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Abstract 

Organocopper(II) reagents are an unexplored frontier of copper catalysis. Despite being proposed as 

reactive intermediates, an understanding of the stability and reactivity of the CuII−C bond has remained 

elusive. Two main pathways can be considered for the cleavage mode of a CuII−C bond: homolysis, 

and heterolysis. We recently showed how organocopper(II) reagents can react with alkenes via radical 

addition, a homolytic pathway. In this work, the decomposition of the complex [CuIILR]+ (L = tris(2- 

dimethylaminoethyl)amine, Me6tren, R = NCCH2
) in the absence and presence of an initiator (RX, X 

= Cl, Br) was evaluated. When no initiator was present, first-order CuII−C bond homolysis occurred 

producing [CuIL]+  and succinonitrile from radical termination. When an excess of initiator was present, 

a subsequent formation of [CuIILX]+ via a second-order reaction was found, which results from the 

reaction of [CuIL]+ with RX following homolysis. However, when Brønsted acids (R′−OH: R′ = H, Me, 

Ph, PhCO) were present, heterolytic cleavage of the CuII−C bond produced [CuIIL(OR′)]+ and MeCN. 

Kinetic studies were undertaken to obtain the thermal (ΔH╪, ΔS╪) and pressure activation parameters 

(ΔV╪), as well as deuterium kinetic isotopic effects, which provided an understanding of the strength of 

the CuIIC bond and the nature of the transition state for the reactions involved. These results reveal 

possible reaction pathways for organocopper(II) complexes relevant to their applications as catalysts in 

C−C bond forming reactions. 
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Introduction 

Conceptually, the making or breaking of a metal-carbon bond can occur via multiple pathways, 

some of which involve changes in the formal oxidation state of the metal. In conventional 

organometallic chemistry well-known reactions such as oxidative addition and reductive elimination 

involve a 2-electron redox process linked to a change in coordination number of two. These reversible 

2-electron and ligand reactions are at the heart of classic organometallic catalysts such Wilkinson’s 

hydrogenation catalyst, and the various Pd-catalyzed cross coupling reactions.1 Although less common, 

related chemistry is possible for transition metals capable of reversible single electron redox reactions 

coupled to ligand complexation or dissociation; generally regarded as an atom transfer mechanism. In 

this case free radicals are necessarily involved. 

The generic organometallic transition metal compound M(n+1)L−R  may undergo metal-carbon 

bond dissociation following two different pathways (Scheme 1). Homolytic dissociation generates the 

corresponding one-electron reduced complex (MnL) and an organic radical R• whereby the coordination 

number decreases by one. This reaction underpins organometallic mediated radical polymerization 

(OMRP)2 where a controlled and reversible release of radicals through metal-carbon bond homolysis 

minimizes side reactions such as radical termination. Alternatively, heterolytic dissociation requires 

ligand substitution by an anionic species, X, which may be introduced in the form of its conjugate acid 

HX thus releasing RH; a reaction commonly referred to as protonolysis. This is effectively an acid base 

reaction, and the oxidation state of the metal is unchanged.  

In either case it is important to note that both the radical R• and carbanion R− (a very strong 

base) cannot prevail in isolation so complexation as LM(n+1)−R stabilizes an otherwise highly reactive 

species.1, 3 The polarity of the metalcarbon bond is essential to its reactivity. Alkyl complexes of high 

charge-density metal ions (Al3+, Zn2+) have a weakly stabilized M−C bond, providing strong 

nucleophilicity and basicity of the alkyl group. Such complexes are typically highly sensitive to traces 

of water, leading to protonolysis of the M−C bond (generating M−OH and RH). Less electropositive 

metals afford more stable M−C bonds such as in [CH3−HgL]+, which is quite stable to moisture and 

air.4 

 

Scheme 1. Homolytic (left) and heterolytic (right) metal-carbon bond dissociation. Both processes are irreversible 
due to radical coupling (left) or HX being a stronger acid than RH (right). 

Atom transfer radical polymerization (ATRP),5 and the closely related atom transfer radical 

addition (ATRA),6 reactions are further examples of transition metal catalyzed single electron atom 
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transfer reactions. Redox active Cu(II/I) complexes are at the forefront of ATRP/ATRA where halogen 

atom transfer at the Cu center is coupled to radical generation (Eqn. 1). We have shown that under 

electrochemically driven conditions where both the radical R• and Cu(I) complex are present, rapid 

radical capture can occur leading to an unusual organocopper(II) complex (Eqn. 2, kform). This process 

abides by the same reversible bond homolysis reaction depicted in Scheme 1 and has parallels in the 

OMRP field, although Cu complexes are yet to find application in this area. While it has been noted 

that OMRP and ATRP mechanisms may occur synergistically in catalysis,7-9 the former reaction is only 

influenced by CuII−C bond reactivity. 

[CuIL]+ + R−X ⇌ [CuIILX]+ + R•  (Eqn. 1: Cu catalyzed atom transfer, kact/kdeact) 

[CuIL]+ + R• ⇌ [CuIILR]+    (Eqn. 2: radical capture/homolysis, kform/khomol) 

In contrast to Cu(I), organocopper(II) reagents have remained largely unexplored in catalysis. 

