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An unprecedented CuI-catalysed cross-coupling of 

arylzirconium reagents with aryl and heteroaryl iodides is 

reported. Mechanistic studies with a Cp2ZrAr2 complex 

revealed that Cp2Zr(Ar)(Cl) is the reactive species that 

undergoes transmetalation with (PN-1)CuI. In addition, 

experiments with radical probes indicated that the reaction 

proceeds via a non-radical pathway. 

Cross-couplings represent one of the most widely utilised organic 

reactions for carbon-carbon (C−C) bond formation.
1,2

 These 

transformations, typically catalysed by Pd complexes, have been 

extensively utilised in the synthesis of a variety of molecular targets, 

pharmaceuticals and building blocks.
3
 Despite remarkable success 

over the last three decades and the maturity of the transformation 

with regard to its substrate scope, catalytic turnover and application, 

low abundance of Pd in nature remains a major concern for the long 

term sustainability of cross-couplings.   

In this regard, Cu can be considered as an ideal alternative not only 

because of its abundance in nature but also due to its low cost and low 

toxicity to human health. As such, Cu has attracted a tremendous 

attention in its potential application to cross-coupling reactions.
4
 Early 

investigations undoubtedly showed improved effects of using Cu-salts 

in Pd- and Ni-catalysed cross-couplings.
5
 Cu-salts have remained 

instrumental in catalysing the coupling of Grignard reagents with 

organic electrophiles.
6
 However, the reactions only work with alkyl 

electrophiles, which proceed via a traditional SN2 type mechanism. In 

1996, Liebeskind and Allred demonstrated that stoichiometric 

amounts of Cu-salts alone could promote the coupling of aryltin 

reagents with aryl iodides.
7
 Since the disclosure of this seminal work, a 

number of stoichiometric and catalytic reactions have emerged and 

further increased hope to develop Cu as a viable alternative to Pd.
8
 

Despite these early signs of optimism, the scope of the reaction 

remained limited as it typically required less functional group tolerant 

and highly reactive Grignard reagents and proceeded mainly with 

primary alkyl electrophiles.
9
 Subsequent reaction protocols that 

focused on more stable organometallic coupling partners such as 

organoboron reagents were only able to couple a limited number of 

arylboronic acids with aryl iodides.
10

   

Recently, we
11

 and others
12

 have demonstrated that Cu-salts can 

catalyse the couplings of a variety of organoboron reagents and other 

organometallic coupling partners, such as organosilicon
13

 and 

organoindium reagents,
14

 with alkyl, aryl and heteroaryl halides. In our 

quest to demonstrate further the versatility of Cu-based catalytic 

systems, we have begun to search for reaction conditions that would 

enable us to utilise organozirconium reagents as coupling partners. 

Transmetalation of organozirconium reagents to Cu has been 

documented in Cu-mediated transformations of zirconacyclopenta-

dienes to different molecules.
4a

 In 1996, Takahashi and coworkers 

further demonstrated that dicopper-diene complexes, generated via 

transmetallation of zirconacyclopentadienes with 2 equivalents of 

CuCl, could react with 1,2-dihaloarenes to afford fused aromatic 

rings.
15

 Aside from this literature precedent and subsequent reports 

with stoichiometric Cu-salts,
16

 we are unaware of any general and 

practical Cu-catalysed cross-coupling of arylzirconium reagents with 

aryl halides leading to the formation of biaryl compounds. Herein, we 

report one such reaction protocol that allows us to cross-couple a 

variety of arylzirconium reagents with aryl and heteroaryl iodides. 

Our recent investigations have revealed that Cu-catalysed cross-

coupling of organoboron
11

 and organosilicon
13c

 reagents with aryl 

halides affords products in optimal yields when the reactions are 

conducted in DMF in the presence of a fluoride source or a base. 

