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This work presents a DFT-based computational study to understand the mechanism, and regio- and
enantioselectivities in the synergetic photoredox/copper(i)-catalyzed carbocyanation of 1,3-dienes with
alkyl redox-active esters. The calculated results show an unprecedented copper catalytic mechanism,
where the reaction follows a catalytic cycle involving Cu'-only catalysis, instead of a Cu()/Cu()/Cu(in)/
Cul(l) cycle as proposed in the experimental study. Moreover, it is found that the critical step involves the
reaction of the cyanocopper(l) species with an allyl cation rather than the cyanocopper(i) species
reacting with an allyl radical as proposed in the experiment, and that the photocatalyst is regenerated via
single electron transfer from the allyl radical to the oxidized photocatalyst. In the newly proposed
photoredox/copper(l) catalysis, the reaction consists of four stages: (i) generation of the copper() active
catalyst, (i) formation of an allyl radical with oxidative quenching of the photoexcited species, (iii)

generation of an allylcopper complex accompanied by the regeneration of the photocatalyst, and (iv)
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Accepted 26th March 2023 formation of the allyl cyanide product with the regeneration of the copper() active catalyst. The

cyanation of the allyl cation is calculated to be the regio- and enantioselectivity-determining step. The
excellent regio- and stereoselectivities are attributed to the favorable CH-t interaction between the
substrate and catalyst as well as the small distortion of the substrate.
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amides, and ketones.*** Introducing the cyano group into organic
molecules is an important strategy in synthetic chemistry.’* In

Introduction

The selective difunctionalization of 1,3-dienes, in particular, their
asymmetric difunctionalization, which provides various value-
added chemicals, has attracted considerable attention from both
industrial and academic communities.” Over the last few decades,
synthetic chemists have developed an efficient and practical
protocol for the asymmetrical and selective difunctionalization of
1,3-dienes by using transition metal catalysts, such as Ni,*> Pd,*
Rh,>* and Cu.”® Recently, the merger of photoredox catalysis with
chiral organometallic catalysis has found widespread application
in a variety of catalytic asymmetric difunctionalizations of 1,3-
dienes, including their 1,2-dialkylations,® 1,2-alkylesterification,'*"*
and 1,2- or 1,4-aminoalkylation.”>*

Nitriles are an important class of organic compounds and the
cyano group is a versatile building block which can be easily
converted into various derivatives such as carboxylic acids, amines,
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recent years, the cyanations of alkenes via using trimethylsilyl
cyanide (TMSCN) as the provider of the cyano group have been well
developed.”>

Quite recently, Xiao and co-workers reported the first example
of the visible-light-induced enantioselective carbocyanation of 1,3-
dienes through synergetic photoredox/copper catalysis.** As shown
by a representative reaction in Scheme 1, the carbocyanation of 1-
phenyl-1,3-diene (1) is achieved by using a cyclohexyl (Cy)-
substituted carboxylic acid derived N-hydroxyphthalimide (NHP)
ester (2) and TMSCN (3) in the presence of an organic photo-
catalyst (PC), Cu(MeCN),BF,, and chiral bisoxazoline ligand (L).
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Scheme 1 Representative reaction of photoredox/copper-catalyzed
carbocyanations of 1,3-dienes, reported by Xiao et al.?®
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Scheme 2 Proposed mechanisms of dual photoredox and copper-
catalyzed carbocyanation of 1,3-diene reactions.

The reaction selectively affords the desired 1,2-difunctionalization
product (4) in good yield (71%) and excellent enantioselectivity
(92% ee) without the observation of the 1,4-regioisomer (5).