Spectroscopically10-12 or structurally13-15 characterized examples of organocopper(II) complexes are 

rare. Nevertheless, these compounds have been proposed as reactive intermediates formed by radical 

addition to a Cu(I) species in catalytic cycles (Eqn. 2).16-20 Reactions between simple transition metal 

salts and radicals has a long history,21 but a clear picture of the stability and reactivity of the CuII−C 

bond and mechanistic analysis is lacking.  

The reactivity of simple organocopper(II) complexes generated in situ by radicals formed by 

pulse radiolysis and Cu(I) precursors was investigated by Meyerstein and co-workers22-26  and a variety 

of mechanisms for CuII−C bond dissociation were considered. Ferraudi and co-workers observed that 

Cu(II) methylato complexes decompose by homolysis, and are less stable than the analogous 

carboxymethylato complexes.27 These studies indicate that different co-ligand systems and alkyl 

radicals influence the decomposition pathway for the organocopper(II) complex in various ways. More 

recently, Matyjaszewski and co-workers generated the organometallic complex 

[CuII(TPMA)(CH2CN)]+ (TPMA = tris(2-pyridylmethyl)amine) in solution by mixing [CuI(TPMA)]+ 

with BrCH2CN in a 2:1 ratio, which generated an equal mixture of [CuII(TPMA)Br]+ and 

[CuII(TPMA)(CH2CN)]+ as detected by UV-Vis spectroscopy.28 A combination of Eqns 1 and 2 

explains the formation of these two Cu(II) complexes. Decomposition of [CuII(TPMA)(CH2CN)]+ was 

studied at 25 °C, and occurred over a timescale of minutes to afford [CuII(TPMA)Br]+, with no 

accumulation of [CuI(TPMA)]+, indicating that the radical activation step (Eqn. 1) is rate limiting, while 

the subsequent radical capture (Eqn. 2) is fast (kform >> kact).29  

In recent years we have utilized electrochemical and spectroscopic methods in tandem to 

generate a variety of organocopper(II) complexes based on both TPMA and its tertiary tetraamine 

analog tris(2-dimethylaminoethyl)amine (Me6tren).10-12 These studies have led to a reliable 

electrosynthetic method for generating [CuII(Me6tren)(CH2CN)]+ in solution, which has been exploited 
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as a catalyst in electrochemical atom transfer radical addition (eATRA) with high yields under mild 

conditions.30  

As this new C−C bond formation strategy is in its infancy, there is limited understanding of the 

reactivity of electrogenerated [CuII(Me6tren)(CH2CN)]+ (hereafter [CuIILR]+ for brevity: L = Me6tren; 

R = NCCH2
). To this end we herein report a full kinetico-mechanistic study of the CuII−C bond 

reactivity in [CuIILR]+, including the influence of organic radicals and Brønsted acids, to gauge the 

relative importance of homolytic and heterolytic dissociation pathways. 
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Results and Discussion 

As featured in Scheme 1, two main pathways can be considered for cleavage of the CuII−C 

bond: homolysis and heterolysis.31 As we have shown,30 [CuIILR]+ reacts with alkenes via radical 

addition (Eqn. 3), which corresponds to a homolytic pathway. This leads to the loss of the visible 

absorption signals of [CuIILR]+, as colorless [CuIL]+ is formed when the stoichiometric reaction of 

[CuIILR]+ and alkenes concludes. When an excess of initiator (bromo- or chloroacetonitrile) was used, 

succinonitrile (NCCH2CH2CN or R−R) was also detected, again indicating homolysis of the CuII−C 

bond. Although all reactions are usually carried out under strictly anhydrous anaerobic conditions, when 

solvents were not completely anhydrous the final solution was pale blue, characteristic of Cu(II) species, 

and product yields were significantly lower. Nevertheless, the only products detected by 1H NMR or 

GCMS were the radical addition termination products. 

[CuIILR]+ + >C=C< → [CuIL]+ + >C•−CR<      (Eqn. 3: radical addition)  

Contrary to expectations, [CuIILR]+ is relatively stable and can be manipulated in anaerobic 

solutions (MeCN) at room temperature over hour time-scales, but when exposed to moisture the product 

converted to a blue Cu(II) species instead. Previously we demonstrated that the CuII−CH2CN bond is 

quite polarized, with a significant amount of the d-electron spin density delocalized over the 

cyanomethylato ligand from pulse EPR and DFT analysis,12 which highlights the reactive character of 

this bond. Although the reaction pathways for the CuII−C bond are not well understood, Zhidomirov 

and co-workers have conducted DFT studies on alkyl-Cu(II) complexes with chlorido co-ligands, 

predicting a large bond dissociation energy of 40 kJ mol1 for homolysis.32 From our observations, two 

characteristics have to be considered with respect to the reactivity of the CuII−CH2CN bond for the 

complex herein: lability (aligned with classical Cu(II) coordination chemistry), and competing 

homolysis. A series of kinetic studies were devised to fully understand the processes involved. 

