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The asymmetric dicarbofunctionalization of alkenes via a radical relay process can provide routes to diverse
hydrocarbon derivatives. Three-component carboalkynylation, limited to particular alkyl halides and using
readily available cycloketone oxime esters as redox-active precursors, is restricted by the available pool of
suitable chiral ligands for broadening the redox potential window of copper complexes and simultaneously
creating the enantiocontrol environment. Herein, we report a new hybrid tridentate ligand bearing
a guanidine—amide—pyridine unit for photoinduced copper-catalyzed cyanoalkylalkynylation of alkenes.
Leveraging the copper catalyst's redox capability is achieved via merging the electron-rich ligand with
a readily organized configuration and enhanced absorption in the visible light range, which also

facilitates the enantioselectivity. The generality of the catalyst system is exemplified by the efficacy
Received 22nd August 2024 b £ alk t inal alk d loket ) t Ki thiv to ai
Accepted 13th October 2024 across a number of alkenes, terminal alkynes and cycloketone oxime esters, working smoothly to give
alkyne-bearing nitriles with good yields and excellent enantioselectivity. A mechanistic study reveals that

DOI: 10.1035/d4sc05642f the chiral copper catalyst meets the requirements of possessing sufficient reduction ability, good light

rsc.li/chemical-science absorption properties, and appropriate steric hindrance.

Based on these studies, three-component carboalkynylation of
olefins via an atom transfer radical addition process was also
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Alkene difunctionalization is widely recognized as a pivotal
approach in organic synthesis owing to its unique ability to
introduce molecular complexity in a single synthetic step.*
Transition-metal-catalyzed three-component alkene dicarbo-
functionalization via a radical relay approach has gained
significant traction,” but asymmetric catalytic versions enabling
construction of chiral carbon centers are still scarce. Chiral
copper-catalyzed alkylcyanation, alkylarylation and alkylalky-
nylation (Scheme 1a) of styrenes using alkyl halides,® Togni
reagents,* alkyl peroxides,” or alkyl N-hydroxyphthalimide
esters® as the alkyl radical sources have been realized, usually
with the assistance of oxazoline-type ligands, with or without
light assistance. The alkylation of terminal alkynes into internal
alkynes via an enantioselective coupling reaction has drawn
great effort,” for example using the Sonogashira coupling reac-
tion, as shown in work by the groups of Fu and Eckhardt® and by
Hwang and Sagadevan,® as well as by several other groups, with
or without photoinduced copper-catalyzed conditions.*>"*
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made available (Scheme 1a) by the use of alkyl iodides in

(a) Asymmetric catalytic three-component 1,2-carboalkynylation of alkene with alkyl halide
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R? = alkyl and aryl, X = I, L* = BOPA, blue LED (Zhang's work)
R2 =1°, 2°, 3% alkyl, X = Br, Cl, L* = NNP (Liu's work)

(b) Photoinduced three-component radical alkene difunctionalization with oxime derivatives
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(c) Asymmetric catalytic three-component cyanoalkylalkynylation of alkene with oxime
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A new efficient photoredox copper catalyst
Fit redox potential of oxime/catalyst to minimize side-reaction
NNN-ligated complex inhabits alkyne reduction of Cu' to Cu'
Wide substrate scope with good enantioselectivity

Scheme 1 Difunctionalization of alkenes involving cycloketone oxime
esters or terminal alkynes.
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Zhang’s study®” and electron-withdrawing substituted alkylha-
lides in Liu’s work.**

Cycloketone oxime esters as sources of cyanoalkyl radicals
have been extensively explored for synthesizing a broad range of
functionalized alkylnitriles," pioneered by Zard’s research.” A
variety of difunctionalizations of alkenes using oxime esters as
viable coupling partners have been disclosed by Xiao’s group
and others (Scheme 1b)." In comparison with alkyl halides as
the radical precursors, the generation of cyanoalkyl radicals
provides an improvement via a higher reductive potential and
an additional cleavage process from iminyl radicals delaying the
radical relay process. Special features of copper complexes
under UV irradiation®*** provide the ability to accelerate
difunctionalization with oxime esters, where in most cases
copper photocatalysts bearing particular ligands or combined
with an exogenic photocatalyst are able to initiate a single-
electron transfer (SET) process to generate a radical species
(Scheme 1b). Asymmetric catalytic transformations have been
limited to TMSCN' and carboxylic acid** as the nucleophilic
partners, and aryl boronic acid as the coupling partner has just
been reported very recently;'® therefore the process of asym-
metric cyanoalkylalkynylation of olefins remains an open
subject (Scheme 1c). Although copper acetylides could advance
SET by means of a UV-light-absorbing photocatalyst,>*” the
terminal alkyne could reduce the formed Cu(u) species to Cu(i),
intruding upon the desired alkylalkynation reaction.'® In addi-
tion, side reactions, such as direct coupling between the cya-
noalkyl radical and nucleophilic reagents, and dimerization,
would accompany the process.” Therefore, introducing suitable
chiral ligands to modulate the reactivity of the excited copper
acetylide complex, and to discriminate the sterically hindered
aryl/cyanoalkyl subunit of the radical intermediate for enan-
tioselective coupling, is critical.

