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SUMMARY

Possessing a characteristic sandwich-type structure, metallocenes
have been widely used by the chemistry community. However, the
direct catalytic C�H heteroarylation of metallocenes still remains
underexplored. Here, we report an efficient catalytic protocol for
C�H heteroarylation of group 8 metallocenes (M = Fe, Ru) under
light irradiation. This intermolecular cross coupling features direct-
ing group free, mild conditions and a wide substrate scope. Prelim-
inary mechanistic studies suggest that the newly formed C�C bond
is constructed through electrophilic radical substitution of the met-
allocene with a heteroaryl radical, which is generated via an oxida-
tive quenching pathway.
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INTRODUCTION

Ferrocenes,1–3 a class of important and prevalent metallocenes, have gained much

attention owing to their unique structure and excellent performance in materials sci-

ence,4–7 medicinal chemistry,8–10 and catalysis.11–15 Accordingly, new approaches

for the functionalization of ferrocenes are of great significance in organic chemistry.

Friedel-Crafts acylation and lithiation/nucleophilic reaction are two typical strategies

for the functionalization of ferrocene.16–20 As for (hetero)arylation of ferrocenes, the

Negishi reaction is a reliable method for the multi-step synthesis of pyridyl ferro-

cenes, but a stoichiometric amount of pyrophoric tert-butyl lithium has to be used

for the preparation of ferrocenyl zinc reagents (Figure 1A).21 As a result, the direct

catalytic C�H (hetero)arylation of ferrocenes is attractive but challenging.

Through catalytic C�H activation and a cross-coupling strategy, Pd-catalyzed intra-

molecular arylation of ferrocenes has been independently accomplished by You,22

Gu, and Kang23 (Figure 1B). In addition, with the assistance of preinstalled directing

groups (DGs), You’s group also realized the intermolecular C�H arylation of ferro-

cenes with aryl halides under Rh catalysis (Figure 1C).24,25 These two distinct ap-

proaches both involve C�H activation at an elevated temperature.

Apart from transition metal catalysis, state-of-the-art photoredox catalysis26–39 has

pushed the boundary of catalytic arylation reactions using various aryl radical precur-

sors.40–44 However, for limited examples of photo-induced arylation of arenes or

heteroarenes,45–48 super stoichiometric substrates (>10 equivalent [equiv]) have to

be used in order to guarantee acceptable yields in most cases. With respect to ary-

lation of ferrocene, due to its unique structure, there are only a few reports that aryl

ferrocenes could be achieved via Gomberg-Bachmann reaction with aryl diazo com-

pounds (10 equiv).49 Despite these impressive advances, photo-induced catalytic

intermolecular C�H (hetero)arylation of metallocenes via a radical pathway still
Cell Reports Physical Science 3, 100768, February 16, 2022 ª 2022 The Author(s).
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Figure 1. Arylation of group 8 metallocenes with aryl halides

(A) Conventional synthesis of pyridyl ferrocenes via organometallic reagent.

(B) Intramolecular arylation of ferrocenes under Pd catalysis.

(C) Directing-group-assisted C–H arylation of ferrocenes under Rh catalysis.

(D) This work: photo-induced catalytic C–H heteroarylation of metallocenes.
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remains unknown. Inspired by the precedents about various pyridyl radical sour-

ces50–56 and our work on photo-induced catalysis,57–59 we report here a photo-

induced catalytic C�H heteroarylation of ferrocenes and ruthenocenes with aryl

halides (Figure 1D). This strategy features with broad substrate scope, mild and

concise conditions, redox neutrality, elusions of DGs, and avoiding the use of flam-

mable tert-butyl lithium reagent.
RESULTS AND DISCUSSION

Optimization

Initially, we aimed to optimize the reaction conditions of photo-induced pyridylation

of ferrocene (Table 1). To assess the feasibility of our design, model substrates of

ferrocene 1a and 2-bromo-6-methylpyridine 2a were examined under conditions

that we recently developed for photo-induced halopyridylation of alkenes. A small

amount of desired product 3a (19% yield) was obtained in the presence of
2 Cell Reports Physical Science 3, 100768, February 16, 2022



Table 1. Optimization for catalytic pyridylation of ferrocene

Entrya PC Acid WL (nm) Yield (%)b

1 Ir-PC A TFA 456 19

2 Ir-PC A TFA 427 30

3 Ir-PC A TFA 390 43

4 Ir-PC A TFA CFL trace

5 Ir-PC A PhCO2H 390 11

6 Ir-PC A TsOH 390 11

7 Ir-PC A (PhO)2PO2H 390 14

8 Ir-PC B TFA 390 49

9 Ir-PC C TFA 390 48

10 Ir-PC D TFA 390 40

11 Ir-PC E TFA 390 40

12 Ir-PC F TFA 390 43

13 Ir-PC B TFA 390 57c

14 Ir-PC B TFA 390 76c,d

15 Ir-PC B TFA 390 83c,d,e

16 Ir-PC B TFA – ND

17 – TFA 390 8

18 Ir-PC B – 390 ND

WL, wavelength; PC, photocatalyst; CFL, compact fluorescent light; N.D., no detected; TFA, trifluoroace-

tic acid; TFE, 2,2,2-trifluoroethanol; TsOH, para-toluenesulfonic acid.
aReaction conditions: 1a (0.30 mmol), 2a (0.20 mmol), photocatalyst (1.0 mol %), acid (2.0 equiv), TFE