Homolysis pathway 

The complex [CuIILR]+ was electro-generated in MeCN under anaerobic conditions, as 

described previously.30 Only 1.1 equivalents of the initiator (XCH2CN, X= Br, Cl) were present during 

the electrolysis, and the build-up of [CuIILR]+ was measured by its known electronic spectrum.10, 12 

Once the formation of [CuIILR]+ was complete, the initiator RX was essentially consumed, thus limiting 

further radical activation with [CuIL]+ to produce [CuIILX]+ (Eqn. 1). From this point, different volumes 

of the [CuIILR]+ solution were diluted in anhydrous and degassed acetonitrile (always at 0.1 M 

(Et4N)ClO4 ionic strength after electrolysis) and the subsequent reaction was followed by time-resolved 

UV-Vis absorption spectroscopy. Under these conditions, formation of colorless d10 [CuIL]+ from green 

[CuIILR]+ was observed from the bleaching of the absorption bands at ca. 750, 620 and 400 nm (Figure 

1). This observation, and the fact that succinonitrile (R−R) was a product, by 1H NMR and GCMS 
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analysis, match the expected behavior from homolytic cleavage of the CuII−R bond (Eqn. 2) and 

subsequent irreversible radical termination (Scheme 1, left). 

 

Figure 1. Time-resolved UV-Vis changes for the homolytic dissociation of [CuIILR]+ (2 mM), T = 45 °C. All 
peaks decrease in intensity with time. Note that the final spectrum (green) comprises < 10% of [CuIILBr]+ as a 
side-reaction from residual BrCH2CN with [CuIL]+. Spectra collected every 60 s over a period of 12 h. 

At high temperatures (40-60 °C), the [CuIILR]+ dissociation reaction followed a clean single 

first-order process that was modeled by the ReactLab Kinetics software.33 The modeling was done with 

a final spectrum in Figure 1 that included a 10% amount of [CuIILBr]+ (λmax ~950 and 750 nm);  due to 

the small excess of initiator RBr which reacted according to Eqn. 1. Furthermore, disproportionation of 

[CuIL]+ (Eqn. 4) becomes a competitive side reaction at longer reaction times (>12 h), which were 

avoided. The formation of a precipitate due to elemental Cu was most apparent at lower temperatures 

and high total copper concentration (> 2 mM), conditions that were consequently also avoided. In fact, 

rapid disproportionation of [CuIL]+ has been observed in aqueous solution and has been exploited for 

catalytic single-electron transfer living radical polymerization (SET-LRP);34-36 in acetonitrile solution 

this process is not fast enough to induce living radical polymerization.37-38  

2 [CuIL]+ + Br ⇌  [CuIILBr]+ + Cu0↓ + L   (Eqn. 4: disproportionation) 

2 [CuIILR]+ → 2 [CuIL]+ + R−R                 (Eqn. 5: bimolecular reductive elimination) 

The homolytic decomposition rate of [CuIILR]+ at different concentrations between 40 °C and 

60 °C did not exhibit a dependence on the Cu(II) concentration. Although, bimolecular reductive 

elimination has been proposed as a bond cleavage pathway (Eqn. 5, which is second order with respect 

to [CuIILR]+), experiments disclosed herein could not confirm this reaction given the lack of dependence 
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of kobs on [CuII] over the concentration range examined. As a result, the first order rate constant was 

assigned to Eqn. 2 (reverse reaction) with a value at 40 ºC of khomol = 3.2 × 10-5 s-1 (t½ ~6 h),  [CuIILR]+ 

acting as a persistent source of organic radicals.39 

[CuIILR]+  + R′ • ⇌  [CuIL]+ + R−R′       (Eqn. 6, catalyzed radical termination)  

An alternate reaction that may be taking place is catalyzed radical termination (CRT, Eqn. 6), a 

bimolecular process where [CuIILR]+ reacts with another radical R′• to form the termination product 

R−R′ and [CuIL]+. Studies on homolytic bond cleavage of different organometallic species have shown 

that stable radicals such as 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) can induce homolytic bond 

cleavage with a reaction that is linearly dependent on radical concentration. The influence of [TEMPO] 

on the observed rate constant for the homolytic decomposition of [CuIILR]+ at 40 °C was studied under 

pseudo first order conditions resulting in the adduct TEMPO-R (Scheme 2). The experiments showed 

that [CuIL]+ is the final copper-containing product, and the observed first order rate constants (kobs,TEMPO) 

exhibit a linear dependence on [TEMPO] (Figure 2). From these data fit to Eqn. 7 the bimolecular rate 

constant kTEMPO = 5.3 × 10-2 M-1 s-1 at 40 °C was obtained from the slope, while the small intercept (khomol) 

agrees strongly with the value determined in the absence of TEMPO indicated above. 

kobs,TEMPO = kTEMPO[TEMPO] + khomol         (Eqn. 7) 
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Figure 2. Linear dependence of kobs,TEMPO with [TEMPO] for the homolytic decomposition of [CuIILR]+ via 
catalyzed radical termination. 40 °C, dry anaerobic MeCN.  