The variety of chiral ligands that can straightforwardly
support copper-catalyzed photoreactions in a stereocontrolled
manner is consequently somewhat limited to a handful N- or P-
based heteroleptic compounds.? It is important that the chiral
ligand must stabilize the copper complex in specific oxidation
states and electronic configurations. Inspired by the entatic-
state principle, which has been applied to copper electron-
transfer processes® via lowering the reorganization energy
during redox processes, thus facilitating a fast electron transfer,
we rationalized that tridentate hybrid N-donor ligands con-
taining a guanidine,?*** amide and pyridine subunit (Scheme
1c), which has been disclosed to accelerate Sonogashira
coupling of alkyl bromides,* are also potential ligands for
copper-based photocatalysts. Multiple donors and ready modi-
fication of the substituents of the ligand are useful to increase
the rigidity for pre-organizing the configuration, and a methy-
lene linker between the amide and pyridine provides some
conformational flexibility. Further, taking multiple N-donor
characters together, these kinds of ligands have a preference
for stabilizing copper in various oxidation states. Additionally,
these subunits are thought of as redox non-innocent, which
may contribute to changes in the electronic nature of the metal
center and contribute to reactivity. Herein, we describe the
development of a new chiral photoredox copper catalyst for
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a general three-component radical 1,2-cyanoalkylalkynylation of
alkenes with cycloketone oxime esters and terminal alkynes.

Results and discussion

Our initial survey started with alkylalkynylation of 2-vinyl-
naphthalene B1 with Cu(i)/chiral guanidine as the catalyst in
the presence of Cs,CO; and under irradiation by 3 W blue LEDs,
and cyclobutanone O-(4-methoxybenzoyl) oxime A1 and phenyl-
acetylene C1 were used as the cyanoalkyl reagent and alkynyl
reagent, respectively. As shown in Table 1, the desired three-
component coupling product D1 could be obtained with
moderate enantioselectivity and a low yield in tetrahydrofuran
(THF) at 20 °C upon irradiation with 440 nm light (entries 1-5).
Competitive formation of two-component coupling byproducts
between a nitrogen-centered radical or cyanoalkyl radical and
the terminal alkyne (BP-1 and BP-2) accounted for the unsatis-
factory yield. It was delightful that the addition of a phenyl
substituent at the ortho-position of the methylpyridine subunit
of the ligand (G-TqPy-3) led to increased enantioselectivity with
a slightly higher yield (entry 3). When the reaction was con-
ducted with CuOTf as the metal precursor, the

Table 1 Optimization of the reaction conditions®

copper salt (10 mol%) O
L* (12 mol%)
Cs,CO3 (4.0 equiv.)
440 nm LED (x W)

A1: Ar = 4-MeOCgH.
A2 AI: 2,4—(eMeC§)2‘(‘36H3 solvent (0.1 M) D1 ~_CN
9 ® Ow/zwf) : o
NN S N 0 S/N N~ /
NoOH N SERN N\»? B oy BU: N
=N 6 B 1
Pr-NH  ipr PyBox " “ <> oo
_ N 2l NC

