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Discovering novel catalysts for hydrogen evolution reaction (HER) holds the
potential to revolutionize the energy chemistry and unlock new tool for syn-
thetic processes. Inspired by hydrogenases, we pair alkali metals with cobalt-
Salen catalysts which allow the integration of naked base site into bimetallic
HER catalysts. The incorporation of alkali metals (Na, K, Rb, Cs) significantly
enhances HER activity. Among these, the [Co/K] system exhibits the highest
HER catalytic efficiency (kops ~ 31.4 s71), which is 9 times higher than the
mononuclear analogue. Remarkably, this HER catalyst is repurposed for the
terminal C(sp3)-H functionalization of N-allylimines with imine/aldehyde, a
previously inaccessible transformation. Mechanistic studies reveal that the
naked base site enables selective C-H activation via proton relay, overriding
the inherent preference for Pinacol coupling. The electrochemical protocol
features good functional group tolerance, and opens up a streamlined avenue
for chiral pyrrolines, key precursors of the anti-cancer medicine Larotrectinib.

More importantly, the alkali metal effect is rationalized through structural
analysis, density functional theory (DFT) calculations, and control

experiments.

Developing highly efficient catalysts for the hydrogen evolution reac-
tion (HER)'™ is one of the central topics in energy chemistry, since
hydrogen can be considered an ideal surrogate for fossil fuels. Natural
[NiFe]- and [FeFe]-hydrogenases®® achieve high HER activity through
synergistic bimetallic centers and proton-relaying base sites (Fig. 1a).
These two factors have been individually leveraged to facilitate the
HER catalyst discoveries. The bimetallic’'° strategy has been widely
explored and well-documented in the hetero-"""> and homogeneous” "
HER catalyst discovery (Fig. 1b). Meanwhile, the proton relay
strategy'®”” has proven highly effective in molecular HER catalysts, as
demonstrated in the compelling reports'®?" (Fig. 1b). Nevertheless,
integrating proton relay sites into bimetallic HER catalysts has received
far less attention’. With our long-term research interest> 2 in cobalt-
Salen” " HER catalysis, we envisaged that its modular structure could

serve as an ideal platform for developing such bimetallic HER catalysts
(Fig. 1c). The less explored alkali metals (AM)**** were selected to
combine with cobalt-Salen systems, given their low toxicity and strong
hydride affinity, which would lead to more reactive metal hydride for
HER catalysis. Moreover, the interaction between alkali metals and
oxygen sites can release a naked base site, enabling rapid proton
transfer during HER. Guided by this concept, we devised a series of
cobalt/alkali-Salen catalysts bearing naked base sites, and potassium
ion demonstrated an unmatched enhancement in HER efficiency.
The robust bimetallic HER catalyst offers an unconventional
tool***° for electrochemical C-H functionalization”2%*""*’, as it can
break sp3 C-H bonds into the relative carbanion species while simul-
taneously releasing H,. The functionalization of N-allylimine*®? with
imines provides direct access to various bioactive amines, including
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Fig. 1| Strategies for HER catalyst finding and the C-H functionalization of N-allylimine. a The structure of [NiFe] and [FeFe] hydrogenases. b Reported strategies for
HER catalysts. ¢ The structure of cobalt/alkali-Salen HER catalyst. d The C-H functionalization of N-allylimine. AM alkali metal.

both a- and y-selective products (Fig. 1d). Conventional protocol**
involving excessively strong base "BuLi and the activator N,N,N',N-
tetramethylethylenediamine (TMEDA) predominantly yields «-
selective products. Selectively accessing terminal C-H (y-C-H) func-
tionalized products remains a formidable challenge, although this
unconventional product allows a straightforward pathway to diverse
chiral pyrrolines, which are widespread in 40 U.S. FDA-approved
drugs®® and amino organocatalysts™. In this context, we envisaged that
the developed bimetallic HER catalysts might address the challenge of
terminal C-H selectivity in this reaction. However, the electrochemical
C-H functionalization of N-allylimine faces inherent challenges. That
is, the N-allylimine substrate preferentially couples with imines or
aldehydes to give Pinacol coupling® ™’ products under electroreduc-
tion, owing to its redox-active imine moiety (Fig. 1d). In contrast, C-H
bonds of N-allylimine are poor acidic (pKa>30) and typically con-
sidered redox-unactive. This contradiction poses a great obstacle for
electrochemical C-H functionalization of N-allylimine.