(2.0 mL), room temperature, under N2, Kessil LEDs.
bDetermined by GC-FID using mesitylene as the internal standard.
cTFE (4.0 mL).
dIr-PC B (3.0 mol %).
eNaF (4.0 equiv) was added. Isolated yield was given.
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Ir(ppy)2(dtbbpy)PF6 (Ir-PC A) at room temperature under the irradiation of blue LEDs

(456 nm) (entry 1). Then, the evaluation on the wavelength of an LED suggested that

390 nm light was the optimal choice, making the yield increase to 43% (entries 1–3).

The compact fluorescent light (CFL) only provided a trace amount of the desired
Cell Reports Physical Science 3, 100768, February 16, 2022 3
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product (entry 4). Trifluoroacetic acid (TFA) kept its superior activation role

compared with other Brønsted acids such as PhCO2H, TsOH, and (PhO)2PO2H (en-

tries 5–7). Besides, the use of some widely used photocatalysts, such as (Arc-Mes)

ClO4, Rose Bengal, Ru(bpy)3Cl2$6H2O, and fac-Ir(ppy)3, gave no better result than

that of Ir-PC A (see Table S1). In order to further improve the product yield, several

photocatalysts similar to Ir-PC A were synthesized and utilized for further optimiza-

tion (entries 8–12). To our delight, Ir-PC B and C led to slight improvement on the

yield, affording 49% and 48%, respectively (entries 8 and 9). A lower concentration

could deliver a better result (57% yield), probably owing to the better light absorp-

tion (entry 13). Also, increasing the loading of Ir-PC B could further promote the re-

action (entry 14). Finally, the addition of NaF gave the best isolated yield in 83% of

the heteroarylation product 3a (entry 15). The role of NaF may help stabilize the

protonized pyridyl radical by hydrogen bond interactions. Control experiments indi-

cate that light irradiation, photocatalysts, and TFA are indispensable for the smooth

formation of target product 3a (entries 16–18). A low yield of product was obtained

without photocatalyst, probably because of the unique light absorption of ferrocene

(entry 17).60
Substrate scope

With the optimized conditions in hand, we subsequently explored the pyridine sub-

strate scope (Figure 2A). Subjecting 2a to the optimized condition afforded the

target product 3a with 83% isolated yield. A 3.0 mmol scale-up reaction was con-

ducted with 60% yield. The structure 3a was unambiguously confirmed by X-ray anal-

ysis with the dihedral angle of 17.4� between the Cp and pyridine rings. Beside

2-bromopyridine, Cl- and I-substituted pyridines could also deliver the target prod-

uct (3b). Although C3-pyridylation produced lower yields (3c), good yields (79%–

96%) were obtained for the C-4 pyridylation (3d). Alkyl-substituted pyridines showed

good performance in the C-2 pyridylation (3e–3g). Hydroxymethyl groups on pyri-

dines were also tolerated (3h–3i). Corresponding products were accessed with mod-

erate yields with respect to pyridines bearing hydroxyl or methoxy groups (3j–3m).

Slightly lower yields were obtained for primary amino group-substituted pyridines

(3n and 3p). Beside normal product 3o, an in situ deprotection was observed for pyr-

idine 2o. Delightfully, 4-bromo-1H-pyrrolo[2,3-b]pyridine furnished the biheterocy-

clic product with 87% yield (3q). For quinoline, isoquinoline halides, or benzene

halides, this protocol did not work (see Scheme S1). Probably owing to the steric hin-

drance effect, highly substituted ferrocenes gave lower yields (3r and 3s). However,

1,10-disubstituted ferrocenes could proceed well (3t and 3u). In terms of metallo-

cenes bearing electron-withdrawing groups, such as acetylferrocene or ferrocene-

carboxaldehyde, no desired product could be obtained (see Scheme S1).