Scheme 2 summarizes the proposed reaction mechanism of
synergetic photoredox/copper catalysis by Xiao et al>® Initially,
under visible light irradiation, the photocatalyst (PC) is excited to
its triplet excited-state PC*, from which a single electron transfer
(SET) to redox-active NHP ester 2 occurs to give the reduced ester
2°~ with the oxidized photocatalyst PC'*. The resulting 2'~ carries
out decarboxylation with the release of CO, and the NHP ™ anion to
afford cyclohexyl radical Cy’, which is then captured by 1,3-diene 1
to yield allyl radical A. Meanwhile, the chiral copper(i) catalyst B
combines a cyanide anion (CN) generated in situ from the reac-
tion between TMSCN (3) with the anion NHP™ to give the neutral
Cu'-CN complex C, which is subsequently oxidized by PC** to Cu"-
CN complex D via SET, closing the photocatalytic cycle. Next, allyl
radical A adds to the Cu" center to form -allylcopper(m)
complexes E. Finally, reductive elimination from the Cu(m) species
leads to product 4 with the regeneration of Cu' catalyst B.

Obviously, the mechanism described above involves a Cu(1)/
Cu(u)/Cu(m)/Cul(y) cycle, which is similar to those found recently by
Guan,'**”?® Lin,”* and Lan* via density functional theory (DFT)
calculations on the synergetic photoredox/copper(i)-catalyzed
cyanations of alkenes and enynes. However, our calculations show
that such a copper and photoredox catalytic cycle is not operative.
Alternatively, we propose an only Cu-involving mechanism, where
the allyl cyanide product is obtained by direct coupling between
the copper(1) species and allyl cation through a unique outer-
sphere mechanism. In the photoredox cycle, the oxidized photo-
catalyst is reduced by the allyl radical. With this new mechanism,
the observed regio- and enantioselectivities can be rationalized
well. The present study is expected to provide insights into
designing future copper-based catalytic systems.

Computational details

The reaction shown in Scheme 1 was chosen as the prototype
system of photoredox/copper(i}-catalyzed carbocyanation of 1,3-
dienes reported by Xiao et al.*® All DFT calculations were carried
out using the Gaussian 16 program.* Geometry optimizations of
stationary points were performed using the M06 functional®* with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the LANL2DZ effective core potential (ECP) basis set*® augmented
by an f-type polarization function ({; = 3.525)* for the copper atom
and 6-31G(d,p)* for other atoms. Our benchmark calculations,
utilizing both the SDD** and Def2-TZVP¥ basis sets for the Cu
atom, provide support for the utilization of the LANL2DZ ECP
basis set for the current Cu-containing system (Table S1t). The
MO6 suite of density functionals has been evaluated by Truhlar
et al.,”> who recommend it for the thermochemistry study of
organometallic and inorganometallic systems and for the study of
noncovalent interactions. The extensive subsequent uses of this
functional attest to its effectiveness in describing structures and
calculating thermochemistry in transition metal systems.*** The
solvent effect of 1,2-dichloroethane (DCE) was taken into account
using the polarizable continuum model (PCM)* in the geometry
optimization calculations. Frequency analyses were performed at
the same level of theory to confirm the optimized structures to be
local minima (with zero imaginary frequency) or first-order saddle
points (with only one imaginary frequency). Intrinsic reaction
coordinate (IRC)* calculations were also performed to ensure that
the transition states connected the reactant or product properly.
The relative Gibbs free energy of each structure was further refined
by performing single-point energy calculations with the larger 6-
311+G(d,p) basis set for all atoms except for the copper atom. All
reported energies of intermediates and transition states are
solvated Gibbs free energies. The energy calibration calculations
(Table S21) were performed using the domain-based local pair
natural orbital coupled cluster method,*” DLPNO-CCSD(T), with
the cc-PVIZ basis set,” in conjunction with the SMD solvation
model,* as implemented in the Orca 5.0.3 program.* The input
file for the DLPNO-CCSD(T)/cc-PVTZ calculations was prepared
using Multiwfn 3.8 software.*® Natural population analyses (NPA)
were carried out using the NBO 6.0 program.” The 3D images of
key transition states were obtained using the CYLview program,*
and the non-covalent interactions (NCIs) were visualized using the
visual molecular dynamics (VMD) software.*’

Results and discussion

It is anticipated that with the presence of cyclopropyl-substituted
bisoxazoline ligand L, the precatalyst Cu(MeCN)," can be trans-
formed into several different copper(1) species by performing
ligand exchange, as shown by several representative examples in
Fig. 1. In terms of the calculated Gibbs free energy changes,
LCu(MeCN)" is identified as the most stable structure and is
therefore chosen as the energy reference point.