In this work, we unveil that the bimetallic [Co/K] catalyst*® over-
comes this inherent limitation by selectively activating C-H bonds with
a naked base site and efficiently breaking C-H bonds with in situ
formed Co/K hydrides. This electrocatalytic protocol exhibits several
impressive advantages, including good functional group tolerance,
high stereoselectivity, mild reaction conditions, and good scalability.
The versatility of the [Co/K] catalyst is further extended to the terminal
C-H functionalization of N-allylimine with aldehydes.

Results

The catalysts synthesis and catalytic activity evaluation

We set out to synthesize the bimetallic cobalt/alkali-Salen catalyst via a
one-pot procedure (Fig. 2a). The Salen ligand was prepared through
the direct condensation between (L)-3-aminoalanine hydrochloride
and two equivalents of o-vanillin using various alkali metal hydroxides
as base at 50 °C. Further treatment with cobalt acetate and an addi-
tional two equivalents of base gave the desired bimetallic complexes as
a colored precipitate, which can be directly used for catalysis after a
hot filtration. To our delight, this approach is amenable to give a series
of alkali metals (Na, K, Rb, Cs) bimetallic catalysts on a gram scale.
Nevertheless, lithium hydroxide failed to give the desired complex,

presumably due to its mismatched ionic radius. These bimetallic cat-
alysts were unambiguously characterized by nuclear magnetic reso-
nance (NMR) (Figs. S2-S9) and high-resolution mass spectrometry
(HRMS). It reveals that the methoxy anion coordinates with the cobalt
center as an extra ligand. This structure assignment was also verified
by the single-crystal diffraction analysis of cat 2 (Deposition number
2422475 (for cat 2) contains the supplementary crystallographic data
for this paper. These data are provided free of charge by Cambridge
Crystallographic Data Centre). As depicted in Fig. 2b, the potassium
ion is firmly chelated by four oxygen atoms to release a free carbox-
ylate anion. The resulting structure resembles a scorpion, with a
potassium ‘head’ and a carboxylate ‘tail'. In the solid state, the bime-
tallic complexes dimerize readily via a head-to-tail connection.

With the structurally well-defined bimetallic catalysts, we next
probed the influence of alkali metals on the cobalt center by con-
ducting a comparative analysis of the chemical shift of surrounding
proton H? and H® (Fig. 2¢). A consistent trend in the variation of che-
mical shifts was observed for both protons. The stronger the metallic
character of the alkali metal (Cs >Rb > K> Na), the more electron-rich
the cobalt center became. This increase in electron density is expected
to generate more alkaline metal hydride species, thereby enhancing
the efficiency of the hydrogen evolution reaction. Subsequently, we
evaluated the electrochemical properties of the catalysts using a
relevant cobalt-Salen (cat 5) as a reference. The redox potentials cor-
responding to Co™" and Co"' processes were identified (Figs. S11-S15)
and summarized in Fig. 2d. It clearly shows that alkali metals sig-
nificantly change the electrochemical behaviors of Salen catalysts (cat
1-cat 4) compared to cat 5. The redox couples of Co™" uniformly
shifted to more negative potentials, which might be ascribed to the
steric hindrance and electronic effect of the carboxylate anion. On the
other hand, the potential of Co" decreased with the increasing
metallicity of the alkali metals; potassium, rubidium, and cesium
resulted in more negative peaks than that of cat 5. Subsequently, we
investigated the effect of alkali metals on the HER catalytic perfor-
mance using a glassy carbon (GC) electrode in DMF solution with
acetic acid as a proton source (Fig. 2e). Upon treating with the acid, the
reduction waves associated with Co"' were enhanced dramatically. We
quantified the current increment with the ratio (i-/i,) of the catalytic
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Fig. 2 | Synthesis and HER activity of cobalt/alkali-Salen catalysts. a Synthetic
route of cobalt/alkali-Salen catalysts. b Single-crystal structure of cat 2. ¢ The
chemical shifts of the protons in the HER catalysts. d Redox potentials of catalysts.
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e Cyclic voltammograms of HER catalyst (0.01 mmol) and acetic acid (0.175 mmol)
in DMF (3.0 mL) solution with "BuNClOy, as electrolyte. DMF N,N-dimethylforma-
mide, Fc ferrocene.

current and peak current. The result indicates that bimetallic HER
catalysts (cat 1-cat 4) exhibited higher efficiency than the reference
catalyst, cat 5. Notably, the [Co/K] catalyst (cat 1) was recognized as
the most efficient one, displaying the highest ic/i, value (3.56) and a
9-fold higher rate constant (kops=31.4s1) compared to cat 5
(Kobs =3.5s71). This result underscores the critical role of the appro-
priate metallicity and ionic radius of alkali metals in contributing to
both the structural stability of the metal framework and the reactivity
required for H, production. Additionally, the gas chromatography
(GC) experiment further verified the hydrogen product during the
electrolysis (Fig. S32).

