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Abstract: 4-CN-pyridine is a widely applied 4-pyridinylation reagent

for diverse transformations. Conventionally, the reaction proceeds

via an open-shell radical cross-coupling pathway. Following our

previous study, in this work, we report the Pd-catalyzed allyl 4-

pyrinylation reaction under electrochemical conditions. The reaction

proceeds via radical-polar crossover pathway in which the role of

phosphine ligand in reactivity and selectivity was extensively

investigated.

Introduction

The pyridine group could give a molecule additional
hydrophilicity with decent stability toward oxidation conditions.
Pyridine is the most applied aromatic heterocycle in
pharmaceutical products.[1] Among the various protocol used to
introduce pyridine moieties into carbon skeletons, the
pyridinylation with 4-CN-pyridine is highly efficient (Scheme
1a).[2] Typically, 4-CN pyridine undergoes radical pathway via an
persistent radical intermediate A, which reacts with a number of
counterparts to give various formal-pyridine adducts. To date,
the substrate scope has covered Csp3-H,[3-7] nucleophilic
reagents,[8] carboxylic acid[9-11] ketones,[12-14] alkenes,[15-18] -
unsaturated compounds,[19-22] amines,[23] and imines[24, 25]. Due to
the persistence of the radical intermediate, 4-CN-pyrdine can be
activated under thermal, photoredox, and electrochemical
conditions. On the other hand, the adoption of this persistent
radical into the close-shell reaction pathway is still a challenge.

The catalytic trapping of open shell intermediates is well

established via diverse transition metal catalysts.[26-30] One

successful protocol is the radical rebound sequence, in which a

radical species receives one electron from transition metal

complex, forming anionic ligand and coordinating to the metal

center.[31-34] This process achieved the control of chemo-, regio-

and enantioselectivity by merge of the transition metal catalysis

and radical chemistry. In 2022, we reported the first Pd-

catalyzed asymmetric allyl pyridinylation reaction.[35] In that work,

the 4-CN-pyridine was used as the pyridinylation reagent driven

by electricity. Instead of direct cathodic reduction of 4-CN-

pyridine to persistent radicals, the Pd-allyl complex shuttles

electrons from the cathode to 4-CN-pyridine, and captures the

generated persistent radicals via rebound. With (R)-DTBM-

SEGPHOS as the chiral ligand, the Pd complex could lead to the

reductive elimination of the capture pyridine and allyl group to

furnish the chiral allyl pyridine product with excellent

enantioselectivity in good yield. Instead of radical cross-coupling,

4-CN-pyridine underwent a radical-polar crossover pathway.[36-38]

It was found
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Scheme 1. The 4-CN-pyridine reaction as open/close shell pyridinylation
reagent.

that the chiral diphosphine ligand plays an essential role in the

Pd-catalyzed allyl substitution under redox conditions by Mei,[39]

Yu[40-42] and us. This observation prompted us to study the

effects of P ligands with diverse steric and electronic features on

the electrochemical reaction outcome with yield as the

benchmark in this work (Scheme 1b).

Experimental Section

A 10 mL three-necked flask was charged with PdCl2 (0.02 mmol,

10 mol%) and dppp (0.024 mmol, 12 mol%). The flask was

evacuated and backfilled with argon three times, and anhydrous

MeCN (3 mL) was added via syringe. The mixture was stirred at

room temperature for 0.5 h. Then, substrate 1a (0.2 mmol, 1.0

equiv), 2a (0.6 mmol, 3.0 equiv), and nBu4NBF4 (0.1 mmol, 0.5

equiv) were added. The flask was equipped with graphite felt as

the cathode and Zn as the anode. The Zn anode was attached

to a platinum wire, and the graphite felt cathode was attached to

a titanium wire. The flask was evacuated and backfilled with

argon three times, and anhydrous MeCN (2 mL) and MeOH (1

mL) were added via syringe. The mixture was stirred at room

temperature and constant current electrolysis (20 mA). After the

reaction was completed (TLC or GC‒MS analysis,

approximately 4 h), the mixture was extracted with ethyl acetate.

The organic layers were washed with brine, dried over Na2SO4,

filtered and concentrated. The residue was purified by

chromatography on silica gel to afford the desired product.