Since the protonation of pyridines promoted radical generation, we supposed that

the cationization of pyridone could work as well (Figure 2B). 6-Bromo-1-methylpyr-

idin-2(1H)-one was selected to test our assumption. An additive of Zn(OTf)2
improved the yield, probably because its interaction between carbonyl groups

made pyridone radical more reactive. After the optimization, the desired C�H het-

eroarylated product 4a was produced with 60% yield. The molecular structure was

confirmed by X-ray analysis. Due to the steric effects, the dihedral angle (41.2�)
Figure 2. Photo-induced C�H heteroarylation of group 8 metallocenes

Condition A: metallocene (0.30 mmol), organic halide (0.20 mmol, X = Br unless otherwise noted), Ir-PC B (3 mol %), TFA (2.0 equiv), NaF (4.0 equiv), TFE

(4 mL), under N2, rt, Kessil LED (390 nm, 40 W), 24 h. Condition B: based on condition A, using Zn(OTf)2 (50 mol %) instead of NaF. Condition C: based on

condition A, using TFE/DCM (3 + 1 mL), Kessil LED (427 nm, 40 W) instead of TFE, Kessil LED (390 nm, 40 W). a3.0 mmol reaction, Kessil LED (390 nm,

40 W*2), 36 h. bUnder condition A. cUnder condition C, using Zn(OTf)2 (50 mol %) instead of NaF. DCM, dichloromethane.

Cell Reports Physical Science 3, 100768, February 16, 2022 5
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between the Cp and pyridone rings is larger than that of 3a. Substrate with ethyl sub-

stituent delivered the corresponding product with a decent yield (4b). With respect

to N-hydroxypropyl or benzyl groups, the desired products were obtained with

lower yields, probably owing to steric effects (4c–4d). However, the phenethyl group

was not applicable to this heteroarylation (4e). When the bromo group substituted at

the para position, heteroarylation also proceeded to give the desired product (4f).

Imidazo[1,2-a]pyridines with bromide substituted at ortho or para positions reacted

successfully, providing biheterocyclic products with moderate yields (4g–4h).

Although no pyridylation occurred for some Cp-metal complexes (Ti, Zr, and Mn;

Figure 2C), this protocol could be extended to the C�H heteroarylation of rutheno-

cene (Figure 2D). From the optimization, a mixed solvent of TFE/DCM (3:1, v/v) was

employed to help the dissolution of ruthenocene. Methyl-substituted pyridines

delivered the corresponding products with decent yields (6a and 6b). A medium

yield was obtained with 2-bromopyridine (6c). Iodide substituted at the meta posi-

tion also gave the target compound (6d). Notably, when 4-bromo pyridine was

used in the reaction, the product was produced with a satisfying yield (6e). With

respect to the pyridines-with-protected-amine group, corresponding products

were obtained with moderate yields (6f and 6g). A lower yield was observed using

the methoxy-group-substituted pyridine (6h). To our delight, useful biheterocyclic

products (6i and 6j) could still be obtained in a concise way. The pyridonation of ruth-

enocene proceeded well to deliver a cross-coupling product (6k), of which the struc-

ture was unambiguously confirmed by X-ray analysis.

Mechanistic study

With the intention to understand the mechanism of this photo-induced C�H heter-

oarylation of metallocenes, preliminary mechanistic experiments were conducted

(Figure 3). The addition of butylated hydroxytoluene (BHT) partially decreased the

yield of the products (Figure 3A). For 2-bromo-6-methylpyridine 2a, pyridylation

preferentially occurred on the phenyl ring of BHT (7a) rather than the hydroxyl group

(7a0). When switching to 2-bromopyridine 2b, pyridylation onto the phenyl ring (7b)

or the hydroxyl group (7b0) of BHT could both be observed. The addition of the

radical scavenger 2,2,6,6-tetramethylpiperidinooxy (TEMPO) completely inhibited

the reaction (Figure 3B). These radical trapping experiments indicated a possible

radical pathway.

In some cases, ferrocenium ion61–63 performs as a key intermediate or catalyst during

the functionalization of ferrocenes. However, the reaction of ferrocenium hexafluor-

ophosphate under standard conditions delivered only a trace amount of the desired

product 3a accompanied with ferrocene 1a (Figure 3C). The addition of extra zinc

powder gave the product a decent yield. These two results suggest that in-situ-

generated electrophilic pyridyl radicals react with 18e ferrocene rather than 17e fer-

rocenium to form the new C�C bond.

Light-on/-off experiments revealed that consistent irradiation of an LED was essen-

tial for this protocol (Figure 3D). Furthermore, the corresponding quantum yield

(F)64 has been subsequently determined as 0.65. Afterward, Stern�Volmer quench-

ing experiments of [Ir(ppy)2(bim)]PF6 with different conditions were conducted (Fig-

ure 3E). The addition of pyridine bromide (2a) or TFA individually into the solution of

the photocatalyst showed a slight quenching effect. However, the combination of 2a

with TFA displayed a dramatic quenching effect even at lower concentrations. This

suggests that the protonation of pyridine is essential for a highly efficient single elec-

tron transfer (SET) from excited photocatalyst to halopyridine (2a). As described in
6 Cell Reports Physical Science 3, 100768, February 16, 2022



Figure 3. Mechanistic studies

TEMPO, 2,2,6,6-Tetramethylpiperidinooxy.
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our previous work,59 the protonation of halopyridine (2a) probably increases its

reduction potential, making it feasible for it to be reduced by the excited state of

[Ir(ppy)2(bim)]PF6.

