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Unusual Electronic Effects of Ancillary Ligands on the 
Perfluoroalkylation of Aryl Iodides and Bromides Mediated by 
Copper(I) Pentafluoroethyl Complexes of Substituted Bipyridines

Eric D. Kalkman,
Michael G. Mormino,

John F. Hartwig*

Department of Chemistry, University of California, Berkeley, California 94720, United States

Abstract

Several perfluoroalkylcopper compounds have been reported previously that serve as reagents 

or catalysts for the perfluoroalkylation of aryl halides. However, the relationships between 

the reactivity of such complexes and the electronic properties of the ancillary ligands are 

unknown, and such relationships are not well-known in general for copper complexes that 

mediate or catalyze cross coupling. We report the synthesis and characterization of a series of 

pentafluoroethylcopper(I) complexes ligated by bipyridine ligands possessing varied electronic 

properties. In contrast to the limited existing data on the reactivity of L2Cu(I)–X complexes 

bearing amine and pyridine-type ligands in Ullmann-type aminations with aryl halides, the 

reactions of aryl halides with pentafluoroethylcopper(I) complexes bearing systematically varied 

bipyridine ligands were faster for complexes bearing less electron-donating bipyridines than for 

complexes bearing more electron-donating bipyridines. Analysis of the rates of reaction and the 

relative populations of the neutral complexes [(R2bpy)CuC2F5] and ionic complexes [(R2bpy)2Cu]

[Cu(C2F5)2] formed by these reagents in solution suggests that this effect of electronics on 

the reaction rate results from an unusual trend of faster oxidative addition of aryl halides 

to [(R2bpy)CuC2F5] complexes containing less electron-donating R2bpy ligands than to those 

containing more electron-donating R2bpy ligands.
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INTRODUCTION

The relationship between the properties of the ancillary ligands and the reactivity of 

complexes of these ligands in elementary reactions must be understood to select or 

design catalysts for valuable transformations. While the properties of phosphines and their 

influence on reactivity have been studied extensively,1–13 the properties of nitrogen-based 

ligands and their influence on reactions of organometallic complexes are less studied.14,15 

One class of reactions that is sensitive to the electronic properties of ancillary ligands is 

oxidative addition. Often, oxidative addition is faster for more electron-rich complexes,4–

7,14,16,17 but exceptions to this trend are known, and one such exception of the reactions 

of three-coordinate Ir(I)–X complexes with C–H and N–H bonds was recently studied in 

detail.18

Previous studies of the mechanism of Cu(I)-based cross coupling reactions of aryl halides 

have provided strong evidence that oxidative addition of an aryl halide to a Cu(I) complex 

to form a formally Cu(III) intermediate is rate-limiting and is followed by facile reductive 

elimination to furnish the coupled product (eq 1).17,19–28 Often, electron-donating ancillary 

ligands, which increase the electron density at the metal center, facilitate oxidative addition. 

Consistent with this hypothesis, our group previously reported that

(1)

reactions of aryl halides with copper(I) amidate and imidate complexes were faster for 

complexes ligated by more electron-donating bis-amine ligands than those ligated by less 

electron-donating ligands based on phenanthroline or pyridine structures or ligandless 
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systems.17 These data suggest that more electron-rich ligands cause these types of 

complexes to react faster, but amine and pyridine ligands differ by more than just their 

electron-donating abilities. Consistent with this trend, Taillefer showed that the yields of a 

Cu-catalyzed arylation of phenols correlated positively with the electron-donating properties 

of ancillary bipyridine ligands,29 but many factors besides reaction rate can affect the yield 

of a catalytic reaction. Thus, the scope of the trend of the electronic properties on the 

reactivity of Cu(I) complexes has been assessed in only a cursory fashion and has not been 

studied for reactions of perfluoroalkyl copper complexes.

Several discrete perfluoroalkyl complexes of copper(I) bearing ancillary dative ligands, 

including N-heterocyclic carbenes,21,30 1,10-phenanthrolines (phen),31–35 2,2′-bipyridine 

(bpy),32 and triphenylphosphine,31,32 have been isolated (Chart 1), but studies on the effects 

of the properties of these ligands on Cu-mediated perfluoroalkylations of aryl halides have 

not been reported. Several groups have reported that the inclusion of an ancillary ligand 

(usually phen) in the Cu-catalyzed perfluoroalkylation of aryl iodides is vital to achieve 

catalytic turnover at moderate reaction temperatures,28,35–38 but others have developed Cu-

catalyzed reactions that occur in the absence of ancillary ligands at similar temperatures.39,40 

In addition, Grushin and co-workers even reported that addition of phenanthroline, pyridine, 

and phosphine ligands to “ligandless” CuCF3 diminished the reactivity of this reagent.41 

Thus, the effect of the ancillary ligand on the reactivity of Cu-based perfluoroalkylation 

reactions is particularly ambiguous.