Reaction optimization and substrate scope examination
Encouraged by the promising HER catalytic performance, we sought to
access unconventional terminal C-H selectivity in the reaction

between N-allylimine (1a) and Ellman imine® (2a). Initially, we con-
ducted the reaction in the absence of any catalysts using graphite felt
anode and nickel cathode with DMF as solvent (Entry 1, Table 1). As
expected, the corresponding cross-Pinacol coupling product 3a’ was
delivered in 21% yield along with some homo-coupling byproduct.
Variations on other electrolysis parameters, such as electrolyte and
solvent, failed to afford the desired C-H functionalization product (for
details, see Table S2). Gratifyingly, introducing HER catalysts sub-
stantially changed the reaction selectivity (Entry 2-6). The desired
terminal C-H selective product 3a was exclusively accessed by using
cat 5, albeit with only 30% yield (Entry 2). Further modifications on the
structure of mononuclear Salen catalyst have a negligible impact on
the reaction efficiency (Table S2). In contrast, bimetallic cobalt/alkali-
Salen catalysts showed great enhancement in the reaction yield, which
is in good consistency with the HER activity evaluation. The highest
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Table 1 | Optimization of reaction conditions®

0 i i
Ph B> Bu” S NH Bu” S N
HER catalyst (5 mol% H
P“AN/\/ . | DMF, GF(+)-N>iI(-),("BuNCIz)4 NN A I
CCE=18mA,3h,0°C L FnFn
1a 2a 3a 3a’
Entry Variations of reaction conditions Product Yield (%)°
1 No HER catalyst 3a’ 21
2 cat 5 as HER catalyst 3a 30
3 cat 1 as HER catalyst 3a 50
4 cat 2 as HER catalyst 3a 81
5 cat 3 as HER catalyst 3a 68
6 cat 4 as HER catalyst 3a Vi
7 No electricity® - -
8 cat 2 as HER catalyst, zinc plate as anode 3a 52

GF graphite felt, CCE constant current electrolysis, DMFN,N-dimethylformamide.

“Reaction conditions: 1a (1.5 mmol), 2a (0.5 mmol), HER catalysts (5 mol%), "BusNClO,4 (1.0 mmol), DMF (10 mL), graphite felt anode, nickel plate cathode, undivided cell, CCE=18 mA, 3h (4.03F/

mol), 0°C.
blsolated yield, reaction diastereoselectivity (dr) >15/1, E/Z > 20/1;
°48 h.

activity was observed for the [Co/K] complex (cat 2), and the desired
product 3a was afforded in 81% yield (Entry 4). The reaction mon-
itoring experiment (Table S3) further demonstrates that the HER cat-
alyst (cat 2) exhibits high initial catalytic efficiency and maintains good
durability under progressively basic reaction conditions. The control
experiment (Entry 7), removing electricity directly shut down the
reaction even with prolonged reaction time (48h), implying the
necessity of electricity. Replacing the graphite felt anode with a
sacrificial zinc anode largely maintained the reaction yield (52%). This
suggests that the terminal C-H selective product 3a should be gen-
erated via cathodic electrolysis (Entry 8).

Following systematic optimization, we next examined the proto-
col generality with variations on both substrates. A broad range of the
Ellman imines was first subjected to the optimal conditions (Fig. 3). The
electronic effect investigation revealed that electron-deficient sub-
strates (3h-3m) gave the desired product with slightly higher yields
compared to the electron-rich ones (3b-3g). Some useful but con-
ventionally challenging substituents (e.g., thioether, amine, vinyl,
iodine, ester) were amenable to give the terminal C-H functionaliza-
tion product in moderate to good yields (3n-3r). Notably, this method
showed excellent tolerance for other fused rings (3s-3u) and medic-
inally relevant heterocycles, including quinoline (3v), pyridine (3w),
thiophene (3x-3y), and imidazole (3z). Moreover, ferrocene (3aa), as a
key moiety of functional materials, proved to be suitable in the
transformation. The protocol compatibility for substituent patterns
(3ab-3am) was also tested, and the reaction efficiency was largely
maintained. Specifically, substrates bearing bulky groups, such as
2-diphenylphosphino (3ah), 2-allyloxy (3ai), 2,6-methyl (3aj), and
chlorine (3ak) still reacted smoothly, although they resulted in lower
diastereoselectivity. Bioactive fluorinated imines furnish the desired
products (3al-3am) in 79% and 62% yields, respectively. Aliphatic imine
(3an) and diaryl ketimine (3a0) resulted in deteriorated reaction per-
formance, whereas it should be noted that the radical-sensitive
cyclopropyl ring was intact after electrolysis, supporting an ionic
reaction pathway. Furthermore, the mildness of the method allows a
facile platform for the late-stage functionalization of pharmaceutical
(Adapalene 3ar) and natural products (Diacetonefructose 3ap, Vitamin
E 3aq, Cholesterol 3as) that bear multiple functional groups.

