoBr,, the yield of
the desired product decreased more or less (entries 2 and 3). A non-
sacrificial anode or a platinum cathode which favored hydrogen evo-
lution reaction, was not suitable for this reactivity (entries 4-5).
Notably, the solvent influenced the reaction efficiency significantly
(entries 6-7), and dimethylacetamide (DMAc) was the optimal solvent.
When other chiral diphosphine ligands (L2-L3), bisoxazoline ligands
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Fig. 2 | Initial mechanistic studies. a CV studies of the interaction of [Co(OAc),/L1]
with different proton sources. b Comparison of hydrogen current for [Co(OAc),/L1]
with different proton sources under a constant cathode potential at -1.6 V vs Ag/
AgCl. c Effects of proton sources on electroreductive alkyne-aldehyde coupling; For
details, see the Supplementary information.

(L4), or phosphinooxazoline ligands (L5) were used instead of L1, lower
enantioselectivities and yields were obtained (entries 8-11). Notably, as
an environmentally friendly source of protons, HO can be used as
hydrogen source as well, and the desired allylic alcohol 1 was isolated
in 45% yield with excellent regioselectivity (>19:1), stereoselectivity
(>19:1), and enantioselectivity (88% ee, entry 12). Additional experi-
ments confirmed that proton source, and electricity were all critical
components of the reaction (entries 13-14).

Scope of substrates

Applying the optimized conditions, we investigated the general-
izability of this protocol with respect to alkynes. As shown in Fig. 3, a
variety of unsymmetrical aryl-substituted internal alkynes, either sub-
stituted with electron-rich (e.g., OMe, SMe, alkyl) or electron-deficient
groups (Ph, Cl, ester, CF3, ketone), were viable in this reaction, giving
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Table 1 | Optimization of the reaction conditions ?

Entry [Co] (10 mol%) Ligand (10 mol%) Electrodes Solvent Yield (%)° ee (%)° '/ EZ

1 CoBr, L1 Mg(+) | GF(-) DMAc 77 95 >19:1/>19:1
2 Co(OAc), L1 Mg(+) | GF(-) DMAc 45 88 >19:1/>19:1
8 Co(acac), L1 Mg(+) | GF(-) DMAc 62 93 >19:1/>19:1
4 CoBr, L1 Pt(+) | GF(-) DMAc n.d. - -

5 CoBr, L1 Mg(#) | Pt(-) DMAc 19 92 >19:1/>19:1
6 CoBr, L1 Mg(+) | GF(-) THF n 60 89:11/>19:1
7 CoBr, L1 Mg(+) | GF(-) Acetone 8 52 81:19/>19:1
8 CoBr, L2 Mg(#) | GF(-) DMAc 37 82 94:6/>19:1
9 CoBr, L3 Mg(+) | GF(-) DMAc 23 16 68:32/>19:1
10 CoBr, L4 Mg(®) | GF() DMAc n.d. = =

n CoBr, L5 Mg(+) | GF(-) DMAc trace - -

12° CoBr, L1 Mg(+) | GF(-) DMAc 45 88 >19:1/>19:1
13f CoBr, L1 Mg(+) | GF(-) DMAc trace = =

149 CoBr, L1 Mg(#) | GF(-) DMAc n.d. - -

n.d. not detected.

“Reaction conditions: undivided cell, Mg anode (15 mm =15 mm x 0.5 mm), GF cathode (15 mm x 15 mm x 3.0 mm), 1a (0.2 mmol), 1b (0.6 mmol), catalyst (10 mol%), ligand (10 mol%), "BusNBF,4

(0.05M) in solvent (6.0 mL), r.t., 3.0 mA, 2.5 F/mol, argon.

blsolated yield.

°ee (enantioselectivity) value was determined by chiral HPLC.

drr (regioselectivity) and E:Z (stereoselectivity) value was determined by 'H NMR.
°H,0 as a proton source.

w/o TFE.