We report the synthesis of a series of pentafluoroethyl-copper(I) complexes containing 

bipyridine (bpy) ligands with varied electronic properties that react with aryl halides to form 

perfluoroalkyl arenes. We have measured the effects of the electronic properties of these 

bpy ligands on the speciation of perfluoroalkylcopper(I) complexes between neutral and 

ionic forms, the effect of these properties on the rates of the reaction of these complexes 

with aryl halides, and the effect of the ligand on selectivity. Combined, these data suggest 

that the reactions of the aryl halides with perfluoroalkylcopper complexes bearing less 

electron-donating bpy ligands are faster than with those containing more electron-donating 

bpy ligands. These data contrast with the common effects of electronic properties on the rate 

of oxidative addition of aryl halides.

RESULTS AND DISCUSSION

Our investigations began with the preparation of a series of pentafluoroethylcopper(I) 

complexes ligated by 4,4′-homo-disubstituted derivatives of 2,2′-bipyridine (1a–f, Scheme 

1). Complexes 2a–e containing electron-donating groups on the bpy scaffold were prepared 

in good yields by treating a mixture of ligands 1a–e and anhydrous copper(I) acetate in 

THF or toluene with trimethyl(pentafluoroethyl)silane (TMS-C2F5). While we were unable 

to prepare complexes containing bpy ligands with strongly electron-withdrawing groups by 

this procedure, we did prepare (Cl2bpy)CuC2F5 (2f) by treating CuOtBu generated in situ 

with dichlorobipyridine 1f, followed by benzoyl fluoride42 and then TMS-C2F5.

Consistent with previous reports of perfluoroalkylcopper(I) complexes,31–35,42,43 the 19F 

NMR spectra of complexes 2a–f in DMF solution all consisted of four resonances, two 
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corresponding to the ethyl group in the neutral [(R2bpy)-CuC2F5] form and two to those in 

the ionic [(R2bpy)2Cu]-[Cu(C2F5)2] form (eq 2). The equilibrium between the

2 R2bpy CuCF2CF3 65 °C
K

R2bpy 2Cu + Cu CF2CF3 2
−

(2)

neutral and ionic species was reached within 5 min at 65 °C and remained unchanged 

at different total concentrations of perfluoroalkylcopper species, suggesting that the ionic 

components exist as solvent-separated ions, as opposed to a tight ion pair17 (see the 

Supporting Information). While more electron-donating ligands might be expected to 

stabilize the cationic [(R2bpy)2Cu]+ species more effectively than would more electron-

poor ligands, the equilibria of compounds 2a–f instead generally favored the neutral 

[(R2bpy)CuC2F5] form more strongly for complexes of more electron-donating R2bpy than 

for those of less electron-donating R2bpy ligands (K, Table 1). Indeed, at 65 °C, the 

system containing the most electron-donating ligand 4,4′-di(1-piperidinyl)-2,2′-bipyridine 

(1e) comprised a 9:91 ratio of the ionic to neutral forms, while the system containing the 

least electron-donating ligand 4,4′-dichloro-2,2′-bipyridine (1f) comprised a 30:70 ratio. A 

similar trend was observed at 90 °C. A Hammett plot of the equilibrium constants governing 

the relative populations of the two forms displayed a loose positive correlation (ρ ≈ 1.3) with 

the σp
44 values of the substituents on the bpy ligands (Figure 1).

To assess the effect of the electronic properties of the bpy ligand on perfluoroalkylation 

reactions with aryl halides, complexes 2a–f were treated with excess 1-butyl-4-iodobenzene 

(3a) or 1-bromo-4-butylbenzene (4) in DMF at 65 or 90 °C, respectively (eq 3). The 

formation of pentafluoroethyl

(3)

arene 5a was followed by 19F NMR spectroscopy, and rate constants for these reactions 

were determined from first-order exponential fits (Table 1, kobs
I) or initial rates (kinit

Br) of 

the formation of 5a. These data provide the surprising result that reactions of aryl iodide 3a 
with complexes containing the less electron-donating bpy ligands were generally faster than 

those containing the more electron-donating bpy ligands, with dichlorobipyridine complex 

2f reacting ~4 times faster than di(piperidinyl)bipyridine complex 2e. A Hammett plot of 

these rate constants vs σp revealed a small but positive correlation (ρ ≈ 0.5, Figure 2a).
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Reactions of 2a–f with aryl bromide 4 at 90 °C proceeded much more slowly than reactions 

with aryl iodides 3 and in lower yields, complicating analysis of the full reaction profiles.

However, the initial rates of reaction, determined from linear fits of the first 5–10% 

formation of 5a (Table 1, kinit
Br), followed the same trend of electronic effects on reaction 

rates as was observed for reactions with aryl iodide 3a (ρ ≈ 0.4, Figure 2b).

The results in Table 2 show the effect of varying the electronic properties of the aryl 

iodide on the rate of the reaction with pentafluoroethylcopper complexes 2a and 2e (eq 4). 