Results and Discussion

At the onset of this study, we used substrate 1a and 4-CN-

pyridine 2a as the starting materials in electrolysis. With a Zn

anode and graphite felt cathode, PdCl2 worked as the catalyst

precursor with diverse phosphine ligands (Scheme 2). It was

found that the mono-dentate ligands L1-L4, regardless of triaryl

or trialkyl phosphine, did not gave any detectable branched

product 3a
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Scheme 2. Evaluation of P ligands on the reactivity and selectivity of Pd-catalyzed electrochemical allyl pyridinylation. a standard condition: 1a (0.2 mmol), 2a (0.6
mmol), PdCl2 (10 mol%), diphosphine L (12 mol%)/ monophosphine L (24 mol%), H2O (10 equiv), MeCN (6 mL), nBu4NBF4 (0.1 mmol), 20 mA·cm-3, 4 h, 35 oC,
GC yield of 3a with internal standard. b isolated yield of 3a.

and linear 3a’, and allyl acetate 1a was recovered quantitatively.

In addition, Pd precipitate was observed, suggesting that these

phosphine ligands were not adequate to stabilize the Pd cation

against cathodic reduction. When diphosphine ligand dppm L5

was used, only trace amounts (<10% of GC yield) of products 3a

were detected. Then, dppe L6 was evaluated, and the 5-

membered-ring Pd complex did not give a significant boost to

yield. If a dppp L7-Pd complex was applied, the yield of 3a was

dramatically improved to 64% GC yield and 60% isolated yield

with a branch/linear ratio of 5:1. Further increasing the ring size

of the complex by using dppb L8 led to 3a in an inferior yield of

45% and a B/L of 4:1. Highly rigid ligand L9 gave a 67% GC

yield and a 3:1 B/L ratio. However, a similar ligand L10 failed to

give decent results due to the lability of the alkene. We presume

that ortho-chelation is necessary to achieve the transformation,

and turned to evaluate L11-L15. The ortho diphosphine L11

worked as expected to offer 3a in 49% yield. L12-L15 with distal

coordinative sites, intending for para-chelation, failed to give

appreciable yields. Several axial ligands L16-L19 with varied

dihedral angles, which are proportional to the biting

Table 1. Optimization of the other reaction parameters. [a]

Entry Deviation from standard conditions Yields of 3a B/L

1 none 64% 5:1

2 no electricity Nd -

3 no PdCl2 Nd -

4 no ligand Nd -
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5 no H2O Nd -

6 graphite felt as anode Trace -

7 LiClO4 instead of nBu4NBF4 Trace -

8 DMF instead of MeCN 60% 2:1

9 DMSO instead of MeCN 48% 2:1

10 MeCN/MeOH (5:1, v/v) 74% (72%)b 5:1

11 Cinnamyl bromide instead of 1a Nd -

12 Cinnamyl methyl carbonate instead of 1a Nd -

[a] Standard conditions: 1a (0.2 mmol), 2a (0.6 mmol), PdCl2 (10 mol%), L7

(12 mol%), H2O (10 equiv), MeCN (6 mL), nBu4NBF4 (0.1 mmol), 20 mA·cm-3,

4 h, 35 °C. [b] Isolated yield in brackets.

angle, were screened. It was found that the BINAP L16,
XylBINAP L17 and H8-BINAP L18 with larger dihedral angles

among the four ligands offered 3a in 37%, 37% and 47% yields,

respectively. By using ligands L19 with smaller dihedral angles,

the yield increased to 59%. By introducing electron-withdrawing

backbone in L20, both the yield and B/L dropped slightly. Two

chiral ligands L21 and L22 bearing bulky P-aryl groups could

improve the yield further to 70%, however, the B/L dropped. A

chiral version of dppp ligand L23 also gave good yield for 3a and

a similar B/L ratio. DIOP L24, sharing the same ring size as

dppb L8, provided almost identical results. Subsequently, the

complex of Pd-Trost ligand L25, a widely applied diphosphine

ligand for asymmetric allyl alkylation reactions, did not catalyze

the transformation effectively. A highly rigid ligand, L26, gave

neither 3a nor 3a’ as the detectable products. Phosphite ligand

L24 and phosphamide L25 were not valid ligands in this catalytic

electrochemical allyl pyridinylation.