 

The stoichiometric reaction of TEMPO with [CuIILR]+ was also conducted and after workup 

(Experimental Section) 1H NMR (Supporting Information, Figure S1) and GC-MS analysis, confirmed 
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formation of the TEMPO-R adduct that has been reported from the reaction of cyanomethyl radicals 

with TEMPO.40 Only small amounts of succinonitrile were formed.  

 

Scheme 2. Radical termination reaction with TEMPO. 

These results show that CRT (Eqn. 6) is indeed a possible pathway for homolytic bond 

dissociation. However, this does not imply that the formation of [CuIL]+ and R−R (succinonitrile) in 

the absence of TEMPO (Figure 1) follows the same pathway, i.e. [CuIILR]+ reacting directly with R•. 

In this respect, when additional equivalents of the RX initiator (X = Br, Cl) were added to the initial 

reacting solutions of [CuIILR]+, the final product was [CuIILX]+ (Figure 3). In this case, the kinetic 

profiles are biphasic, and the two steps could be easily resolved. The slower step leads to [CuIL]+ with 

no absorption in the 500-1100 nm region, while the faster step produces [CuIILX]+. In Figure 4 the 

spectrum of the final product is [CuIILBr]+, with its characteristic absorption maxima at ca. 970 and 750 

nm,10 produced by the atom transfer reaction (Eqn. 1), which is made irreversible by radical 

termination.41 Note that the fact that the [CuIL]+ is produced more slowly than its consumption by the 

RX initiator prevents its buildup and avoids the requirement to use large concentration of RX to reach 

pseudo-first order conditions. 

 

Figure 3. Time-resolved UV-Vis changes for a 1 mM solution of [CuL(CH2CN)]+ and 2.0 mM BrCH2CN (added 
after formation of [CuL(CH2CN)]+), anaerobic conditions. T = 25 °C. Spectra recorded every 60 s for ~5 h. 
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The dependence of the observed rate constants for the fast and slow processes on [RX] was 

determined, and the data are shown in Figure 5. As expected, the slower step kobs,1 is independent of 

[RX] and its value is within experimental error of the [CuIILR]+ homolysis rate constant determined 

above (kobs,1 = khomol = 1.1 × 10-5 s-1 at 30 ºC). However, for the faster step kobs,2 a linear dependence on 

[RX] was observed, and the slopes of these lines provide the activation rate constants for Eqn. 1 

(forward reaction) where kact-X = kobs,2 /[RX]. The values of kact-X (X = Cl, Br) for this system with chloro- 

and bromoacetonitrile have been reported previously,42 and the values obtained herein are of the same 

order of magnitude. As expected, the kact-Br and kact-Cl second-order rate constants differ by an order of 

magnitude, based on their bond dissociation energies (see Table 1). 

 

Figure 4. Trends of observed rate constants (kobs) with [RX] (X = Br, A; Cl, B) at 25 °C.  

 

The temperature dependence of the khomol and kact-X rate constants allowed an evaluation of the 

enthalpies (ΔH╪) and entropies (ΔS╪) of activation from standard Eyring plots (Figure 5, Eqn. S1). 

Similarly, from standard lnk vs P plots (Figure 6, Eqn. S2) the volumes of activation were determined. 

(Table 1). 

Table 1. Thermal and pressure activation parameters for the [CuIILR]+ homolysis and halogen atom 
transfer reactions. 

 Homolysis Atom Transfer X=Br Atom Transfer X =Cl 

khomol (s-1) (323 K) 1.8×10-4 − − 

kact-X (M-1 s-1) (303 K) − 1.5×102 1.7×101 

ΔH╪ (kJ mol1) +113±7 +40±4 +60±7 

ΔS╪ (J mol1 K1) +30±20 78±13 34±22 

ΔV╪(cm3 mol1) +8±1 +26±3 n.d. 
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For the homolysis reaction (reverse of Eqn. 2 i.e. khomol with no initiator present), ΔH╪ is large 

and reflects the resistance of the CuIICH2CN bond to homolytic cleavage, which is consistent with our 

observations on the electro-generation of the complex. Given the fact that the reverse formation of 

[CuIILR]+ (Eqn. 2) occurs at close to diffusion-limited rates,10 the corresponding ΔH╪ value must be 

very small (<2 kcal mol1), 43-44 which suggests that the value determined here for the ΔH╪ of homolysis 

is close to the CuIICH2CN bond dissociation energy (BDE).45 Although there are no thermodynamic 

data on the bond homolysis of organocopper(II) complexes, for other metals, such as Co(III) with salen 

(N,N′-ethylenebis(salicylimine)), the BDE is within the range 80-170 kJ mol−1.46 The small positive 

value of ΔS╪ indicate a slight increase of disorder in the transition state, since two species (R• and 

[CuIL]+) are emerging from one entity. The values of ΔV╪ report on changes in volume between the 

transition state and the reactants, and therefore on the structure of the transition state itself.47  From 

Figure 6A a slight decrease of the rate constant on increasing pressure was found to give ΔV╪ = 8±1 

cm3 mol1 (Table 1), which was expected from the partial dissociation of The CuC bond in the 

transition state {[LCuꞏꞏꞏR]+}╪. 