Reactions of electron-neutral and electron-rich complexes

(4)

2a and 2e with electron-poor aryl iodide 4-iodobenzonitrile (3b) occurred more readily than 

those with more electron-rich 1-butyl-4-iodobenzene (3a) or 4-iodoanisole (3c), proceeding 

at 27 °C at rates that were similar to those of reactions of the same complexes with 3a 
or 3c at the higher temperature of 65 °C. This trend is in agreement with the trend in the 

rates of reaction of electronically varied aryl halides with “ligandless” CuCF3,26 wherein 

more electron-poor aryl iodides reacted more quickly than more electron-rich iodides, and 

is consistent with commonly observed effects of the electronic nature of the aryl halide on 

rate-limiting oxidative addition.26,46 However, the effect of the bpy ligand on the reactions 

of complexes 2a and 2e with aryl iodides 3b and 3c remained the same as those for reactions 

with 3a: reactions of the more electron-poor complex 2a were faster than reactions involving 

more electron-rich complex 2e. Thus, the unusual electronic effects of the ancillary ligand 

on the rate of the reaction between the perfluoroalkyl copper complex and the aryl halide are 

not compensated by a balancing trend in electronic effects of the aryl halide.

The rates of reaction of 2a with varying concentrations of aryl iodide 3a revealed the 

reaction order in aryl halide. The rates of the reactions of 2a in the presence of 0.500, 1.00, 

1.50, and 2.00 M 3a (eq 5) displayed a strong linear correlation with
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(5)

the initial concentration of 3a ([3a]0), implying that the reaction is first-order in aryl iodide 

(Figure 3). Combined with the first-order behavior in the concentration of complexes 2a–f 
(revealed by the first-order exponential fits of product formation in reactions with a large 

excess of 3a), these findings are consistent with rate-limiting oxidative addition of aryl 

halide to complexes 2a–f.

Because the neutral form of perfluoroalkylcopper species, not the ionic form, is known 

to be the component that reacts with aryl halides,21,47 it is necessary to account for the 

equilibrium between these forms of the CuC2F5 reagents to determine the effect of the 

bpy ligands on the rate of reaction of [(R2bpy)CuC2F5] with aryl halides 3a and 4. Given 

the first-order dependence of the rate on both 2a–f and the aryl halide, the rate constants 

kcorr obtained after correcting kobs
I and kinit

Br for the relative equilibrium population of 

the [(R2bpy)CuC2F5] species are given by eq 6 and eq 7, respectively (see the Supporting 

Information for detailed derivations). The values for kcorr are given in Table 1.

kcorr
I = 1 + 2 K kobs

I

3 0

(6)

kcorr
Br = 1 + 2 K kinit

Br

2 0 4 0

(7)

Hammett plots of kcorr vs σp for the reactions with aryl iodide 3a and bromide 4 (Figure 4) 

provided positive correlations between the rate constants and σp that were more linear than 

those obtained from the raw rate constants kobs
I and kinit

Br. The substituent effects on kcorr 

were also slightly stronger than on kobs
I and kinit

Br (ρ ≈ 0.7 for kcorr
I and ρ ≈ 0.5 for kcorr

Br). 

Assuming rate-limiting oxidative addition of the aryl halides to the neutral [(R2bpy)CuC2F5] 

complex (vide supra), this result suggests that oxidative addition is faster to the complexes 

of less electron-donating bpy ligands than to complexes of more electron-donating bpy 

ligands. This trend is the opposite of what is observed most commonly for oxidative addition 

to a metal center.4–7,14,16
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An alternative hypothesis to account for this trend of ligand electronic effects on the rate of 

the reaction of aryl halides with [(R2bpy)CuC2F5] is that the bpy ligand initially dissociates 

from the Cu center to generate a small amount of free “CuC2F5” (6), which then reacts more 

rapidly with the aryl halide than the ligated species (eq 8). Because more electron-

(8)

rich σ-donor ligands generally bind more strongly to metal centers, complexes of more 

electron-rich bpy ligands would generate smaller quantities of free CuC2F5 than complexes 

of more electron-poor ligands. Moreover, Mikami and Grushin have both shown that 

solutions of “ligandless” CuC2F5 in DMF react with aryl iodides and bromides at 

temperatures similar to or lower than those in this work to form pentafluoroethyl arenes.43,48 

Thus, a “ligandless” complex, instead of [(R2bpy)CuC2F5], could be the species that reacts 

with aryl halides during our studies.

To evaluate this hypothesis, a solution of “ligandless” CuC2F5 (6) in DMF was prepared by 

treatment of a solution of K(DMF)[Cu(OtBu)2]49 in DMF with ethyl pentafluoropropionate, 

followed by neutralization with 3HF·NEt3.48 The formation of pentafluoroethyl arene 5a by 

reaction of 6 with excess aryl iodide 3a at 65 °C was monitored by 19F NMR spectroscopy 

and was found to occur with a rate constant of 9.7 × 10−4 s−1. While this value is similar to 

the rate constant of reactions of 3a with piperidinyl-substituted 2e (kobs
I = 1.4 × 10−3 s−1), 

which is the slowest-reacting of complexes 2a–f, reactions of 2a–d and 2f with 3a proceeded 

at least 2.5 times faster than the reactions of “ligandless” CuC2F5 reagent 6 with 3a (Table 

1, kobs
I). This result shows that “ligandless” CuC2F5 is not kinetically competent to be an 

intermediate in the reactions of complexes 2a–d and 2f with aryl halides.