Nevertheless, Ellman imines (2at-2au) with acidic a-C-H were found to
be unsuccessful in the reaction since it would interfere with the HER of
N-allylimine C-H. The scope of N-allylimines was also tested by varying
[S-substituents. Alkyl groups afforded the corresponding products
(3at-3au) in good stereocontrol, while aryl groups (3av-3bc) led to
lower E/Z selectivity owing to its similar steric hindrance compared
with the sulfinamide moiety in the product. N-homoallylimine 1bd with
a poor acidic C-H bond was found to be incompatible in the
transformation.

To further demonstrate the robustness of the [Co/K] catalyst, we
extended its application to the terminal C-H functionalization of N-
allylimines with aldehydes. As shown in Fig. 4a, high reaction efficiency
and excellent functional group tolerance (4a-4t) were readily achieved
merely with 2mol% catalyst loading. Intriguingly, N-allylimine con-
taining diene moiety was competent, and the terminal C-H was
selectively functionalized with benzaldehyde to give a new product 4t.
We next investigated the scalability of the electrocatalytic approach
(Fig. 4b). Under simply modified reaction conditions, 5mmol scale
reactions of both benzaldehyde and Ellman imine (2a) proceed
smoothly to couple with 1a, affording respective products 4a and 3ain
acceptable yields. Finally, the derivatization of products to chiral
pyrrolines, diamine, and amino alcohol was conducted. A sequential
procedure involving acidic deprotection and reductive amination
allows a rapid route to transform chiral sulfinamide into pyrroline.
Fortunately, the good retention of the chiral center is observed; cor-
responding products 5 and 6 were afforded with 94% and 96% ee
values, respectively. Noteworthy, chiral pyrroline 6 is a key inter-
mediate for the anti-cancer medicine Larotrectinib®® with an identical
configuration. Furthermore, the direct reduction of corresponding
products with excessive sodium borohydride gives direct access to
chiral diamine (7) and amino alcohol (8).

Mechanism investigation

We conducted a series of cyclic voltammetry (CV) experiments to
better understand the role of the [Co/K] bimetallic catalyst. Initially,
the comparison of substrates' reductive potential illustrates that the
electrophilic reactant 2a and benzaldehyde are more susceptible to
cathodic reduction than N-allylimine 1a (Fig. 5a). This result verifies
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Fig. 3 | Scope of terminal C-H functionalization of N-allylimine. Reaction con-
ditions: 1 (1.5 mmol), 2 (0.5 mmol), cat 2 (5 mol%), "BusNCIO, (1.0 mmol), DMF
(10 mL), graphite felt anode, nickel plate cathode, undivided cell, CCE=18 mA, 3h

(4.03 F/mol), 0°C; Yields were based on isolated products; dr > 15/1, unless other-
wise noted. “The reaction is conducted on a 0.3 mmol scale. GF graphite felt, CCE
constant current electrolysis, DMF N,N-dimethylformamide.

that the Pinacol-type coupling between these substrates should be
more favored without the intervention of a catalyst. Titrating sub-
strates with cat 2 resulted in contrasting results. For instance, treating
1a with an increasing gradient of cat 2 gives a surge of reductive peak

of 1a (Fig. 5b). Conversely, no significant change was detected in the
case of 2a (Fig. S25). Mixing benzaldehyde with cat 2 failed to boost the
peak current, nor did it (Fig. S26). From these observations, we drew a
conclusion that cat 2 could selectively promote the HER of 1a in the
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Fig. 4 | Utility of the [Co/K] catalyzed protocol. a Electrochemical terminal C-H functionalization of N-allylimine with aldehydes. b Gram-scale reaction and product

derivatization.