According to Scheme 2, the reaction involves three key
processes: generation of the allyl radical, formation of the allyl-
copper complex, and formation of the allyl cyanide product. The
following subsections discuss these processes one by one.

Generation of the allyl radical

According to Scheme 2, this process starts from the oxidative
quenching of photoexcited high-energy species PC* via a SET to
the redox-active ester 2. Our calculations indicate that this process
is endergonic by 20.8 kcal mol ™' and involves a barrier of
20.9 keal mol ™" (Fig. S11), which is estimated from Marcus-Hush
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Fig. 1 Calculated Gibbs free energy changes (kcal mol™) for the
formation of several copper() species.

theory.>>* Interestingly, we located an energetically more favour-
able pathway for the oxidative quenching of PC* (Fig. 2), in which
the quencher used is the complex LCu'---2 of NHP ester 2 with
LCu'. This complex is generated through a ligand exchange reac-
tion, where MeCN in the catalytically active species LCu(MeCN)" is
replaced by NHP ester 2.

The SET from PC* to LCu'"--2, leading to the oxidized photo-
catalyst PC"" and LCu"---2"~, an ion-pair complex between 2°~ and
LCu", is found to be endergonic by 5.1 kcal mol " with a barrier of
7.9 keal mol ™, which is energetically more favourable than that
using 2 as quencher (Fig. S17). This fact indicates that the complex
LCu'---2 of NHP ester 2 with LCu" rather than by itself plays the
role of quencher in the oxidative quenching of photoexcited high-
energy species PC*. In other words, the LCu" species assists the
oxidative quenching of photoexcited species PC*. The lower LUMO
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energy level of complex LCu' -2 in comparison with NHP ester 2 is
mainly responsible for the relatively easier SET process (—3.32 vs.
—2.68 €V in Fig. S27). Note that the radical species LCu(1)"---2"~
resulting from the photocatalytic cycle may also release the radical
species 2" . This raises the question of whether these two radicals
might add to 1-phenyl-1,3-diene (1) and thus interrupt the catalytic
cycle. To address this question, we calculated the thermodynamics
of adding these two species to 1, as shown in Fig. S3.f The
calculated results indicate that both processes were endergonic,
suggesting that they are unlikely to occur and would not interrupt
the catalytic cycle.

Once formed, the ion-pair complex LCu'---2'~ undergoes
ligand exchange with MeCN to give the reduced NHP ester 2°~ and
release LCu(MeCN)" (Fig. 2). NPA for 2"~ (Fig. S4T) show that the
spin is located on the five-membered 2,3-dicarboxylimide hetero-
cycle. Thus, the subsequent N-O bond cleavage of 2°~ via TS1
would lead to intermediate 6, a complex between the NHP™ anion
and the cyclohexyl acyl radical. Next, 6 undergoes decarboxylation
via TS2 to generate the cyclohexyl radical Cy’ and NHP™ anion with
release of CO,. The overall barrier for the formation of Cy is
calculated to be 21.6 keal mol ™", implying that the Cy" radical is
easily formed from the NHP esters. This is consistent with litera-
ture reports in which NHP esters are suggested to be the precursors
of the alkyl radicals under visible light irradiation.**>*

It is known that 1,3-dienes are competent radical trapping
reagents.>>® Therefore, the generated Cy" radical can be captured
by 1-phenyl-1,3-diene (1), leading to generation of allyl radical
complex A. It is found that the addition of the Cy" radical on C* of 1
via TS3 with a barrier of 11.1 kecal mol * is both kinetically and
thermodynamically the most favorable pathway in comparison
with three other pathways where the addition of the Cy" radical
occurs on C?, C*, and C* atoms, respectively (Fig. S571).