To assess the potential reactivity through the “ligandless” complex 6 further, we conducted 

a competition experiment, whereby complexes 2a, 2e, or 6 were allowed to react with 

an equimolar mixture of 2- and 4-iodotoluene (3d and 3e, Scheme 2). The ratio of 

pentafluoroethyl toluene products 5d:5e formed from the reactions with 2a and 2e (44:56 

and 39:61, respectively) were different from that with ligandless 6 (68:32), implying that the 

steric environment of the Cu center that reacts with the aryl halide starting from 2a and 2e is 

different from that starting from 6,50 and is, therefore, not the “ligandless” copper complex.

Finally, the possibility of reactions of 2a–f through the ligandless complex was assessed by 

measuring the rate of reaction of 2a with 3a in the presence of 2 equiv of added bpy. The 

rates of reaction in the presence and absence of added ligand were indistinguishable (kobs
I 

= 3.0 × 10−3 s−1 with 2 equiv of added bpy vs 3.2 × 10−3 s−1 without), implying that the 

overall effect of a pathway involving reaction with the ligandless species must be minor and 
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that the electronic effect of the ligand on the rate of reaction is not due to dissociation of 

R2bpy from [(R2bpy)CuC2F5] prior to reaction with the aryl halide.

These experimental results were consistent with DFT calculations (see the Supporting 

Information for computational details). The computed free energy barriers of concerted 

oxidative addition of unsubstituted iodobenzene (3i) to the neutral forms of 2a, 2d, 
and 2f (ΔGcalc

‡ = 24–25 kcal/mol; Table 3; eq 9) were similar in magnitude to those 

determined experimentally from kcorr
I (ΔGexpt

‡ = 23–24 kcal/mol). However, no clear trend 

was observed between the computed free energies of activation and the σp values of the 

substituents on the bpy ligand (Table 3). Nevertheless, a clear trend was observed between 

the enthalpies of activation ΔHcalc
‡ and the

(9)

σp values of the substituents on the bpy ligand, and this trend was consistent with the trend 

observed experimentally; the enthalpies of activation for oxidative addition of iodobenzene 

to complexes of the more electron-poor bpy ligands were computed be lower than those 

to complexes of the more electron-rich ligands. These calculated values for ΔHcalc
‡ are 

significantly lower than those for ΔGcalc
‡, highlighting a large entropic contribution to 

ΔGcalc
‡ (ΔScalc

‡ = −40 to −52 cal/mol·K), which has been measured experimentally46 and 

calculated previously for other reactions of copper complexes with aryl halides.17,23 The 

observation of a trend in ΔHcalc
‡ but not in ΔGcalc

‡ likely results from the large uncertainties 

introduced in implicit solvation models and calculated entropies.51 These calculations, 

therefore, support our hypothesis that the effect of the ancillary ligand on the experimental 

rates is due to modulation of the barrier to the rate-limiting elementary step of oxidative 

addition.

The observed trends in the rates of reaction of complexes 2 with aryl halides and in 

ΔHcalc
‡ could be explained by an accumulation of negative charge around the Cu center 

during the oxidative addition step, which would be stabilized by more electron-poor ligands. 

Indeed, the natural atomic charges on the Cu centers determined through natural population 

analysis52 of the optimized transition state structures TSR in all cases decreased relative to 

those of the GSR structures (ΔqCu = −0.02 to −0.04), although all of the net charges were 

positive (qCu = +0.44 to +0.56; see Tables S5 and S6 in the Supporting Information for a list 

of natural atomic charges of specific atoms and fragments of the computed structures). Such 

a decrease in charge could result from the aryl halide attacking an electrophilic Cu center 

during the oxidative addition step. In such a pathway, more electron-rich aryl halides would 
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be expected to react more quickly with compounds 2 than electron-poor aryl iodides due to 

better stabilization of a partial positive charge on the arene.

This prediction is inconsistent with the measured rates of reaction of aryl iodides 3a–c with 

2a and 2e (vide supra). To gain a more detailed view into this electronic effect, we subjected 

2a to reactions with equimolar mixtures of parasubstituted aryl iodides 3b, 3c, or 3e–h and 

unsubstituted iodobenzene (3i) at 65 °C (eq 10). The rates of reaction of the

(10)

substituted iodobenzenes with 2a were determined relative to 3i with 2a by the final ratio 

of substituted pentafluoroethylarene products 5 to pentafluoroethylbenzene (5i; see the 

Supporting Information for details). A Hammett plot of these relative rates revealed a strong 

positive correlation with σp
–44 (ρ = 0.8, Figure 5), the opposite of what would be expected 

for a mechanism in which the copper acts as an electrophile. The positive ρ value suggests 

a buildup of negative charge on the arene, which is reflected by a decrease in the summed 

natural atomic charges of the aryl fragment in all TSR (Δqaryl = −0.06 to −0.07). This result 

is consistent with the results of Grushin and co-workers, who found a ρ value of +0.91 for 

reactions involving substituted aryl iodides with a “ligandless” CuCF3 system when fitting 

against the σp
− parameters of the substituent on the arene.