presence of more reducible substrates 2a and benzaldehyde. The
naked base site of cat 2 might be responsible for the selective inter-
action with the acidic allylic C-H bond of 1a, thus facilitating the inner-
sphere electron transfer for the HER of 1a. Neither varying 1a to the
weakly acidic substrate 1bd nor replacing cat 2 with cat 5 resulted in a
significant increase in the cathodic peak current of the substrates
(Figs. S27-S28), which evidenced the necessity of acid-base interac-
tion. Further CV titration experiment of cat 2 with excessive 1a gave
rise of a new noticeable peak at -1.58 V (Fig. 5c), which was tentatively
ascribed to the in situ formed species A via deprotonation from 1a. We
validated this postulation by using acetic acid to replace 1a, and an
analogous peak emerged at the same position (Fig. 5d). Finally, the GC
detection of hydrogen byproduct from the reaction supports the
hydrogen evolution process of 1a (Fig. S33). Taken together, bimetallic
catalyst cat 2 selectively enhanced the HER of 1a by forming the
reactive species A.

To further elucidate the reaction mechanism, various control
experiments were carried out (Fig. 5e). We first ruled out the possible
radical pathway by radical suppression (Eq. a) and radical clock
experiments (Eq. b). Introducing excessive radical scavengers, such as
1,1-diphenylethene, 2,2,6,6-tetramethylperidinooxy (TEMPO), and
triethyl phosphite, led to negligible changes in the reaction yield.
Probing the reaction with the substrate 1be only afforded the desired
product 3be without detecting any radical-initiated ring expansion
product. This excludes the reaction mechanism triggered by the
single-electron reduction of the imine moiety. We next confirmed the
ionic pathway by a deuterium incorporation experiment (Eq. c).
Treating the model reaction with 6 equivalents of deuterium oxide

(D,0) gave a partially deuterated product 3a in a diminished yield (9%).
This result can be interpreted as the deuterium exchange of allyl car-
banions during the reaction. Furthermore, the kinetic isotope effect
(KIE) was studied to get insight into the rate-determining step (RDS).
Mono-deuterated substrate 1a-D was employed in the intramolecular
competing experiment (Eq. d). Remarkably, the deuterium atom has
been largely retained, and the ratio of ky/kp was determined to be 15.5/
1, suggesting the C-H cleavage should be the RDS. Finally, we tried to
simulate the in situ formed metal hydride species in the HER catalysis
with sodium hydride as a surrogate (Eq. e). To our delight, the multi-
step procedure involving deprotonation and nucleophilic addition
gave a single product 3a, albeit with inferior yield (19%). This com-
parable selectivity confirms that the metal hydride should be the
reactive species in the electrochemical reaction.

On the basis of the experimental observations and related
mechanism™ on bimetallic HER, a plausible reaction mechanism is
proposed (Fig. 6a). The HER catalytic cycle is initiated by the Co"
species (cat 2’) via the cathodic reduction of its precatalyst cat 2. The
naked carboxylate site promotes the proton dissociation from sub-
strate 1a to deliver a protonated species A, which leads to a further
cathodic reduction and gives Co' species B. With the high nucleophi-
licity of the Co' center, intramolecular proton transfer occurs rapidly to
yield a Co" hydride C, in which the hydride bridges cobalt and alkali
ions owing to its affinity to alkali metals. Subsequently, the single-
electron reduction of C delivers more alkaline Co" hydride D, and it
facilitates further deprotonation of 1a, releasing hydrogen and reso-
nant carbanions Int-I and Int-Il. Finally, the nucleophilic addition
between the resulting carbanions and chiral imine 2a affords the result
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Fig. 5 | Cyclic voltammetry and control experiments. a Cyclic voltammogram of
1a (0.05 mmol), 2a (0.05 mmol) and benzaldehyde (0.05 mmol) in DMF (3.0 mL)
solution with "BUNCIO, as electrolyte. b Cyclic voltammogram of 1a (0.05 mmol)
and cat 2 in DMF (3.0 mL) solution with "BuNCIO; as electrolyte. ¢ Cyclic
voltammogram of cat 2 (0.01 mmol) and 1a in DMF (3.0 mL) solution with

19% yield, dr 14/1

"BUNCIO; as electrolyte. d Cyclic voltammogram of cat 2 (0.01 mmol) and HOAc in
DMF (3.0 mL) solution with "BuNClO, as electrolyte. e Control experiments. Fc
ferrocene, DMF N,N-dimethylformamide, TEMPO 2,2,6,6-
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product 3a and a possible branched product 3a-1. Noteworthy, the
dimeric form of the catalytic species (cat 2’, C and D) may participate
in the catalytic cycle due to strong interactions between the carbox-
ylate moiety and the K* ion of a neighboring molecule. On the anode
side, the oxidation of the DMF should be the predominant reaction
based on the cyclic voltammetry experiment (Fig. S31).