Unfortunately, however, the cross-coupling of Cp2Zr(Ph)(Cl), 
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generated in situ from a 1:1 mixture of Cp2ZrCl2 and PhLi,
17

 afforded 

the product in trace amounts under the previously established 

reaction conditions both with and without CsF in DMF (Table 1, entries 

1-2). Further studies of the coupling under a variety of different 

conditions indicated that the reaction furnished the product in highest 

yield when conducted in THF without CsF and bases (entry 3). The fact 

that the reaction proceeds under neutral condition in an easily 

removable solvent THF should tender a wide synthetic benefit. While 

the reaction did not proceed in DMSO, the coupling can be conducted 

in 2-Me-THF, dioxane and toluene despite lower product yields 

(entries 4-7). Addition of bases or CsF did not improve the yield (entry 

8). The reaction also proceeds in the absence of the added ligand PN-1 

but only with 15% yield (entry 9). No product was observed in the 

absence of CuI (entry 10). Replacement of CuI with [CuOtBu], purified 

by sublimation, also furnished the product in a reasonable yield (entry 

11). PN-1 could also be replaced with a similar PN-2 ligand (Scheme 1). 

However, the reaction furnished the product in lower yields when PN-

1 was replaced with morpholine-based and sterically hindered ligands 

PN-3 and PN-4. Bidentate phosphine ligand, 1,2-

bis(diphenylphosphino)benzene (dppb), did not afford the product at 

all. Other bidentate nitrogen ligands, such as N,N,N’,N’-tetramethyl-

o-phenylenediamine (tmpda), phenanthroline (phen) and 1,2-

dipyrrolidinocyclohexane (dpc), furnished the product in lower yields 

signifying the crucial role played by the PN-1 ligand in the current Cu-

catalysed coupling of arylzirconium reagents with aryl iodides. 

Table 1. Optimization of Reaction Conditionsa 

 
aReactions were run on 0.20 mmol scale in 1 mL THF in a sealed tube. CuI 
(99.999%) was used. bCalibrated GC yields using 2-nitrobiphenyl as a 

standard. cThe number in parenthesis is the isolated yield from a 1.0 mmol 

scale reaction in 5 mL THF. 

 
Scheme 1. Comparison of product yields with various ligands 

After optimizing the conditions, we examined the substrate scope of 

the new coupling protocol. The current conditions allow the reactions 

to proceed between a variety of arylzirconium reagents and aryl 

iodides, affording the products in good to excellent yields (Table 2). 

Fortunately, the reaction can be conducted using both electron-

deficient and electron-rich aryl iodides, and electron-neutral and 

electron-rich arylzirconium reagents.
18

 The cross-coupling also 

tolerates sterially hindered substrates (entries 13-14), and a wide 

range of functional groups including OMe, Cl, CF3, CN and OTBS in 

aryl iodides, further demonstrating its wide synthetic utility. 

Table 2. Coupling of arylzirconium reagents with aryl iodidesa 

 

aReactions were run on 1.0 mmol scale in a sealed tube. CuI (99.999%) was 

used. bIsolated yields. 

The current reaction protocol can also be extended to the coupling of 

heteroaryl iodides (Table 3). Gratifyingly, the cross-coupling proceeds 

without the PN-1 ligand and affords the product in good yields. The 

reaction tolerates alkoxides on arylzirconium reagents and chloride on 

heteroaryl iodides. 
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Table 3. Coupling of arylzirconium reagents with heteroaryl iodidesa 

entry yield (%)bAr in Cp2Zr(Cl)Ar (Het)Ar Ar

+
10 mol % CuI

THF, 120 °C, 24 h
(Het)Ar I (Het)Ar Ar

N

N

N

Cl

66
75
57

75

62
65

R

N

N I

N

I

Cl

(Het)Ar I

N

Cl 63
N I

Cl

Me

Me

1

2
3

4

5
6

7

Cp2Zr(Cl) Ar

22, R = H
23, R = Me
24, R = OMe

25, R = H
26, R = Me
27, R = OMe

28

R
R

R

 

aReactions were run on 1.0 mmol scale in a sealed tube. CuI (99.999%) was 

used. bIsolated yields. 