Despite the aforementioned decrease in positive charge on the Cu center in TSR 

relative to GSR, the aggregate natural atomic charges of the R2bpy fragments of the 

computed structures in all cases were slightly more positive in TSR than in GSR 

ΔqR2bpy = + 0.02 to + 0.03 . Such an observation is inconsistent with the hypothesis that the 

bpy ligand helps to accommodate a buildup of negative charge at the Cu center, although 

we acknowledge that calculated localized charges (both those on the bpy ligands and those 

on the Cu centers) may be misleading due to the global nature of the electronic wave 

function. Unfortunately, further analysis of the atomic charges, computed geometries, and 

the frontier molecular orbitals in the context of so-called “inverted ligand field” measured 

for the formally Cu(III) complex Cu(CF3)4
−53–56 revealed no clear trends that might explain 

the reactivities of complexes 2 with aryl halides. A more detailed theoretical treatment than 

that presented in this work is needed to elucidate the underlying effect of the bpy ligand on 

the reactivities of complexes 2 with aryl halides.

CONCLUSIONS

In summary, we have prepared a series of L2Cu–C2F5 complexes in which L2 are bpy 

ligands possessing varied electronic properties and investigated the kinetics of the reactions 
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of these complexes with aryl halides to form pentafluoroethyl arenes. The complexes 

comprised an equilibrium between the neutral [(R2bpy)CuC2F5] and ionic [(R2bpy)2Cu]

[Cu(C2F5)2] forms in DMF solution, which favored the neutral form more heavily for 

the complexes of more electron-donating bpy ligands than for complexes of less electron-

donating bpy ligands. A combination of equilibrium data on this interconversion and kinetic 

data on the reactions with aryl halides implies that the rate-limiting oxidative addition of 

aryl halides to the neutral form of these complexes is, in contrast to common effects of 

ancillary ligands, faster for complexes of less electron-donating ligands than for those of 

more electron-donating ligands. This effect contrasts with the trend of the electronic effects 

of ligands on the rate of oxidative addition of aryl halides to amidate complexes ligated 

by more electron-rich alkylamines vs less electron-rich phenanthrolines17 and highlights the 

unusual properties of complexes containing perfluoroalkyl ligands.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We thank the NSF (CHE-1565886) for support of this work. We also thank the College of Chemistry’s NMR 
and Molecular Graphics and Computational facilities for resources provided and the staff for their assistance. 
Instruments in the CoC-NMR facility are supported in part by NIH S10OD024998. The Molecular Graphics and 
Computational Facility is supported by NIH S10OD023532.

REFERENCES

(1). Tolman CA Electron Donor-Acceptor Properties of Phosphorus Ligands - Substituent Additivity. J. 
Am. Chem. Soc 1970, 92, 2953–2956.

(2). Tolman CA Steric Effects of Phosphorus Ligands in Organometallic Chemistry and Homogeneous 
Catalysis. Chem. Rev 1977, 77, 313–348.

(3). Golovin MN; Rahman M; Belmonte JE; Giering WP Quantitative Separation of 33 and 
-Components of Transition-Metal Phosphorus Bonding and the Application of Ligand Effects 
in Organometallic Chemistry. Organometallics 1985, 4, 1981–1991.

(4). Hartwig JF; Paul F Oxidative Addition of Aryl Bromide after Dissociation of Phosphine from 
a Two-Coordinate Palladium(0) Complex, Bis(tri-o-tolylphosphine)Palladium(0). J. Am. Chem. 
Soc 1995, 117, 5373–5374.

(5). Christmann U; Vilar R Monoligated palladium species as catalysts in cross-coupling reactions. 
Angew. Chem., Int. Ed 2005, 44, 366–374.

(6). Surry DS; Buchwald SL Dialkylbiaryl Phosphines in Pd-Catalyzed Amination: A User’s Guide. 
Chem. Sci 2011, 2, 27–50. [PubMed: 22432049] 

(7). Stradiotto M; Lundgren RJ Application of Sterically Demanding Phosphine Ligands in Palladium-
Catalyzed Cross-Coupling leading to C(sp2)–E Bond Formation (E = NH2, OH, and F). Ligand 
Design in Metal Chemistry; John Wiley & Sons, Ltd.: Chichester, UK, 2016; pp 104–133.

(8). Hartwig JF Evolution of a fourth generation catalyst for the amination and thioetherification of 
aryl halides. Acc. Chem. Res 2008, 41, 1534–1544. [PubMed: 18681463] 

(9). Surry DS; Buchwald SL Biaryl phosphane ligands in palladium-catalyzed amination. Angew. 
Chem., Int. Ed 2008, 47, 6338–6361.

(10). Lundgren RJ; Stradiotto M Addressing challenges in palladium-catalyzed cross-coupling 
reactions through ligand design. Chem. - Eur. J 2012, 18, 9758–9769. [PubMed: 22786694] 

Kalkman et al. Page 10

J Am Chem Soc. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(11). Chow KK; Levason W; McAuliffe CA, Transition Metal Complexes Containing Phosphine 
Ligands. In Transition Metal Complexes of Phosphorus, Arsenic and Antimony Ligands; 
McAuliffe CA, Ed.; Macmillan Education UK: London, 1973; pp 33–204.