We rationalized the effect of alkali metals on the HER performance
by density functional theory (DFT) calculations (Fig. 6b). The results
illustrate that alkalic metals significantly affect the structure of the Co"

catalysts (cat’) and their transformation into the intermediate D. Spe-
cifically, Na and K ions result in nearly planar geometry in catalysts cat
I’-cat 2’ with dihedral (K-O-Co-O) ranging from 1.7 to 3.3°. In contrast,
the larger Rb and Cs ions lead to bowed structures (dihedrals
15.9-26.3°), which would introduces pronounced steric hindrance for
the formation of the hydride species D. Transition-state calculations
(Figs. S45-S48) validate that larger alkali metals correspond to higher
energy barriers (1.90-5.83 kcal/mol), indicating a more sluggish process
for the generation of intermediate D based on the further rate constant
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Fig. 6 | Reaction mechanism. a Proposed catalytic cycle for the electrochemical functionalization. b DFT calculations for the catalytic species. ¢ DFT calculations for the
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calculation®. The alkalinity of the in situ formed metal hydrides is the
other factor for the HER efficiency, which has a positive correlation with
the alkali metallicity. Consequently, the superior catalytic performance
of the potassium-based catalyst (cat 2) can be attributed to its optimal
ionic radius and the reasonable alkalinity of its metal hydride inter-
mediate. Moreover, the DFT calculations (Fig. S49) for the reaction
between carbanions Int-I/Int-Il and imine 2a rationalize that the car-
banion adduct IM2(3a-RR) is a kinetic control product with the lowest
reaction activation energy of 9.5 kcal/mol (Fig. 6¢).

Discussion

In summary, we have developed an array of bimetallic HER catalysts by
incorporating redox-active cobalt centers with alkali metal ions. These
combinations significantly enhance HER performance, enabling the
terminal C-H selectivity in the functionalization of N-allylimines. With
a naked base site in the bimetallic catalyst, the HER of N-allylimines is
promoted to outcompete the undesired reductive coupling, thereby
providing broad access to chiral amine products. DFT calculations and
control experiments reveal that the enhancement of HER performance
by alkali metals is dictated by their ion radius and metallicity. Our
laboratory is actively exploring the repurposing of these bimetallic
HER catalysts to solve the challenges in synthetic chemistry.

Methods

General procedure for electrochemical terminal C-H functio-
nalization of N-Allylimine

An undivided cell was equipped with a magnetic stirrer, nickel plate
(1.8*1.5 cm?), graphite felt (1.8*1.5 cm?), as cathode and anode, respec-
tively (the electrolysis setup is shown in Fig. S35). The substrate N-al-
lylimine 1a (332 mg, 1.5 mmol), Ellman imine 2a (105 mg, 0.5 mmol),
cat 2 (12mg, 0.025 mmol), and "BusNCIO4 (342 mg, 1.0 mmol) were
added to the solvent DMF (10 mL). The resulting mixture was allowed
to stir and electrolyze under constant current conditions (18 mA,
J=6.7mAscm™) at 0 °C for 3 h. The reaction mixture was subsequently
poured into water (200mL) and extracted with ethyl acetate
(40 mL*3). The combined organic phases were washed with saturated
brine solution (100 mL). The volatile solvent was then removed with a
rotary evaporator, and the residue was purified by column chroma-
tography (PE/EA =5/1-2/1, v/v basified with 1% triethylamine) on silica
gel to afford the desired product 3a (174 mg) in 81% yield.

Data availability

All data supporting the findings of this study, including experimental
details, spectroscopic characterization data for all compounds, are
available in the text and the Supplementary Information section.
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Crystallographic data for the structure reported in this article have
been deposited at the Cambridge Crystallographic Data Centre, under
deposition numbers CCDC 2422475 (cat 2). Copies of the data can be
obtained free of charge via https://www.ccdc.cam.ac.uk/structures/.
All data are available from the corresponding author upon request. All
of the original figure data in this study are provided in the Source Data
file. The Cartesian coordinates generated in the DFT calculation are
provided in Supplementary Data 1. Source data are provided with
this paper.
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