Sw/o electricity.

the desired chiral allylic alcohols (1-15) with excellent regio- (>19:1)
and enantioselectivities (93%-95% ee). The electronic properties of the
substrates had a slight impact on the reaction efficiency. Alkynes
substituted with naphthalene and carbazole reacted smoothly with 1b,
affording the corresponding products 16 and 17 in moderate yields
with 94%-98% ee. Heteroaryl alkynes, such as 5-(prop-1-yn-1-yl)benzo-
furan and 2-(prop-1-yn-1-yl)thiophene, which are often sensitive to
oxidative conditions, were tolerated in this reaction, furnishing 18 and
19, respectively, with excellent regio- (>19:1), stereo- (>19:1 E:Z), and
enantioselectivities (93%-95% ee). Notably, nonmethyl substituted
alkynes (e.g., ethyl, cyclopropyl, 3-chloropropyl, and n-propyl) were
amenable to this protocol with excellent selectivity, which often lead
to in low regioselectivity in previously reported method using ZnMe,
as reductant”. They afforded structurally diverse enantioenriched
allylic alcohols (20-23, respectively) with excellent selectivities (>19:1
rr, >19:1 E:Z, 94%-96% ee), albeit in lower yields. Internal dialkyl alkynes
(e.g., 24) were not conducive, leading to low regio- and
enantioselectivities.

Next, we explored the scope of the reaction between prop-1-yn-1-
ylbenzene (1a) and a variety of aldehydes. As shown in Fig. 4, a series of
aldehydes bearing electron-rich (e.g., OMe, Me) or electron-poor
groups (e.g., F, Cl, CO,Me, OCF5) reacted smoothly with 1a, furnishing
the corresponding chiral allylic alcohols (25-33) in good to excellent
yields with high enantioselectivity. The naphthyl-substituted aldehyde
(34), which easily undergoes electrochemical Birch reduction via
electron transfer-proton transfer (ET-PT)*, was well tolerated in this
reaction. In addition, 4-(2-pyridinyl)benzaldehyde (35) was compatible
with this protocol, despite exhibiting relatively low reactivity, and no
evidence of pyridine-directed C-H activation was observed. Alkyl
aldehyde was tested as a case study of isobutyraldehyde, and the
desired product (36) was obtained in moderate yield with 76% ee.

The developed electrochemical alkyne-aldehyde coupling reac-
tion was also implemented in late-stage modifications of various nat-
ural products and pharmaceutical derivatives. A series of alkynes
derived from chrysanthemum acid, flurbiprofen, clofibric acid, oleic
acid, and ibuprofen reacted efficiently with 1b and afforded the
desired products (37-41) with excellent selectivities. Furthermore, in a

scale-up experiment with 1, the yield decreased slightly, but the
excellent selectivities (>19:1 rr, >19:1 E:Z, 93% ee) were maintained.

Mechanistic studies

To gain mechanistic insights, the working voltage of the model
reaction was monitored over the course of the electrolysis. The
cathodic potential decreased gradually over the first 90 min and
thereafter remained at approximately -1.5V (Fig. 5a). Notably, the
cathodic potential was significantly more negative than the reduc-
tion potential required for Co"/Co' reduction (Fig. 2b), but more
positive than the reduction potential needed for the reductions of 1a
and 2b (Fig. 5b). A plot of the yield of 28 over time for the model
reaction revealed an inductive period for this reaction (Fig. 5c).
Furthermore, a competitive racemic background process was not
detected because the ee values of the product remained constant
(92%-94% ee) when varying the current intensity from 1 to 10 mA
(Fig. 5d). This result confirmed that the reaction efficiency and
enantioselectivity originated from cobaltaelectro-catalyzed alkyne-
aldehyde coupling. Thus, electroreductive generation of a reactive
low-valent catalyst species is needed for this protocol. In addition, a
linear relationship was observed between the enantiopurities of L1
and product 1 (Fig. 5e), revealing that a monomeric Co-complex
bearing a single chiral phosphine ligand is involved in the
enantioselectivity-determining step*. This cobalt complex | was
characterized by X-ray diffraction (Fig. 5f).

To explore the reaction mechanism, we conducted control
experiments. Firstly, the desired product was isolated in 78% yield with
92% ee when cobalt complex | was employed as the catalyst (Fig. 6a),
indicating that this Co-complex I is the catalytic species in this proto-
col. Radical scavengers 2,4-di-tert-butyl-4- methylphenol (BHT) and 1,1-
diphenylethylene marginally affected the reaction efficiency (Fig. 6b),
suggesting that radical intermediates were not involved. Furthermore,
the desired chiral allylic alcohol 1 was not detected when propa-1,2-
dien-1- ylbenzene (3a) was employed instead of alkyne 1a, thus ruling
out that allene was generated in situ and served as the key intermediate
(Fig. 6¢). Approximately 69% deuterium was incorporated into the
vinyl position of product 1 when D,0O was used as the proton source,
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Fig. 3 | Substrate scope of alkynes. Reaction conditions: alkynes (0.2 mmol), aldehydes (3.0 equiv.), "BusNBF, (0.05 M), DMAc (6.0 mL), r.t., 2.5 F/mol, 3 mA, argon.
23,0 mA, 5.0 F/mol. *Aldehydes (5.0 equiv.).