 

Figure 5. (A) Eyring plots for the homolysis step (khomol), and (B) for the halogen atom transfer (kact-X) reaction. 

For the reaction carried out in the presence of RX initiator, i.e. atom-transfer radical activation 

(kact-X), the increase observed in ΔH╪ on going from X = Br to Cl reflects the increased BDE of the C−Cl 

bond going to the transition state coupled with a greater affinity of the [CuIL]+ complex for the incoming 

Br atom. The negative value of ΔS╪ was expected given the high ordering needed to form the transition 

state, i.e. {[LCuꞏꞏꞏXꞏꞏꞏR]+}╪. Furthermore, the value of ΔV╪ (Figure 6B) shown in Table 1 was much 

more positive than that determined for khomol, which again indicates a significant expansion of the 

transition state {[LCuꞏꞏꞏBrꞏꞏꞏR]+}╪ assembly. 
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Figure 6. Plots of lnk vs P for (A) the homolytic bond dissociation reaction at 40 °C, and for (B) the atom transfer 
activation with bromoacetonitrile, at 25 °C. 

 

Heterolysis (Protonolysis) Pathway 

 To date there has been no evidence that [CuIILR]+ undergoes spontaneous heterolytic CuII−C 

bond cleavage. The addition of an electrophile, such as benzaldehyde, to electro-generated [CuIILR]+ in 

CH3CN did not lead to any products expected from nucleophilic attack by R, a reaction which takes 

place readily for organocopper(I) complexes. Therefore, conventional heterolysis, releasing the 

cyanomethylate anion R and [CuIIL]+, is non-competitive with homolysis under these conditions. 

Nevertheless, when samples of [CuIILR]+ in MeCN contained equimolar amounts of H2O, the final 

product was a pale-blue Cu(II) species, suggesting a heterolytic protonolysis pathway (hydrolysis) 

(Figure 7). This observation matches the heterolytic decomposition previously observed by Meyerstein 

et al. for transient organocopper(II) complexes formed in aqueous solution.23, 26, 48 Consequently, the 

reactivity of [CuIILR]+ in MeCN under anaerobic conditions with different concentrations of H2O (0.7-

4.4 M, pseudo-first-order conditions at 0.1 M (Et4N)ClO4) was investigated. In all experiments a single 

first order process was observed, and the data were modelled with ReactLab Kinetics33 according to the 

reaction depicted in Eqn. 8 producing a pseudo-first-order rate constant kobs,prot for each experiment. As 

the cyanomethylate anion (NCCH2
 = R) is a strong base (pKa of 31.3 in DMSO),49 the products of the 

reaction must be MeCN and [CuIIL(OH)]+. The final spectrum effectively showed a broad band at ca. 

870 nm, and a shoulder at 680 nm, which corresponds to the known hydroxido complex [CuIIL(OH)]+.50 

 [CuIILR]+ + H2O    [CuIIL(OH)]+ + R-H        (Eqn. 8: hydrolysis)  
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Figure 7. Time-resolved UV-Vis changes for a 2 mM solution of [CuLR]+ in the presence of water (2 M). T = 40 
°C.   

Interestingly, at low [H2O] values, a contribution of the slower homolysis reaction was 

observed, indicated by a diminution, rather than a shift, of the Cu(II) absorption bands over time. 

Clearly, a competition between the two bond cleavage pathways was occurring at low water 

concentrations. Similarly, alkylchromium(III) complexes have been shown to undergo homolytic 

CrIII−C bond cleavage and hydrolysis51 in a competing manner, with factors such as the ligand choice 

or reaction conditions favoring the bond cleavage towards one pathway.52-53  
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Figure 8. Dependence of the pseudo-first-order rate constant for the protonolysis process, kobs,prot, of [CuIILR]+  
on [H2O].  

The dependence of kobs,prot on [H2O] (Figure 8) showed the expected behavior described by an 

Eigen-Wilkins mechanism,54 where a rapid pre-equilibrium forms an outer-sphere (OS) encounter 

complex that leads, via the rate determining step, to the final complex (Eqn. 9). The values of KOS 

(average for all temperatures) and kprot derived from fitting the data to Eqn. 10 are collected in Table 2. 

Evidently, the organocopper(II) complex [CuIILR]+ is remarkably stable to hydrolysis, relative to most 
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polar organometallics, with a half-life of ca. 84 min at 35 °C at high [H2O] values, which reinforces our 

earlier study whereby [CuII(TPMA)(CH2CN)]+ is still formed electrochemically even in the presence of 

added water.10  

[CuIIL(CH2CN)]+ + RʹOH         [CuIIL(CH2CN);(HORʹ)]+  [CuIIL(ORʹ)]+ + CH3CN  

(RʹOH = H2O, MeOH, PhOH, PhCOOH)                         (Eqn. 9) 

𝑘௢௕௦,௣௥௢௧ ൌ
௞೛ೝ೚೟௄ೀೄሾRʹOHሿ

ଵା௄ೀೄሾRʹOHሿ
                          (Eqn. 10) 