Based on literature reports
11, 13-16, 19

 and our own mechanistic studies, 

we now propose a catalytic cycle for this process (Scheme 2). In the 

catalytic reaction, arylzirconium reagents are prepared in situ by 

mixing a 1:1 ratio of ArLi and Cp2ZrCl2. However, the exact nature of 

the reactive ArZr-complex has not been known because the formation 

of both Cp2Zr(Ar)(Cl) and Cp2ZrAr2 are possible at the reaction 

temperature. In order to determine the potential reactive species, we 

synthesized and characterized Cp2Zr(C6H4-pMe)2 (29) (Scheme 3). The 

structure of 29 was further confirmed by X-ray crystallography (Figure 

1).
20

 We then attempted the reaction of 29 with PhI, which revealed 

that this species has low reactivity both in the absence and presence 

of LiCl (Scheme 4).
21

 However, when one equivalent of Cp2ZrCl2 was 

added in the presence of LiCl, the reaction proceeded affording the 

product in 35% yield.
22

 Based on these experiments, we believe that 

Cp2ZrCl2 and the Cp2ZrAr2 complex comproportionate to generate 

Cp2Zr(Ar)(Cl), an intermediate that is also generated from a 1:1 

mixture of ArLi and Cp2ZrCl2, as a reactive species that transmetalates 

with (PN-1)CuI to form (PN-1)CuAr. (PN-1)CuAr then reacts with ArI to 

afford the cross-coupled product and regenerates the catalyst. 

The reaction of [RCu] species with ArI is generally considered to 

proceed via a radical or non-radical process.
23

 In order to determine if 

aryl radicals were involved in the reaction, we performed radical clock 

experiments with 30 and 31 (Scheme 5), which produced only the 

coupled products.
24

 We also conducted the standard reaction in the 

presence of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as a radical 

scavenger, which formed the coupled product in significant amounts 

(Scheme 5). These experiments indicate that the current reaction 

does not involve aryl free radicals. 

(PN-1)Cu I (PN-1)Cu Ar

Cp2Zr(Cl) Ar

Ar' I
Ar Ar'

Cp2Zr(Cl) I

(PN-1)Cu Ar

0.5 Cp2ZrAr2
+ 0.5 Cp2ZrCl2

LiCl

ArLi + Cp2ZrCl2 (−LiCl)

Ar'

I  
Scheme 2. Proposed catalytic cycle 

Et2O, rt, 4 h
Zr
Cl

Cl
Me

Li

+ Zr

Me

Me(1:2) 29, 32%  
Scheme 3. Synthesis of Cp2Zr(C6H4-pMe)2 

 
Fig. 1. X-ray structure of 29. Selected bond lengths (Å) and angles (°): C1-Zr1, 

2.3020(12), C8-Zr1, 2.5257(13); C1-Zr1-C1’, 103.45(6), C1-Zr1-C8, 81.58(4), C1-

Zr1-C11, 135.20(4). 

+

10 mol % CuI

10 mol% PN-1

THF, 120 °C, 24 h
0.05 mmol 0.10 mmol

without Cp2ZrCl2, 3%; with 1 equiv LiCl, 9%; with 0.05 mmol 
Cp2ZrCl2, 12%; with 0.05 mmol Cp2ZrCl2/0.1 mmol LiCl, 35%

1

29 Ph I Me Ph

 
Scheme 4. Reaction of Cp2Zr(C6H4-pMe)2 with PhI 

Cp2Zr(Ph)(Cl)

+

X

X

+
THF

120 °C, 48 h

X

Me
10 mol % CuI
10 mol % PN-1

Ph

I 32, X = O
33, X = CH2

30%
59%

34, trace
35, trace

30, X = O
31, X = CH2

+

I

50 mol % TEMPO

THF
120 °C, 24 h 1, 52%

Me

Me

10 mol % CuI

10 mol % PN-1
Cp2Zr(Ph)(Cl)

0.10 mmol
0.10 mmol

 
Scheme 5. Radical clock and radical trap experiments 

Conclusions 

We have developed a Cu
I
-catalysed coupling of arylzirconium 

reagents with aryl- and heteroaryl iodides that generates biaryl 

products in good to excellent yields. The reaction for the formation of 

aryl-heteroaryl products proceeds without the requirement for the 

addition of an external ligand. We have also conducted preliminary 

mechanistic studies via the synthesis and in situ generation of 

arylzirconium intermediates, and proposed a possible catalytic cycle. 

We further showed by experiments with radical probes and 

scavengers that the current Cu-catalysed cross-coupling does not 

involve aryl radical intermediates. 
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Electronic Supplementary Information (ESI) available: Experimental 

procedures, characterization and crystallographic data, and the 1H and 13C 

NMR spectra of new compounds. See DOI: 10.1039/c000000x/ 
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