G-TqPy-1: X=H AN [ H

G-TgPy-2: X = 6-Me d » y o, W . >

GTaPY-3: X=6Ph pryd 7 N P ‘\( /i

G-TqPy-4: X = 4-Ph S/N N\Z by oeR BP-2

G-TqPy-5: X = 5-Ph Ph Pyimz Ph BOPA main byproducts
Entry” Conditions Yield® (%) ee’ (%)
1 A1, G-TqPy-1, Cul, THF, (3 W) 22 45
2 A1, G-TqPy-2, Cul, THF, (3 W) 24 49
3 A1, G-TqPy-3, Cul, THF, (3 W) 38 74
4 A1, G-TqPy-4, Cul, THF, (3 W) 18 45
5 A1, G-TqPy-5, Cul, THF, (3 W) 20 45
6 A1, G-TqPy-3, CuOTf, THF, 3 W) 38 81
7%e A1, G-TqPy-3, CuOTY, (3 W) 34 91
8% A1, G-TqPy-3, CuOTf, (10 W) 51 87
9df A2, G-TqPy-3, CuOTf, (10 W) 52 91
104/ A2, BOPA, CuOTf, (10 W) 23 35
114 A2, Box, CuOTf, (10 W) Trace —
124/ A2, Pylmz, CuOTf, (10 W) Trace —
134/ A2, PyBox, CuOTf, (10 W) Trace —

“ Unless otherwise noted, all reactions were performed with [Cu]/L* (1:
1.2, 10 mol%), A (3.0 equiv.), B1 (0.1 mmol), C1 (3.0 equiv.) and Cs,CO3
(4.0 equiv.) in THF (1.0 mL) at 20 °C for 24 h, with 440 nm LED
irradiation.  NMR yield using 1,1,2,2-tetrabromoethane as an internal
standard.  The ee values were determined via ultraperformance
convergence chromatography (UPC?). ¢ In PX/DCM (v/v = 7/3, 1.0 mL)
for 44 h. ¢ At 0 °C.7 At 5 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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enantioselectivity could be improved to 81% ee (entry 6). In
a mixed solvent of p-xylene (PX) and dichloromethane (DCM) at
0 °C, a 91% ee was obtained but the yield remained unsatis-
factory (entry 7). Initiation with stronger light (10 W) could
increase the yield at 5 °C, but the enantioselectivity slightly
dropped (entry 8). If A2 was used as the cyanoalkyl reagent, it
participated in the reaction to give a 52% yield and 91% ee
(entry 9). Further ligand screening via the exchange of several
classic nitrogen-based oxazoline or imidazoline ligands
revealed that the reaction was sluggish with neutral nitrogen-
based ligands (entries 11-13), while bisoxazoline diphenylani-
line (BOPA) served as an exception and could afford the product
in 23% yield with 35% ee, accompanied by a lot of two-
component byproducts.

With the optimized reaction conditions established, the
substrate scope of the terminal alkynes was explored in the
presence of CuOTf/G-TqPy-3 catalyst under 440 nm light irra-
diation (Scheme 2). Various substituted ethynylbenzenes could

DCM/PX (viv 3/7)

440 nm, 10 W, 5°C, 44 h D2-D19 i f
7 O )
Z O
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CN
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Scheme 2 Substrate scope of terminal alkynes. Unless otherwise
noted, all reactions were performed with CuOTf/G-TqPy-3 (1:1.2,
10 mol%), A2 (3.0 equiv.), B1 (0.1 mmol), C (3.0 equiv.), and Cs,COs3 (4.0
equiv.) in PX/DCM (v/v = 7/3, 1.0 mL) under 10 W LED (440 nm) irra-
diation at 5 °C for 44 h. Isolated yields. The ee values were determined
via high-performance liquid chromatography (HPLC) on a chiral
stationary phase.
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undergo the coupling reaction with moderate yields (48-58%)
and excellent ee values (85-91%), regardless of the positions
and electronic nature (D2-D12, and D17). Terminal alkynes
bearing a substituent such as an alkyl, cyclopropyl or TMS were
also tolerable with slightly higher yields (55-60%) and good
enantioselectivities (79-85% ee; D13-D16). In addition, 2-ethy-
nylnaphthalene and 3-ethynylthiophene could also be installed
into the desired products (D18 and D19) with comparable
outcomes.

Next, we examined the scope of the alkenes and cyanoalkyl
reagents (Scheme 3). The investigation of the generality of the
alkenes when reacting with A2 and phenylacetylene C1 revealed
that an array of alkenes was well-tolerated (D20-D42). The 6-
substituted 2-vinylnaphthalenes bearing electron-donating or
-withdrawing groups all worked well (D20-D22). The aryl groups
could also be hetero-containing ones, such as 5-benzo[b]thio-
phene, 5-benzo[d][1,3]dioxole, N-tosyl-indole or 5-benzofuran,
and the corresponding products (D23-D26) could be isolated in
45-55% yield with 82-85% ee. Next, styrene derivatives with
electron-donating and -withdrawing substituents at different
positions were tested (D27-D40), which showed less effect on
both the yield (47-64%) and enantioselectivity (83-91% ee),
with para-O'Bu-substituted D41 as an exception, which was
isolated in reduced yield but with a good ee value. The coupling
with 3-vinylthiophene led to the formation of product D42 in
58% yield and 87% ee. Interestingly, the alkynylated alkene B25
can provide the corresponding product D43 in 63% yield with
92% ee. This provides a new method for constructing chiral
dialkynyl compounds.