The dependence of the values of kprot on temperature and pressure were analyzed by standard 

Eyring (Figure S2) and lnk vs P plots (Figure S4A), and the values of ΔH╪, ΔS╪ and ΔV╪ were derived 

(Table 2).  While the large negative value of ΔS╪ indicates a mechanism where the incoming water 

molecule and the complex should be associated in the transition state, the modest value of ΔH╪ indicates 

that the process is not very energy demanding. This is expected for associative mechanisms where a 

higher degree of bond-forming than bond-breaking occurs going to the transition state.55 As for the 

volume of activation, ΔV╪, the value distinctly indicates an expansion on going to the transition state, 

which is in agreement with an incoming water molecule and a departing MeCN group within the 

transition state structure. 

Equivalent protonolysis reactions were carried out with a series of organic acids with different 

pKa values (methanol, phenol, and benzoic acid) under the same conditions. In all cases, the same 

behavior following Eqn. 9 was observed (Figures S3 and S4), and the relevant kinetic and activation 

parameters are provided in Table 2. Interestingly, as the substrate pKa decreases the value of kprot 

increases significantly, the maximum being for benzoic acid, which required working at lower 

temperatures to obtain reproducible rate constants under standard mixing conditions. Similarly, higher 

values of KOS were associated with the more acidic proton donors, i.e. lower concentrations were 

required to reach the saturation value of kobs,prot (Eqn. 10). These results highlight the importance of 

proton donation and hydrogen bonding in forming the outer-sphere complex, and in the overall reaction 

kinetics.  

As seen in Table 2, a decrease in the values of ΔH╪ was observed with increasing proton donor 

acidity, which indicates that reaching the transition state is less energetically demanding when O−H 

bond breaking is facilitated. Concurrently, ΔS╪ becomes more negative with increasing proton donor 

acidity i.e. an increased ordering of transition state relative to the reactants. As for the values of ΔV╪ 

(determined at 4 M water concentration, where saturation kinetics conditions have been reached), they 

indicate a greater expansion going to the transition state with increasing Brønsted acidity and molar 

volume of the proton donor, which suggests a late transition state. The positive values of ΔV╪ 

(expansion of the transition state) and the negative values of ΔS╪ (ordering of the transition state) agree 
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with a mechanism where intermolecular interactions are significant within the transition state. These 

phenomena are well-known in the literature, with examples such as hydrogen bonding being an 

important contribution to these values of ΔV╪.56-57 The significance of the activation parameters will be 

further discussed on proposing a general structure for the transition state.  

Table 2. Kinetic and thermal and pressure activation parameters for the protonolysis reaction of 
[CuIILR]+ with different acidic species in MeCN. ‘318’ superscripts denote the temperature (K). 

 Methanol Water Phenol Benzoic Acid 
pKa 15.3 14.0 10.0 4.2 

ΔH╪ (kJ mol1) +68±4 +64±2 +53±4 +43±3 

ΔS╪  (J K1 mol1) −90±15 −83±6 −130±12 −150±9 

ΔV╪ (cm3 mol−1) 18±1 14±1 22±2 34±3 
KIE (318kobs,protH/kobs,protD) 1.5 2.2 2.6 n.d. 

318KOS (M-1) 2±1 1.1±0.2 23±11 55±14 
318kprot. (s-1) 5.2×104  8.5×104  7.3×104  3.9×103 

 

Given the importance of proton donation and hydrogen bonding in the mechanism observed for 

this process, an evaluation of the deuterium kinetic isotopic effect (KIE) was pursued. When the 

protonolysis reaction was carried out with D2O, the observed reaction rate under saturation kinetics 

conditions, kprot(D), was significantly slower than with H2O as is apparent in Figure 9. A primary kinetic 

isotope effect KIE = kH/kD of 2.2 was obtained, indicating that bond breaking involving O−H is indeed 

dominant in the rate-limiting step. Equivalent KIEs for MeOH/MeOD and PhOH/PhOD were 1.5, and 

2.6, respectively which follows the same trend as the Brønsted acidity of the proton donor, the stronger 

acids leading to a greater KIE.  
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Figure 9. Absorbance (at 370 nm) vs time for the protonolysis/deuterolysis of [CuLR]+ carried out in H2O (blue 
dotted line) and D2O (red solid line) at 40 °C.  

Characterization of the product MeCN from [CuIILR]+ protonolysis was pursued to confirm 

that the NCCH2
− ligand is the site of protonation. Given that the product is the same as the solvent, 
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isotopic labelling was necessary. The reaction was performed on a quantitative scale (see Experimental 

Section) using a 10-fold excess of D2O, and the product was analyzed by 2H NMR spectroscopy. The 

product is indeed acetonitrile-d1 (CDH2CN), as characterized by 2H NMR of the reaction mixture, where 

a triplet at 1.9 ppm with 2JH-D = 2.3 Hz is observed (Figure S5). 