thereby verifying that protons were the hydrogen source for this Initially, the low-valent (L*)Co" species A is formed via cathodic
reaction (Fig. 6d). reduction*®**’, Then, coordination of the alkyne and aldehyde with A,

On the basis of the experimental results presented herein and in  followed by oxidative cyclization, furnishes the metallacycle inter-
previous studies®*?°%, a potential mechanism is proposed (Fig. 7). mediate C. Further protonation of C by 2,2,2-trifluoroethanol leads to
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Fig. 4 | Substrate scope of aldehydes, natural product derivatives. Reaction conditions: alkynes (0.2 mmol), aldehydes (3.0 equiv.), "BusNBF4 (0.05 M), DMAc (6.0 mL),

r.t., 2.5 F/mol, 3 mA, argon.

the formation of chiral allylic alcohols and (L*)Co™? species D*°.
Finally, A is regenerated via cathodic reduction of D. As the cathodic
potential (-1.5V vs. Ag/AgCl, Fig. 5a) during electrolysis was sig-
nificantly more negative than the reduction potential required for Co"/
Co' reductions (-0.96 V vs. Ag/AgCl, Fig. 2b), thus (L*)Co' might be
existed in this protocol.

In summary, this report describes a highly enantioselective elec-
troreductive coupling of alkynes and aldehydes. The protocol uses
commercially available cobalt and QuinoxP*, where protons and elec-
trons serve as the hydrogen source and reductant, respectively. A
broad range of chiral allylic alcohols can be efficiently synthesized with
excellent regio- (>19:1), stereo- (>19:1 E:Z), and enantioselectivities (up
to 98% ee). Mechanistic studies suggest that a monomeric Co complex
bearing a single chiral phosphine ligand is involved in the

enantioselectivity-determining step. Further developments of enan-
tioselective cross-couplings of other m-containing compounds are
ongoing in our laboratory.

Methods

General procedure

An oven-dried 10 mL two-necked glass cell with a teflon-coated
magnetic stir bar (® 7mm * L 13.5mm) was cooled to ambient
temperature. "BuyNBF, (0.05M, 98.8 mg), aldehydes (3.0 equiv.,
0.6 mmol) were successively added into the 10 mL two-necked glass
cell. The Mg anode (15mmx15mmx0.5mm) and graphite felt
(15 mm x 15 mm x 3.0 mm), embedded a rubber cap with a distance of
around 0.5cm between them, were inserted into the 10 mL two-
necked glass cell. Then, the two-necked glass cell was transferred
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into the glovebox for pumping three times. CoBr, (10 mol%, 4.4 mg),
(5,5)-QuinoxP*(L1) (10 mol%, 6.7 mg) were added in a glovebox. The
reaction cell was sealed and moved out from the glovebox. The dry
DMAc (6.0 mL), alkynes (1.0 equiv., 0.2 mmol), and TFE (2.0 equiv.,

reaction, sat. NH,Cl aq. was poured into the reaction mixture and

extracted with ethyl acetate. The organic layer was washed with

29 plL) were successively added into the mixture under argon. Then

the resulting mixture was stirred (r.p.m.=1000) at room tempera-
ture (25°C), and electrolyzed under a constant current of 3.0 mA
from DC power for 4h 28 min under argon immediately. After

Data availability

water, dried over Na,SO,, and the solvent was removed under
vacuum. The corresponding products were then purified by flash
chromatography on silica gel (column type: Biotage Rensing Car-
tridge 10 g; eluent: petroleum ether/ethyl acetate =19:1 > 9:1).

Data relating to the characterization data of materials and products,
general methods, optimization studies, experimental procedures,
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mechanistic studies and NMR spectra are available in the Supple-
mentary Information. Crystallographic data for the structures repor-
ted in this Article have been deposited at the Cambridge
Crystallographic Data Centre, under deposition numbers CCDC
2374768 (5) and 2366356 (cobalt complex I). Copies of the data can be
obtained free of charge via https://www.ccdc.cam.ac.uk/structures/.
All data are also available from the corresponding author upon
request.
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