(12). Bartlett KL; Goldberg KI; Borden WT Computational study of reductive elimination reactions 
to form C–H bonds from platinum(II) and platinum(IV) centers with strongly coordinating 
trimethylphosphine ligands. Organometallics 2001, 20, 2669–2678.

(13). Kaddouri H; Vicente V; Ouali A; Ouazzani F; Taillefer M Copper-Catalyzed Arylation of 
Nucleophiles by Using Butadienyl-phosphines as Ligands: Mechanistic Insight. Angew. Chem., 
Int. Ed 2009, 48, 333–336.

(14). Rendina LM; Puddephatt RJ Oxidative Addition Reactions of Organoplatinum(II) Complexes 
with Nitrogen-Donor Ligands. Chem. Rev 1997, 97, 1735–1754. [PubMed: 11848891] 

(15). Togni A; Venanzi LM Nitrogen Donors in Organometallic Chemistry and Homogeneous 
Catalysis. Angew. Chem., Int. Ed. Engl 1994, 33, 497–526.

(16). Thompson WH; Sears CT Kinetics of Oxidative Addition to Iridium(I) Complexes. Inorg. Chem 
1977, 16, 769–774.

(17). Tye JW; Weng Z; Johns AM; Incarvito CD; Hartwig JF Copper complexes of anionic nitrogen 
ligands in the amidation and imidation of aryl halides. J. Am. Chem. Soc 2008, 130, 9971–9983. 
[PubMed: 18597458] 

(18). Wang DY; Choliy Y; Haibach MC; Hartwig JF; Krogh-Jespersen K; Goldman AS Assessment 
of the Electronic Factors Determining the Thermodynamics of “Oxidative Addition” of C–H and 
N–H Bonds to Ir(I) Complexes. J. Am. Chem. Soc 2016, 138, 149–163. [PubMed: 26652221] 

(19). Cristau H-J; Cellier PP; Spindler J-F; Taillefer M Highly Efficient and Mild Copper-Catalyzed 
N- and C-Arylations with Aryl Bromides and Iodides. Chem. - Eur. J 2004, 10, 5607–5622. 
[PubMed: 15457520] 

(20). Zhang S-L; Liu L; Fu Y; Guo Q-X Theoretical Study on Copper(I)-Catalyzed Cross-Coupling 
between Aryl Halides and Amides. Organometallics 2007, 26, 4546–4554.

(21). Dubinina GG; Ogikubo J; Vicic DA Structure of Bis(trifluoromethyl)cuprate and Its Role in 
Trifluoromethylation Reactions. Organometallics 2008, 27, 6233–6235.

(22). Tye JW; Weng Z; Giri R; Hartwig JF Copper(I) phenoxide complexes in the etherification of aryl 
halides. Angew. Chem., Int. Ed 2010, 49, 2185–2189.

(23). Yu H-Z; Jiang Y-Y; Fu Y; Liu L Alternative Mechanistic Explanation for Ligand-Dependent 
Selectivities in Copper-Catalyzed N- and O-Arylation Reactions. J. Am. Chem. Soc 2010, 132, 
18078–18091. [PubMed: 21133430] 

(24). Lefèvre G; Franc G; Tlili A; Adamo C; Taillefer M; Ciofini I; Jutand A Contribution to the 
Mechanism of Copper-Catalyzed C–N and C–O Bond Formation. Organometallics 2012, 31, 
7694–7707.

(25). Lefèvre G; Tlili A; Taillefer M; Adamo C; Ciofini I; Jutand A Discriminating role of bases in 
diketonate copper(I)-catalyzed C–O couplings: phenol versus diarylether. Dalton Trans. 2013, 42, 
5348–5354. [PubMed: 23411615] 

(26). Konovalov AI; Lishchynskyi A; Grushin VV Mechanism of trifluoromethylation of aryl halides 
with CuCF3 and the ortho effect. J. Am. Chem. Soc 2014, 136, 13410–13425. [PubMed: 
25222650] 

(27). Bhunia S; Pawar GG; Kumar SV; Jiang Y; Ma D Selected Copper-Based Reactions for C-N, C-O, 
C-S, and C-C Bond Formation. Angew. Chem., Int. Ed 2017, 56, 16136–16179.

(28). Oishi M; Kondo H; Amii H Aromatic trifluoromethylation catalytic in copper. Chem. Commun 
2009, 1909–1911.

(29). Ouali A; Spindler JF; Jutand A; Taillefer M Nitrogen ligands in copper-catalyzed arylation of 
phenols: Structure/activity relationships and applications. Adv. Synth. Catal 2007, 349, 1906–
1916.

(30). Dubinina GG; Furutachi H; Vicic DA Active trifluoromethylating agents from well-defined 
Copper(I)-CF3 complexes. J. Am. Chem. Soc 2008, 130, 8600–8601. [PubMed: 18543912] 

(31). Tomashenko OA; Escudero-Adan EC; Belmonte MM; Grushin VV Simple, stable, and easily 
accessible well-defined CuCF3 aromatic trifluoromethylating agents. Angew. Chem., Int. Ed. 
Engl 2011, 50, 7655–7659. [PubMed: 21698725] 

Kalkman et al. Page 11

J Am Chem Soc. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(32). Panferova LI; Miloserdov FM; Lishchynskyi A; Martinez Belmonte M; Benet-Buchholz J; 
Grushin VV Well-defined CuC2F5 complexes and pentafluoroethylation of acid chlorides. 
Angew. Chem., Int. Ed 2015, 54, 5218–5222.