After identifying dppp with simple backbone as the ligand with

balance of yield and B/L, we studied the impact of other

parameters on the yield of 3a and the corresponding B/L ratio

(Table 1). In comparison to the standard condition (entry 1), the

absence of electricity (entry 2) or Pd salt (entry 3) did not give

any conversion. If L7 was removed, metallic palladium

precipitated from the solution (entry 4). In addition, the proton

source water was also necessary; otherwise, the reaction was

completely shut down (entry 5). Next, a sacrificial zinc anode

was confirmed to be critical for this reductive cross coupling

reaction (entry 6). If LiClO4 was applied as the supporting

electrolyte instead of nBu4NBF4, the reaction did not proceed

significantly (entry 7). Other typical solvents, such as DMF (entry

8) and DMSO (entry 9), gave inferior yields. The GC yield was

further increased to 74%, and the isolated yield was 72% (entry

10). Finally, cinnamyl bromide (entry 11) and cinnamyl

carbonate (entry 12) were not as competent as 1a in the

reaction and did not give detectable 3a.
With the optimum conditions identified (Table 1, entry 10), we

started to explore the substrate scope with various allyl acetates
and 4-CN-pyridines without or with a second substituent group
(Scheme 3). First, several substituted cinnamyl acetates were
subjected to this Pd-catalyzed reaction. In the series of products
3b to 3g, the isolated yields ranged from 45% to 71%. Generally,
the B/L did not vary much between 3:1 and 6:1. Epoxide (3f) and
TMS-acetylenyl (3g) were compatible with the reaction
conditions. Relatively low yields were observed when meta-
substitutions were present in products 3h to 3j. On the other
hand, the B/L remained at approximately 4:1. In the case of
products 3k–3n bearing para electron-donating groups, the
isolated yields were relatively high. Next, products 3o–3v
incorporating internal allyl groups were also prepared well with
the identical protocol. We presumed that the B/L was
determined by the ligands, since different combinations of
carbon chains in substrates 1o–1v did not alter it too much. A
branched product 3w bearing two methoxy group was isolated in
54% yield from a reaction of B/L = 3:1. In a substrate 1x bearing
a cyclic allyl acetate gave the target product 3x in 52% isolated
yield and a 4:1 B/L. Two substrates bearing heterocycles 1y and
1z smoothly gave rise to corresponding products 3y and 3z in
65% and 53% isolated yields. Subsequently, N-heterocycles
with cyano substitution other than 2a were examined with 1a
under the same conditions. It was found that the groups at the 2-
or 3-position impacted the reactions to some extent. If a steric
group was present at the 3-position of pyridine, the reaction did
not proceed. Only the products with 3-fluoro (3aa) or 3-chloro
(3ab) pyridinyl groups was generated in 50% and 53% isolated
yields at a B/L ratio of 3:1. It was found that the alkyl or aryl
group at the 2-position of CN-pyridine allowed the desired
conversion,
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Scheme 3. Substrate scope of Pd-dppp-catalyzed electrochemical allyl pyridinylation.

although the yields of 3ac–3af were generally lower than that of
3a. Meanwhile, the B/L ratio remained at a similar level. In
addition, one example using 1-CN-isoquinoline provided product
3ag in 48% isolated yield. In this substrate scope list, the yield
was the isolated yield of the branched product, and the B/Ls
were characterized from the 1H NMR of the crude mixture.
Generally, the overall yields of B+L were 80%-90%, along with
hydrode-acetate byproducts, for example, allylbenzene from
substrate 1a.

Scheme 4. Gram scale synthesis of product 3a.

Next, we explored the potential of this Pd-catalyzed allyl
pyridinylation reaction at the gram scale (Scheme 4). The
reaction proceeded smoothly, generating product 3a in 60%
yield, and the B/L remained at the same level.
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Scheme 5. Controlled reaction and a plausible reaction pathway.

Subsequently, the reaction was conducted at -1.5 V vs SCE
under which neither allyl acetate 1a nor 4-CN-pyridine 2a could
be reduced directly at the cathode. The reaction smoothly
produced 3a in almost identical yield to that under standard
conditions (Scheme 5a). This phenomenon implied a mediated
process operate in the reaction. Afterwards, the effect of zinc
anode was investigated with different combination of anodes
and additive (Scheme 5b). With stoichiometric ZnCl2 as additive,