In addition, we continued to examine the cyanoalkyl radical
precursors. Mono-substituted cyclobutanone oxime ester A3,
4,4-pyridine-substituted A5 and 3,3-azetidine-substituted A6
could be delivered into the products (D44-D46) bearing
substitution at the alkyl-chain, with the results slightly dimin-
ished (80-85% ee). Unfortunately, while the bicyclo[4.2.0]octa-
1(6),2,4-trien-7-one oxime ester A4 and 2,2,4,4-
tetramethylcyclobutane-1,3-dione oxime ester A7 could transfer
the related cyanoalkyl group into the products, both the yield
and ee value dropped significantly (D47 and D48), which might
be due to steric hindrance.

In order to evaluate the application potential of this catalytic
system, we conducted a scaled-up experiment using A2, styrene
(B10) and phenylacetylene (C1) as the substrates (Scheme 4a).
Product D28 could be obtained with a 60% yield (0.92 g) and
90% ee value, indicating the suitability of this catalytic system
for gram-scale synthesis. Subsequently, the alkyne group was
reduced under Pd/C and H, conditions to yield 6,8-dipheny-
loctanenitrile E with 82% yield, maintaining the enantiose-
lectivity. The cyano group was further converted to a carbonyl
group, affording 1,6,8-triphenyloctan-1-one F, whose absolute
configuration was determined to be (R)-F based on X-ray single-
crystal diffraction analysis (Scheme 4a).*® Thus, the absolute
configuration of the product D28 was rationalized as the (S)-
isomer.

To detect the radical intermediates generated in the system,
EPR experiments and control experiments were conducted
(Scheme 4b-d). A solution of oxime A2 with one equivalent of

Chem. Sci., 2024, 15, 18557-18563 | 18559
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Scheme 3 Substrate scope of alkenes and cycloketone oxime esters. Unless otherwise noted, all reactions were performed with CuOTf/G-
TgPy-oPh (1:1.2, 10 mol%), A (3.0 equiv.), B (0.1 mmol), C1 (3.0 equiv.), and Cs,COs (4.0 equiv.) in PX (0.7 mL) and DCM (0.3 mL) under 10 W LED
(440 nm) irradiation for 44 h. Yields are of the isolated products. The ee values were determined via HPLC on a chiral stationary phase.

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and chiral copper
catalyst in a mixture of p-xylene and dichloromethane produced
obvious signals under visible-light irradiation. The experi-
mental signals matched the simulated spectra of the mixture of
intermediates H and I (Scheme 4b), indicating the generation of
an iminyl radical and the related alkyl radical through
a photoinduced copper(i)-catalyzed SET process. When (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) was introduced into the
reaction system, the cyanoalkylalkynylation reaction was
inhibited and only the radical cross-coupling byproduct G was
detected via ESI-MS and 'H NMR analysis (Scheme 4c).
Furthermore, under the standard conditions, when a radical
clock experiment was conducted using alkene B26, the cyclo-
propyl group was opened to give product D49 in a yield of 44%
(Scheme 4d), giving evidence of a radical relay process via
addition to the alkene.

The photophysical and electrochemical properties of the
chiral copper complexes prepared in situ were investigated. UV-
visible absorption spectra of the free ligand and the copper
complexes in a dichloromethane solution were recorded
(Scheme 4e). This revealed that the absorption above 400 nm
increased gradually upon coordination with CuOTf, and the
chiral copper acetylide complexes featured a further intense
absorption band. The irradiation with 440 nm light enables the

18560 | Chem. Sci, 2024, 15, 18557-18563

formation of excited copper catalytic species. In comparison,
the ortho-phenyl decorated ligand G-TQPy-3 showed a slight
enhancement over ligand G-TQPy-1. This enhancement is
characterized by a less intense metal-to-ligand charge-transfer
(MLCT) band, implying a charge transfer in the coordination
structure where Cu(r) is oxidized to a relatively high valence
state. The phosphorescence emission spectra of the chiral
copper complexes in solution (Scheme 4f) revealed a small blue-
shift for the complex of G-TQPy-3 in comparison with G-TQPy-1
(508 nm vs. 513 nm), but the corresponding chiral copper ace-
tylide complexes exhibited a more intense signal, showing that
the anionic alkyne is a strong ligand for forming the photo-
catalytic species. In addition, the ligated guanidine reduces the
lifetime of excited copper(1) acetylide (from t = 15.95 us to 5.25
us),?® but it remains longer than that of species in the singlet
excited state to support the redox process (see ESI for detailst).
It is rationalized that the excited chiral copper complexes
undergo intersystem crossing to become triplet excited-state
metal complexes, acting as a photo-reductant to undergo
single-electron transfer with the oxime.