Ed
BTN
Py

Phwq;
TSRO Cy 60

decarboxylation | radical addition |

I | |

Fig. 2 Calculated Gibbs free energy profile for generation of the allyl radical. Bond distances are in A.
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Formation of the allylcopper complex

The calculated results according to Scheme 2 are shown in Fig. 3.
Initially, LCu(MeCN)" undergoes ligand exchange with the NHP~
anion generated in situ from the NHP ester 2, and subsequently
TMSCN (3) coordinates to the copper(i) center to afford an ion-pair
intermediate 7, which then performs desilylation with the assis-
tance of the NHP™ anion via TS4 with a relative Gibbs free energy
of 14.6 keal mol * to generate the isocyanocopper (i) intermediate 8
with release of the NHP-TMS species. Once formed, 8 can evolve
into the more stable cyanocopper(i) intermediate C via a three-
membered transition state, TS5. This process is calculated to be
exergonic by 10.0 kcal mol " with a barrier of 5.3 kcal mol . Next,
the cyanocopper(l) intermediate C reduces PC™" through the
second SET to provide a cyanocopper(n) species D and regenerate
the photocatalyst PC. The barrier of this SET process is estimated
to be 19.0 keal mol . We also calculated an alternative pathway
leading to the cyanocopper(u) species D, in which the oxidation of
isocyanocopper(i) intermediate 8 by PC™* occurs prior to the
isomerization from isocyanocopper to cyanocopper. However,
such a pathway is significantly less favorable than that discussed
above, as indicated by the red energy profile in Fig. 3.

According to the mechanism proposed in Scheme 2, the cya-
nocopper(n) species D captures allyl radical A, leading to the

View Article Online
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allylcopper complex E. Interestingly, based on the following facts
we confirm that E is an allylcopper(i) complex rather than an
allylcopper(m) complex as proposed in Scheme 2. Firstly, as indi-
cated by the blue values in Fig. 3, for structure E, the calculated
NPA charge of the copper center is 0.936 e, which is comparable to
that of the cyanocopper(i) species C at 0.701 e, but significantly
lower than that of the cyanocopper(u) species D at 1.180 e.
Secondly, Fig. 4 shows the calculated barrier of SET, redox poten-
tials and HOMO-LUMO energy gaps of the electron donor-
acceptor pairs, the cyanocopper(u) species D and allyl radical A,
and all these results consistently rule out the electron transfer
process from D to A. As indicated by calculated data in Fig. 4a, if
there is a cyanocopper(u) species like D, the electron transfer
between D and A must be from A to D, resulting in D returning to
the cyanocopper(1) intermediate C. These results clearly indicate
that E is actually a complex of C with allyl cation A", which can be
easily formed via an almost barrierless SET process from A to PC™*
(Fig. 3). This inspired us to propose a new pathway, in which the
allylcopper complex E is directly formed via the interaction
between C and A", which is shown to be a thermodynamically
favorable process and 1is calculated to be exergonic by
6.9 keal mol . According to previous studies,”*® our calculations
also located two other potential pathways involving a direct
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Fig. 3 Calculated Gibbs free energy profiles for generation of the allylcopper complex accompanied by the regeneration of photocatalyst PC.
Bond distances (black font) and NPA charges (blue font) are in A and e, respectively.
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Fig. 4 Calculated data of Gibbs free energy profiles for (a) the single
electron transfer (SET) process, (b) redox potentials (Escg = 4.28 V), and
(c) HOMO-LUMO energy gaps of the electron donor—acceptor pairs
between the cyanocopper(i) species D and allyl radical A.

cyanation step from the isocyanocopper(i) intermediate 8 via TS7g
(26.8 kecal mol™") and from the isocyanocopper(u) intermediate 9
via TS8g (29.0 keal mol ™). It is found that these two pathways are
energetically less favorable than that discussed above.

Formation of allyl cyanide products

Finally, we focus our attention on the generation of the allyl
cyanide products. Fig. 5 illustrates the calculated pathways for the
formation of 1,2-carbocyanation products 45 and 4g, and their 1,4-
regioisomers 55 and 5 via the reaction of allylcopper(r) complex E
with MeCN. From the above discussion, it is clear that the reduc-
tive elimination mechanism is not operative due to the fact that
species E is an allylcopper(i) complex rather than an allylcopper(i)
complex.