(33). Morimoto H; Tsubogo T; Litvinas ND; Hartwig JF A broadly applicable copper reagent for 
trifluoromethylations and perfluoroalkylations of aryl iodides and bromides. Angew. Chem., Int. 
Ed 2011, 50, 3793–3798.

(34). Litvinas ND; Fier PS; Hartwig JF A general strategy for the perfluoroalkylation of arenes and 
arylbromides by using arylboronate esters and [(phen)CuRF]. Angew. Chem., Int. Ed 2012, 51, 
536–539.

(35). Weng ZQ; Lee R; Jia WG; Yuan YF; Wang WF; Feng X; Huang KW Cooperative Effect of Silver 
in Copper-Catalyzed Trifluoromethylation of Aryl Iodides Using Me3SiCF3. Organometallics 
2011, 30, 3229–3232.

(36). Kondo H; Oishi M; Fujikawa K; Amii H Copper-Catalyzed Aromatic Trifluoromethylation via 
Group Transfer from Fluoral Derivatives. Adv. Synth. Catal 2011, 353, 1247–1252.

(37). Knauber T; Arikan F; Roschenthaler GV; Goossen LJ Copper-catalyzed trifluoromethylation of 
aryl iodides with potassium (trifluoromethyl)trimethoxyborate. Chem. - Eur. J 2011, 17, 2689–
2697. [PubMed: 21274956] 

(38). Nakamura Y; Fujiu M; Murase T; Itoh Y; Serizawa H; Aikawa K; Mikami K Cu-catalyzed 
trifluoromethylation of aryl iodides with trifluoromethylzinc reagent prepared in situ from 
trifluoromethyl iodide. Beilstein J. Org. Chem 2013, 9, 2404–2409.

(39). Chen Q-Y; Wu S-W Methyl fluorosulphonyldifluoroacetate; a new trifluoromethylating agent. J. 
Chem. Soc., Chem. Commun 1989, 705.

(40). Aikawa K; Nakamura Y; Yokota Y; Toya W; Mikami K Stable but reactive perfluoroalkylzinc 
reagents: application in ligand-free copper-catalyzed perfluoroalkylation of aryl iodides. Chem. - 
Eur. J 2015, 21, 96–100. [PubMed: 25393887] 

(41). Lishchynskyi A; Novikov MA; Martin E; Escudero-Adan EC; Novak P; Grushin VV 
Trifluoromethylation of aryl and heteroaryl halides with fluoroform-derived CuCF3: scope, 
limitations, and mechanistic features. J. Org. Chem 2013, 78, 11126–11146. [PubMed: 
23964731] 

(42). Ohashi M; Ishida N; Ando K; Hashimoto Y; Shigaki A; Kikushima K; Ogoshi S Cu(I) 
-Catalyzed Pentafluoroethylation of Aryl Iodides in the Presence of Tetrafluoroethylene and 
Cesium Fluoride: Determining the Route to the Key Pentafluoroethyl Cu(I) Intermediate. Chem. 
- Eur. J 2018, 24, 9794–9798. [PubMed: 29768680] 

(43). Lishchynskyi A; Grushin VV Cupration of C2F5H: isolation, structure, and synthetic applications 
of [K(DMF)2][(t-BuO)Cu-(C2F5)]. Highly efficient pentafluoroethylation of unactivated aryl 
bromides. J. Am. Chem. Soc 2013, 135, 12584–12587. [PubMed: 23957499] 

(44). Hansch C; Leo A; Taft RW A Survey of Hammett Substituent Constants and Resonance and 
Field Parameters. Chem. Rev 1991, 91, 165–195.

(45). The Hammett σp value for N(n-propyl)2 was used for 1-piperidinyl.

(46). Strieter ER; Bhayana B; Buchwald SL Mechanistic Studies on the Copper-Catalyzed N-Arylation 
of Amides. J. Am. Chem. Soc 2009, 131, 78–88. [PubMed: 19072233] 

(47). Liu H; Shen Q Bistrifluoromethylated organocuprate [Ph4P]+[Cu(CF3)2]−: synthesis, 
characterization and its application for trifluoromethylation of activated heteroaryl bromides, 
chlorides and iodides. Org. Chem. Front 2019, 6, 2324–2328.

(48). Serizawa H; Aikawa K; Mikami K Direct synthesis of pentafluoroethyl copper from 
pentafluoropropionate as an economical C2F5 source: application to pentafluoroethylation of 
arylboronic acids and aryl bromides. Org. Lett 2014, 16, 3456–3459. [PubMed: 24926803] 

(49). Zanardi A; Novikov MA; Martin E; Benet-Buchholz J; Grushin VV Direct cupration of 
fluoroform. J. Am. Chem. Soc 2011, 133, 20901–20913. [PubMed: 22136628] 

(50). The difference in ratios of 5d,e for 2a and 2e suggests that ligand dissociation might be a minor 
pathway for 2a. This hypothesis was further assessed by conducting the reaction of 2a with a 
mixture of 3d and 3e in the presence of 2 equiv of added bpy 1a to ensure ligation of any free 
CuC2F5. This reaction resulted in a slightly smaller ratio (40:60 of 5d:5e) than the ratio without 
added bpy (44:56), suggesting that the reaction of free CuC2F5 is an active but minor pathway. 