Cyclic voltammetry was performed on an MeCN solution of
each complex in order to probe their electronic properties in the
ground state. The voltammograms are given in the ESIT and the
relevant potentials are listed in Scheme 4g. The measurements

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Synthetic application and mechanistic investigation.

showed that oxime A2 has a low Eq (—2.44 Vscg), implying that
a strongly reductive catalyst is required to initiate iminyl radical
generation. Hwang and coworkers have evaluated the redox
potential of excited copper(i) acetylide to be —2.048 Vgcg in
CH;CN, with a long lifetime.”® A pseudo-reversible oxidation
wave of CuOTf was observed above —1.0 V versus SCE, which can
be assigned to the Cu(u)/Cu(1) redox couple.

The guanidine-ligated copper complexes (G-TQPy-1 and G-
TQPy-3) showed similar E,p/E,p, as did the related chiral copper
acetylide complexes. The chiral copper acetylide species have
lower oxidation potential than the corresponding chiral
precursors. The difference between the redox waves (AE) is
much smaller for the chiral copper acetylide species than for the
precursors. This implies that a flattening of the coordination
sphere in the guanidine-ligand-copper catalysts occurs slightly
when the distorted Cu(i) acetylide is oxidized to square planar
Cu(u), owing to the similar coordination cage. In addition,
a rather prominent reduction wave (below —2.1 Vgcg) is dis-
played for the guanidine-copper complexes, corresponding to
one-electron ligand-centred reduction, where ligand G-TQPy-3
itself exhibits multiple reduction waves (see the ESI for
detailst). The oxidative potential of the excited copper
complexes was calculated (Scheme 4g) based on their excitation
and emission profiles. This redox potential is sufficiently higher

© 2024 The Author(s). Published by the Royal Society of Chemistry

than that of oxime A2 (—2.44 Vgcg). Therefore, in connection
with the photophysical properties, SET from a photoexcited
triplet chiral copper(i) phenylacetylide to the oxime is
exothermic and can occur smoothly.

Based on the above mechanistic data, a plausible mecha-
nism is proposed in Scheme 5. In the presence of a base and the
basic tridentate ligand G-TQPy-3, a chiral anionic guanidine-
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Scheme 5 Proposed catalytic cycle.
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amide copper(1) acetylide complex forms. Upon light irradia-
tion, it reaches the triplet state *Intl, acting as a strong
reductant to perform a SET process with oxime ester A2. Thus,
square planar copper(u) acetylide Int2 and an iminyl radical via
fragmentation are generated, releasing the cesium carboxylate.
The iminyl radical Int3 transforms into cyanoalkyl radical Int3’
via carbon-carbon cleavage, then is trapped by the alkene to
give rise to Int4. Otherwise, the cross coupling with copper
species Int2 will generate two-component byproducts. The
enantioselective coupling between Int4 and Int2 may proceed
via elimination of copper(m) species Int5 or via radical substi-
tution pathways, which is hard to clarify at present. This affords
the cyanoalkylalkynylation product with release of the copper()
species.

Conclusions

In summary, we disclose that a properly designed chiral copper
complex with a hybrid tridentate ligand enables photocatalytic
asymmetric cyanoalkylalkynylation of olefins using cycloketone
oxime esters as the precursors. The ligand, based on a guani-
dine-amide embellished with a (6-phenylpyridin-2-yl)methanyl
group, allows ready electron transfer with lower reorganiza-
tion energy during the redox processes of the copper acetylide in
the excited state. The stereoinduction in the C(sp*)-C(sp) bond
formation is also well-controlled with the readily accessible new
ligand. The system permits a broad substrate scope with good
functional group tolerance, allowing construction of a series of
enantiomerically enriched alkyne-nitrile derivatives. We believe
that this ligand will bring more opportunities to the develop-
ment of asymmetric cross-coupling chemistry with detailed
studies to understand the spectroscopic origins and the struc-
ture-property relationships.
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