4584 | Chem. Sci, 2023, 14, 4580-4588
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Alternatively, our calculations identified an electrostatic
interaction-induced cyanation mechanism for the formation of
allyl cyanide products. In this mechanism, the cyanation of the
allyl cation is achieved with the assistance of a MeCN molecule.
As indicated by the calculated transition state geometries, the
carbon atom of cyanide in E attacks the C> atom of the allyl
cation moiety from the Re-face via TS or from the Si-face via
TS9s, leading to formation of an R- or S-1,2-allyl cyanide
product, or attacks the C* atom of an allyl cation moiety from
the Re-face via TS10y or from the Si-face via TS10g, leading to
formation of an R- or S-1,4-allyl cyanide product. It is found that
the reaction via TS9s with a barrier of 14.7 kcal mol ™! is the
energetically most favorable, delivering the experimentally
observed product 4.

To confirm this new mechanism, we carried out IRC calcula-
tions for TS9g and the results are shown in Fig. 6, where several key
bond distances along the reaction coordinate are given. Clearly, at
the transition state region the C>-CN distance remarkably
decreases and once the C>-CN bond is formed, both the Cu-CN
and Cu-C? distances increase rapidly. Furthermore, it is found that
the Cu-NCMe distance monotonically decreases along the reaction
coordinate. The electrostatic interaction between the allyl cation
and the nitrile anion in allylcopper(1) complex E is believed to be
the main driving force for the formation of the allyl cyanide
product.

Note that all four transition state geometries are in their E-
conformations, leading to E-allyl cyanides. Taking TS9s as an
example, we also optimized its Z-isomer, which is found to be
energetically less favorable by 4.4 kcal mol . This is consistent
with the experimental observation that no Z-allyl cyanide
product was detected.>®

In comparison with TS9; (Si-face coupling) delivering the S-allyl
cyanide product 45, TS9% (Re-face coupling) leading to the R-allyl
cyanide product 4y, is energetically less favorable by 1.9 kcal mol ™.
A Gibbs free energy barrier difference of 1.9 kcal mol™" corre-
sponds to an ee value of ~93% for the 45 product, which is in good
agreement with the experimentally observed enantioselectivity,
92% ee value (Scheme 1). The distortion-interaction analyses,* >
using the allyl cation and [LCu(CN)(MeCN)] as fragments, show
that the stronger electronic interaction in TS9s is mainly respon-
sible for its higher stability than TS9g, as indicated by the calcu-
lated interaction energies between the two fragments (15.5 vs.
13.3 kecal mol ™" in Table S3t). Furthermore, the non-covalent
interactions (NCIs) analyses indicate that in TS9g there are signif-
icant CH-t interactions between the two fragments, while in TS9g
these CH-Tt interactions are absent and only a weak - interac-
tion is observed (Fig. S61).

Furthermore, the formation of 1,4-carbocyanation products
55 and 5g is also found to be energetically less than that for 4,
as indicated by the calculated relatively higher Gibbs free
energies of TS10g and TS10g, —16.9 and —13.8 kcal mol
which are less stable by 2.9 and 6.0 kcal mol™' than TS9;,
respectively. These results are also consistent with the experi-
mental observation that only the desired 1,2-allyl cyanide
product 4g is observed (Scheme 1).

Other pathways for the attack of the carbon atom of cyanide
in E on the C' or C* atom of the allyl cation moiety were also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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considered, however, the designed geometries were consistently
observed to collapse into those at the C> or C* position.

Proposed mechanism for photoredox/copper catalysis

Based on the above discussion, we summarize the mechanism of
the synergetic photoredox/copper catalysis in Scheme 3. This is an
unprecedented reaction mechanism, in which both the photo-
redox catalytic cycle and the copper catalytic cycle are different
from those proposed in the experimental study. In the photoredox

© 2023 The Author(s). Published by the Royal Society of Chemistry

cycle, the oxidized photocatalyst PC"* is reduced by the allyl radical
A generated in situ rather than the cyanocopper(i) species C, and
this process generates the key allyl cation A*. On the other hand, in
the copper catalytic cycle, the allyl cyanide product is obtained by
direct coupling between the cyanocopper(i) species C and allyl
cation A* through the unique outer-sphere mechanism rather than
the reductive elimination mechanism from a hypothetical Cu(m)
species that cannot be located from the present calculations.