Kalkman et al. Page 12

J Am Chem Soc. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The same reaction with 15 equiv of added bpy gave a 39:61 ratio of 5d:5e, indicating that the 
CuC2F5 unit is fully ligated with 2 equiv of bpy or more.

(51). Chang CE; Chen W; Gilson MK Evaluating the Accuracy of the Quasiharmonic Approximation. 
J. Chem. Theory Comput 2005, 1, 1017–1028. [PubMed: 26641917] 

(52). Reed AE; Weinstock RB; Weinhold F Natural population analysis. J. Chem. Phys 1985, 83, 
735–746.

(53). Snyder JP Elusiveness of CuIII Complexation; Preference for Trifluoromethyl Oxidation in the 
Formation of [CuI(CF3)4]− Salts. Angew. Chem., Int. Ed. Engl 1995, 34, 80–81.

(54). Walroth RC; Lukens JT; MacMillan SN; Finkelstein KD; Lancaster KM Spectroscopic Evidence 
for a 3d10 Ground State Electronic Configuration and Ligand Field Inversion in [Cu(CF3)4]1−. J. 
Am. Chem. Soc 2016, 138, 1922–1931. [PubMed: 26844693] 

(55). Hoffmann R; Alvarez S; Mealli C; Falceto A; Cahill TJ 3rd; Zeng T; Manca G From Widely 
Accepted Concepts in Coordination Chemistry to Inverted Ligand Fields. Chem. Rev 2016, 116, 
8173–8192. [PubMed: 27398715] 

(56). Baya M; Joven-Sancho D; Alonso PJ; Orduna J; Menjón B M-C Bond Homolysis in Coinage-
Metal [M(CF3)4]− Derivatives. Angew. Chem., Int. Ed 2019, 58, 9954–9958.

Kalkman et al. Page 13

J Am Chem Soc. Author manuscript; available in PMC 2024 December 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Hammett plot of the equilibrium constants governing the relative populations of neutral and 

ionic forms of 2a–f at 65 °C.45
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Figure 2. 
Hammett plots (vs σp) of (a) kobs

I for the pentafluoroethylation of aryl iodide 3a by reaction 

with complexes 2a–f and (b) kinit
Br for the pentafluoroethylation of aryl bromide 4 by 

reaction with complexes 2a–f.45
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Figure 3. 
Dependence of the rate of the reaction of 2a with 3a on the initial concentration of 3a 
([3a]0). Reaction conditions: 2a (0.0500 M) and aryl iodide 3a (0.500–2.00 M, n = 10–40) in 

5:1 DMF:DMF-d7 at 65 °C for 45 min.
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Figure 4. 
Hammett plots (vs σp) of equilibrium-adjusted rate constants kcorr for the 

pentafluoroethylation of (a) 3a and (b) 4 by reaction with complexes 2a–f.45
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Figure 5. 
Hammett plot (vs σp

−) of the rates of reaction of 2a with para-substituted iodobenzenes 

relative to unsubstituted iodobenzene as determined by competition experiments. See the 

Supporting Information for experimental details.
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Scheme 1. 
Preparation of (R2bpy)CuC2F5 Complexes
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Scheme 2. 
Competition Reactions of Pentafluoroethyl Complexes with Aryl Iodides 7a and 7b
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Chart 1. 
Discrete Perfluoroalkylcopper(I) Complexes
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Table 2.

Rate Constants for the Reaction of Electron-Neutral and Electron-Rich Complexes 2a and 2e with 

Electronically Varied Aryl Iodides (Eq 4)a

complex R X (in ArI) T (°C) kobs
I(±0.2 × 10−3 s−1)

2a H CN 27 3.1

2a H Bu 65 3.2

2a H OCH3 65 3.1

2e 1-piperidinyl CN 27 1.8

2e 1-piperidinyl Bu 65 1.2

2e 1-piperidinyl OCH3 65 1.3

a
Reaction conditions: 2 (0.0500 M) and 3b or 3c (1.00 M) in 5:1 DMF:DMF-d7 at the specified temperature for 45 min.
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Table 3.

Computed Energies of Activation for the Oxidative Addition of Iodobenzene to [(R2bpy)CuC2F5]a

R σp ΔGcalc
‡(kcal/mol) ΔHcalc

‡(kcal/mol) ΔScalc
‡(cal/mol·K)

N(CH3)2 −0.83 24.5 9.5 −41

OCH3 (2d) −0.27 23.9 9.4 −40

H (2a) 0 23.9 8.8 −42

Cl (2f) 0.23 25.0 8.3 −46

CN 0.66 26.1 7.5 −52

a
See the Supporting Information for computational details.
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