changing Zn anode to graphite felt or platinum, the desired
product 3a was not detected. If an Al anode was applied in the
presence of stoichiometric ZnCl2 as additive, the reaction gave
desired product 3a in similar yield to that obtained under
standard conditions. However, Al anode along did not offer 3a.
According to the reported works and the results in this work, a
plausible reaction pathway was proposed in Scheme 5c. First,
the PdCl2/dppp complex is reduced at the cathode and enters
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the catalytic cycle with the oxidative addition of 1 to Pd species
A as the initial step. Next, intermediate B receives one electron
from the cathode to form the formal PdI complex C, which acts
as an electron shuttler to zinc-activated 2a. Subsequently, the
Pd species in intermediate D receives and relays one electron to
the adsorbed pyridinyl radical species. By loss of the zinc cation
and CN anion, allyl-Pd-pyridinyl complex E formed. Finally,
reductive elimination from E produces product 3 and
regenerates Pd catalyst A. It was found different ligands play
important roles in regulating the regioselectivity. To gain some
information on this effect, DFT computation study was
conducted to compare the different transition state (TS) during
the formation of branch and linear product (Scheme 5d). At first,
the standard ligand L7 was compared with its variant (S,S)-L20
to study the effect of ligand’s backbone. It was found the
transition states involving L7 to branch and linear products 3a
and 3a’ had a difference (ΔΔG) of 2.7 kcal/mol. In the case of
L20, it was 6.5 kcal/mol. Though the data was not fully fit the B/L
ratio of L7 and L20, the trend is consistent. Next, the steric
effect was examined with BINAP L16 and xyl-BINAP as model
ligand, computational results showed the difference of ΔΔG is
also parallel to B/L ratios from both reactions. Next, the
electronic effect on the B/L selectivity was calculated with L19
and L20 respectively, exhibiting the similar results. With these
results, we proposed backbone, steric, and electronic factors
influence the regio-selectivity. Next, to understand why branch
products were the major outcome, the TS to 3a with L7 ligands
was analyzed. It was found the aryl group participate the
coordination to Pd, which favoring the reductive elimination at
branch position.

Conclusion

In summary, a work on a Pd-catalyzed electrochemical allyl

pyridinylation reaction was reported with extensive evaluations

of various P ligands. It was found that electron-rich diphosphine

ligands are necessary. More than 30 examples of isolated

branched pyridinylation products were demonstrated. A reaction

pathway involving the Pd-phosphine complex as both the

transition metal catalyst and electron shuttler was proposed.
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钯催化电化学烯丙位 4-吡啶化反应中的配体作用研

究

丁伟杰 a，b*，杨春晖 b，冯钟涛 c，陆仕荣 a，程旭 b*

（a. 台州学院材料科学与工程学院，台州 318000；b. 南京大学化学化工学院，南京 210023；c.新加坡南

洋理工化学化工生物技术学院，新加坡）

摘要：过渡金属络合物在电化学合成中获得了广泛的应用，其中配体对于络合物在电场中稳定性、催化活性

以及选择性的影响还了解有限。4-氰基-吡啶作为一种高效吡啶化试剂，在自由基化学中获得广泛应用。在前

期的工作中，我们实现了电化学条件下，手性双膦配体钯络合物催化 4-氰基-吡啶与烯丙基醋酸酯反应，构建

了多种手性烯丙基吡啶化合物。我们发现双膦配体对反应有着关键的作用，决定着反应的活性、区域选择性

和对映选择性。在本工作中，我们系统性地研究了多种双膦配体钯金属络合物，在烯丙基醋酸酯与氰基吡啶

的电化学还原偶联过程中的性质。通过控制实验，电化学分析以及理论计算等方法，我们揭示了双膦配体对

于络合物稳定性及反应区域选择性的影响。进而，我们发现在电场条件下存在一个非稳定价态的过渡金属络

合物。 这个非稳定价态的过渡金属络合物中，双膦配体可以将电荷和自旋密度分散于整个络合物之中，而不

是局限于金属离子之上。这样，络合物既可以作为电子转移催化剂，也可以作为过渡金属催化剂，同时控制

整个电子转移过程以及成键过程。我们认为这种配体与金属在电场条件下的非稳定价态络合物，展现了电化

学条件下过渡金属催化的独特能力，这有助于发展未来的新型的电化学催化体系。同时，我们还发现锌电极

至关重要，其不仅可以活化 4-氰基吡啶，还可以淬灭氰根离子，展现出 Lewis酸性金属离子的特殊用途。

关键词：电化学；钯催化；膦配体；吡啶化；烯丙基
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