In the newly proposed mechanism, throughout the whole
reaction process, only copper(1) species are involved. This is very
different from the previously proposed mechanism (Scheme 2)
in which the reaction occurs via a Cu'/Cu"/Cu™/Cu’ cycle. From
our calculations, the allylcopper complex E is identified as
a monovalent copper species rather than a trivalent species.
Note that in the previous experimental and theoretical
studies'®?*2126283% on the photoredox/copper(i)-catalyzed car-
bocyanation of alkenes or alkynes using trimethylsilyl cyanide
(TMSCN) as the provider of the cyano group, the desilylation
process was proposed to proceed via the reaction of a Cu(u)
species with TMSCN. However, for the present system our
calculations show that the involvement of Cu(u) in the desily-
lation process is expected to be energetically less favorable due
to the higher barrier involved in the formation of the Cu(u)
species, which requires an energy input of 31.7 kcal mol™*
(Fig. S71). In contrast, the reaction of Cu(i) species involves
a lower barrier of 14.6 kcal mol ™", as shown in Fig. 3.

In addition, we also investigated the reaction of the n-propyl-
substituted N-hydroxyphthalimide (NHP) ester (2') with the p-
phenylmethyl-substituted 1,3-diene (1'), and have included the
results of the four transition states involved in the cyanation of

Chem. Sci., 2023, 14, 4580-4588 | 4585
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barriers (in kcal mol™).

the allyl cation (regio- and enantioselectivity-determining step)
in Fig. S8.1 It is found that the formation of the S-1,2-allyl
cyanide product is the energetically most favorable. This is
consistent with the results obtained for the reaction of 2 with 1
discussed above. Based on these results, we conclude that our
proposed mechanism can explain Xiao's experimental obser-
vation that different allyl esters yield the same chiral allyl
cyanides.

3[ + *
LCu(MeCN)I

eV
3.41
—
3pc*
1.37 ——-- e
— A
...... K +
— ‘ —
0.00 OO N 0.00
PC LCu(MeCN)

Fig. 7 Calculated singlet-triplet energy gaps of PC and copper()
species LCu(MeCN)*.
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Energy transfer mechanism

According to previous reports in the literature,*** the reaction
may be initiated via a triplet-triplet energy transfer (TTET)
mechanism in some photocatalytic reactions. The donor is the
triplet state of the excited photocatalyst and the acceptor is the
singlet state of the transition metal catalyst. However, for the
present reaction, the TTET mechanism is not found to be
operative due to the incompatible singlet-triplet energy gaps of
the donor and the acceptor (active copper catalyst LCu(MeCN)").
Fig. 7 shows the calculated energies of the singlet and triplet
states of PC and LCu(MeCN)". The calculated singlet-triplet
energy gap for PC is 1.37 eV, while that for LCu(MeCN)"
3.41 eV. Clearly, the singlet-triplet energy gaps of the donor and
acceptor differ significantly, which hinders effective TTET
between the excited photocatalyst and copper catalyst according
to Marcus theory.*

Conclusions

In summary, by performing DFT calculations we have shown
the mechanistic details of the synergetic photoredox/copper-
catalyzed carbocyanation of 1,3-dienes. The calculated results
indicated a significantly different photoredox/copper catalytic
mechanism from that proposed in the experimental study. New
insights on the catalytic mechanism can be summarized in the
following three points. Firstly, the copper catalytic cycle involves
only Cu' species, instead of a Cu(1)/Cu(u)/Cu(m)/Cu(1) cycle as
proposed in the experimental study. Secondly, the cyanation of
the cyanocopper(i) species is achieved through its reaction with
an allyl cation rather than an allyl radical as proposed in the
experiment. Thirdly, the photocatalyst is regenerated via single

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electron transfer from the allyl radical rather than cyano-
copper(i) species to the oxidized photocatalyst. The present
calculations show that the cyanation of the allyl cation is the
regio- and enantioselectivity-determining step of the reaction.
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