Based on the experimental results mentioned above and literature reports on photo-

induced reactions,59 a proposed mechanism has been shown in Scheme 1. First, un-

der the irradiation of an LED, the photocatalyst is transformed from the ground state

to excited state Ir(III)*. A subsequent SET from Ir(III)* species to protonated halopyr-

idine A generates pyridyl radical B. Then, the pyridyl radical B undergoes an electro-

philic radical attack onto 18e ferrocene to give the intermediate C with a newly

formed C�C bond. Another SET process from intermediate C to Ir(IV) delivers ferro-

cenyl pyridinium and regenerates photocatalyst Ir(III) for the next cycle. The desired

product 3a could be obtained after a basic work up.
Synthetic transformations

Finally, further transformations of pyridyl ferrocene were conducted to demonstrate

the synthetic utility of this protocol (Scheme 2). Taking advantage of inherent DGs of

3a,65 C�H amination of ferrocene was accomplished with a high yield (8aA, 91%).

With the help of Ir catalysis,66 sp2 alkenylation on the Cp ring was achieved with

71% yield (8b). A selective sp3 rather than sp2 C�H alkylation on the methyl group

of pyridines (8c) was facilitated by Pd catalysis.67 Through a classic electrophilic
Cell Reports Physical Science 3, 100768, February 16, 2022 7



Scheme 1. Proposed mechanism
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Friedel-Crafts reaction, a useful acyl group could be introduced onto the other Cp

ring of ferrocene 3a with a decent yield (8d, 70%).22

In conclusion, we have developed a direct C�H heteroarylation of group 8 metallo-

cenes under photoredox catalysis. A variety of functionalized ferrocenes and ruthe-

nocenes have been easily constructed through this intermolecular cross coupling in

the absence of preinstalled DGs. Preliminary mechanistic studies suggest an electro-

philic radical substitution of metallocene with heteroaryl radical is involved in the for-

mation of a new C�C bond. Further transformations of pyridyl ferrocene were also

demonstrated to show the synthetic utility of this protocol. Overall, this concise

and mild strategy may serve as a general complement for accessing synthetically

useful heteroarylated metallocenes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Qing-An Chen (qachen@dicp.ac.cn).

Materials availability

Commercially available reagents were used without further purification. Other sol-

vents were treated prior to use according to the standardmethods. Unless otherwise

stated, all reactions were conducted under inert atmosphere using standard Schlenk

techniques or in a nitrogen-filled glovebox. 1H NMR and 13C NMR spectra were re-

corded at room temperature in CDCl3 on 400 or 700 MHz instruments with tetrame-

thylsilane (TMS) as the internal standard. Flash column chromatography was per-

formed on silica gel (200–300 mesh). All reactions were monitored by thin-layer

chromatography (TLC), nuclear magnetic resonance (NMR), or gas chromatography

with flame-ionization detection (GC-FID) analysis. High-resolution mass spectrom-

etry (HRMS) data were obtained with Micromass HPLC-Q-TOF mass spectrometer

(electrospray ionization [ESI]) or Agilent 6540 Accurate-MS spectrometer (quadru-

pole time of flight [Q-TOF]).
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Scheme 2. Synthetic transformations
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Data and code availability

The authors declare that data supporting the findings of this study are available

within the article and the Supplemental information. Crystallographic data for the

structures reported in this article have been deposited at the Cambridge Crystallo-

graphic Data Center (CCDC) under CCDC: 2109760 (3a), 2109766 (4a), and 2112906

(6k). Copies of the data can be obtained free of charge from https://www.ccdc.cam.

ac.uk/structures/. All other data are available from the lead contact upon reasonable

request.
Description of methods and characterization

Further experimental descriptions, the general information, details of the reagents,

and all syntheses and characterizations are provided in the Supplemental experi-

mental procedures. Tables S1–S9 show detailed optimizations for photo-induced

C–H heteroarylation of ferrocene and ruthenocene. Scheme S1 shows some unsuc-

cessful substrates. Table S10, Figures S1–S3, and Equations S1–S4 show the details

for the determination of the reaction quantum yield. Table S11 and Figure S4 show

the details for light-on/-off experiments. Figures S5–S8 show details for the Stern-

Volmer experiments. Tables S12–S14 show the crystal data and structures of 3a,

4a, and 6k. NMR spectra are provided in Figures S9–S112.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.100768
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