In summary, based on the thermal and pressure activation parameters (Table 2), and the 

presence of a significant KIE, the mechanism indicated in Scheme 3 is proposed for the protonolysis 

reaction of [CuIILR]+. An alternative mechanism involving an associative process via a hexacoordinated 

{LCuII-(HOR′)R} intermediate is considered unlikely; there are more than 80 crystal structures of 

transition metal complexes of the sterically bulky Me6tren ligand in the Cambridge Structural Database 

and none have a coordination number greater than five. 
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Scheme 3. Proposed reaction mechanism for the protonolysis (heterolysis) of [CuIILR]+ (L = Me6tren, R = 
NCCH2

) in presence of a Brønsted acid R′OH (R′ = H, Me, Ph, PhCO). 

 

The increase in KOS with R′OH acidity (Table 2) indicates that the −OH functional group is 

involved in non-covalent bonding within the outer sphere complex and the terminal nitrile N-atom of 

[CuIILR]+ is the only possible proton acceptor. Progression to the transition state is expected with 

significant negative values of ΔS╪ that indicate a higher ordering for the reactions with stronger acids. 

This fact is related to an increase in the later nature of the transition state, which correlates with an 

increase of the value determined for the deuterium KIE. The values of the activation volumes ΔV╪ show 

an expansion increase for the same sequence, which seems to be contrary to the trend in the values of 
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the activation entropy. However, the late transition state involving a significant proton dissociation KIE 

>1 and a consequent CuIICH2CN breakage is consistent with an expansion of the system. In fact, for 

cyclometallation reaction studies on Pd(II) and Rh(II) complexes, which can be considered 

mechanistically relevant to the reverse of the reaction studied here, the values of ΔV╪ are clearly 

negative.58-60 

Conclusions 

This work has shown that CuII−C bond dissociation in the organocopper(II) complex [CuIILR]+ 

(L = Me6tren, R = NCCH2
) may occur either homolytically (to give [CuIL]+ and R•) or heterolytically 

in the presence of a Brønsted acid R′OH (to give [CuIIL(OR′)]+ and RH). This represents the first study 

reporting thermal and volume activation parameters for this emerging class of organocopper(II) 

complexes. From these studies, distinct modes of reactivity are found possible depending on the 

substrate present. 

In neat MeCN, under anaerobic conditions at 0.1 M (Et4N)ClO4, [CuIILR]+ has a half-life of 

approximately 6 h, and a dominant pathway of homolysis of the LCuII−CH2CN bond is followed by 

irreversible radical dimerization (2 •CH2CN → NCCH2CH2CN) to give [CuIL]+. When XCH2CN (X = 

Br, Cl) is introduced, two reactions occur sequentially; (i) homolysis and (ii) halogen atom transfer 

between [CuIL]+ and XCH2CN leading to [CuIILX]+ (and •CH2CN) with kact-X values that match 

published data. For simple homolysis, the large positive ΔH╪ value found indicated a strong CuII−C 

coordinate bond, and the positive ΔS╪ and ΔV╪ values are as expected for this formal dissociation 

reaction. For the activation step of atom transfer, the ΔH╪ values reflected differences in C−X bond 

dissociation energies in chloro- and bromoacetonitrile while negative ΔS╪ and positive ΔV╪ values are 

consistent with an ordered and expanded transition state of the type {[LCu∙∙∙X∙∙∙CH2CN]+}╪ being 

formed. 

In contrast to homolysis, there is no evidence that heterolysis of the LCuII−CH2CN bond (to 

yield CuIIL and NCCH2
) occurs spontaneously. Instead, NCCH2

 substitution must be triggered by a 

Brønsted acid such as water, methanol, phenol or benzoic acid leading to the release of the conjugate 

acid MeCN. For all proton donors studied the protonolysis reaction followed an Eigen-Wilkins 

mechanism involving formation of an intermediate outer-sphere complex, with an equilibrium constant 

(KOS) increasing with the proton donor acidity. The observed trends of positive ΔV╪ and negative ΔS╪ 

for the protonolysis rate constant also indicated that the proton donor strength is a determining factor in 

ordering and expanding the reactants within the transition state of the reaction. Moreover, significant 

deuterium isotope effects were observed, confirming that O−H bond breaking plays a key role.  

Overall, the studies carried out herein demonstrate that although the LCuII−CH2CN bond is 

strong it is highly reactive, resulting in these complexes being sufficiently robust but suitably labile for 
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homogeneous catalysts in C−C bond forming reactions (e.g. electrochemical atom transfer radical 

addition).  
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Experimental Section 

Reagents 

The reaction conditions for electrochemical generation of [CuIILR]+ have been described in 

great detail in a previous article.30 All solvents were dried by distillation from CaH2 and stored in 

activated 3 Å molecular sieves. All solvents were HPLC grade. Both alkyl halide initiators, BrCH2CN 

and ClCH2CN, were commercially available and were used without further purification. The inert 

electrolyte (Et4N)ClO4 was prepared and recrystallized as previously described.10 Reactions were 

performed anaerobically to prevent rapid oxidation of [CuIL]+  to [CuIILX]+ with Schlenk techniques, 

using N2 or Ar as the inert gas; alternatively, solutions were prepared in a glovebox (O2 < 20 ppm). The 

radical 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) was used as received and no further purification 

was made. 

Kinetic Experiments and Instrumentation 

Reactions were carried out in CH3CN, at I = 0.1 M (Et4N)ClO4. All homolysis experiments 

were kept at or below 2 mM to avoid side-reactions. The temperatures used for the spontaneous 

homolysis reaction (Eqn. 9) were in the 40-60 °C range; lower temperatures also led to side-reactions. 

For this reaction, the concentration of initiator was assumed to be negligible since 1.1 equivalents of 

XCH2CN were used, which were essentially completely consumed. The reactions with TEMPO were 

studied at 40 °C. The reactions with excess initiator were studied between 25-45 °C: the concentration 

of [CuIILR]+ was kept at 1 mM, and the variable concentrations of initiator (Br or ClCH2CN) were in 

the range of 0.5-7.0 mM. 

Kinetic experiments were performed with an Agilent HP 8453 diode array UV-Vis 

spectrophotometer, equipped with a thermostatted (±0.1 oC) multicell transport. A CARY 50 scanning 

spectrophotometer was also used for routine measurements. Rate constants were determined by global 

analysis of the entire time dependent spectral data using the ReactLab Kinetics software.33 

High pressure experiments were carried out at pressures between 400-1600 atm, at different 

temperatures; the equipment has been described elsewhere.61 The concentration of [CuIILR]+ was 1 mM. 

When studying the activation step of the atom transfer reaction (Eqn. 1), the concentration of initiator 

was 1 mM and the 2nd order rate constant was obtained fron kobs/[RX] (see Results and Discussion). 

When studying the protonolysis reaction), the acid concentration was sufficiently high to reach kobs 

saturation.  
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Synthesis 

Acetonitrile-d1 

 A mixture of [CuIILR]+ (24.5 mg, 0.05 mmol) and D2O (20 mg, 0.5 mmol) in 25 mL of dry CH3CN 

were stirred overnight (open to air). After this time, the mixture became pale blue (initially, it was 

emerald green). The paramagnetic Cu(II) complex was removed from solution using a short silica 

column with compressed air. The 2H NMR spectrum was recorded from the sample. 2H-NMR (300 

MHz): δ (ppm) 1.91 (t, 1H, J = 2.3 Hz). 

Phenol-d1 

A slight modification on the method carried out by Caputo was followed.62 Recrystallized phenol (0.5 

g, 5.3 mmol) was dissolved in 15 mL of dry THF and a cube of Na (1.0 g,  43.5 mmol) was carefully 

added. The solution was stirred overnight, after which the remaining Na cube was removed. Following 

this, the reaction was quenched with D2O (15 mL), 10 drops of D2SO4 (96-98% in D2O) were added, 

and the mixture was left stirring for 1 h. The deuterated phenol was then extracted with dry Et2O, and 

a colorless solid was obtained after solvent evaporation and this was further dried under vacuum 

overnight (Yield: 89%, 0.45 g, 4.7 mmol). The compound was approx. 92% deuterated by NMR 

analysis. 1H NMR (500 MHz, CDCl3): 7.37-7.28 (m, 2H, Ph), 7.05 (t, J = 7.12 Hz, 1H, Ph), 6.98 (d, J 

= 8.30 Hz, 2H, Ph), 6.34 (s, OH). 13C-NMR (125 MHz, CDCl3): δ (ppm) 155.0, 130.0, 121.1, 115.3. 

2-((2′,2′,6′,6′-Tetramethylpiperidin-1′-oxy)acetonitrile (TEMPO-CH2CN, TEMPO-R) 

A mixture of de-aerated [CuIILR]+ (50 mg, 0.1 mmol) and TEMPO (16 mg, 0.1 mmol) in 25 mL of dry 

CH3CN were stirred overnight at 45 °C in a Schlenk tube. After this time, the colorless mixture was 

diluted with 20 mL of water and extracted with DCM (3×50 mL). The organic extracts were dried over 

MgSO4, and the solvent was evaporated to give a pale-yellow oil (17.5 mg, 90%). 1H-NMR (500 MHz, 

CDCl3): δ (ppm) 4.52 (s, 2H), 1.57-1.31 (m, 6H), 1.20 (s, 6H), 1.10 (s, 6H). 13C-NMR (125 MHz, 

CDCl3): δ (ppm) 116.2, 62.8, 60.5, 39.7, 33.1, 20.0, 17.0. LRMS (ESI) [M+H]+: 196.92. Spectroscopic 

data matched the literature.63 

Associated Content 

Supporting Information 

Supporting Information is available from the Journal’s website including NMR data, selected 

plots of the dependence of the observed rate constants on temperature and pressure. All the observed 

rate constants are also included in this document. 
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TOC Graphic 

 

Disssociation of the C-bound cyanomethyl ligand from a Cu(II) tetraamine has been shown to occur via 
spontaneous CuIIC bond homolysis releasing a radical and Cu(I). However, in the presence of a weak 
Brønsted acid (ROH), CuIIC bond heterolysis is observed forming CuIIOR as the product. 


