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ABSTRACT.  

The termination processes of the tertiary carbomethoxyisopropyl radical, (COOMe)Me2C
•, have 

been investigated by 1H NMR under a variety of conditions. The radical was generated by thermal 

activation of dimethyl 2,2'-azobis(2-methylpropionate) (V-601) and by bromine atom transfer 

from methyl 2-bromoisobutyrate (MBiB) to CuI/L activators (80 °C in CD3CN, CuI = 

[Cu(MeCN)4]
+BF4

-, L = tris[2-(dimethylamino)ethyl]amine (Me6TREN), tris(2-pyridyl-

methyl)amine (TPMA), 2,2’-bipyridine (bpy); 75 °C in C6D6; CuI = CuBr, L = Me6TREN, TPMA) 

in the presence of various additives: the CuI/L complex (for the V-601 decomposition), Cu0 (in 

C6D6) and/or proton/deuteron donors (CH3OH, CD3OD, Et3NH+BF4
-). The investigation has 

allowed an assessment of the relative contributions of the CuI/L-catalyzed radical termination 

(CRT) and of the reductive radical termination (RRT) to the spontaneous bimolecular radical 

terminations (RT) of the diffused radicals. The investigation also allowed reassessing the product 

distribution for the RT of the diffused and caged radicals obtained from the thermal activation of 

V-601.  Both CRT and RRT were found to be minor but not negligible when the radical is slowly 

produced from V-601. The more rapid radical generation by atom transfer from MBiB maintains 

RT and CRT and decreases the impact of RRT. The catalytic activity in CRT decreases in the order 

CuI/TPMA > CuI/Me6TREN and is less prominent in C6D6 than in CD3CN, whereas the RRT 

activity increases in the order CuI/TPMA < CuI/Me6TREN and is less prominent in CD3CN. DFT 

calculations validate the principle that CRT occurs via formation of a latent organometallic 

(COOMe)Me2C-CuII/L intermediate.   
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Introduction 

Methacrylate monomers are of great interest for the polymer industry and are typically 

polymerized by the radical mechanism. Due to the persistent radical effect1 and/or rapid 

degenerative transfer, a number of different methods, globally referred to as “Reversible 

Deactivation Radical Polymerization” (RDRP),2, 3 have been developed to build elaborate 

macromolecular architectures that include poly(meth)acrylate blocks with targeted molecular 

weight, low dispersities and high chain-end functionalities. We are particularly interested in metal-

catalyzed radical polymerization, also known as “Atom Transfer Radical Polymerization” 

(ATRP),4-9 where a metal catalyst (Mtx/L) activates a halogen-terminated dormant species (Pn-Y) 

to reversibly generate the active radical chain (Pn
•) and a higher oxidation state complex (Y-

Mtx+1/L), which acts as deactivator (Scheme 1). Learning how to diminish the contribution of the 

inevitable terminations to the lowest possible extent is primordial to maintain the highest possible 

degree of chain-end fidelity, which is of utmost importance for the engineering of more elaborate 

structures (e.g. multiblocks, grafts, brushes, functionalized surfaces, bioconjugates, etc.).3, 10-12 

Amongst all possible catalysts, those based on the CuI/CuII redox pair have attracted the greatest 

attention because of the ready availability and low cost of the metal, wide ligand choice, and 

adaptability to diverse operating conditions. The catalytic activity of these systems, as reflected by 

the ATRP equilibrium constant value (KATRP), is strongly ligand and medium dependent.13-15 

Systems up to one billion times more active than the originally employed CuI/bpy catalyst have 

recently been developed.16-19  
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Scheme 1. Atom transfer equilibrium in metal-catalyzed radical polymerization (ATRP). Pn = 

growing radical chain, M = monomer, Mtx/L = catalyst comprising a metal (Mt) in oxidation state 

x and ligands (/L).  

The KATRP increase, however, is paralleled by an increased tendency for the CuI/L species to 

directly trap the radical chain and generate an organometallic dormant species, Pn-CuII/L, at least 

within the family of C3-symmetric catalysts supported by substituted tris(pyridylmethyl)amine 

(TPMA) ligands.20-22 A reversible chain trapping by a metal complex Mtx/L, yielding Pn-Mtx+1/L 

(Scheme 2), if uncontaminated by other side processes, also provides a mechanism for controlled 

chain growth, known as “Organometallic-Mediated Radical Polymerization” (OMRP).23, 24 

However, recent work has shown that the organometallic Pn-CuII/L species may also lead to an 

additional radical termination mechanism, termed “Catalyzed Radical Termination” (CRT, also 

highlighted in Scheme 2).25, 26 This pathway consists of the reaction between paramagnetic Pn-

CuII/L and a second radical chain, Pm
•, regenerating the CuI/L catalyst and yielding termination 

products. To date, the CRT phenomenon has only been evidenced for polyacrylate radical chains, 

whereas polymethacrylates and polystyrene were shown not to suffer from this additional 

termination pathway.21  
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Scheme 2. Reactions between an organic radical and a metal complex leading to an organometallic 

dormant species and subsequent quenching of the latter by a second radical in CRT. 

 

An additional radical termination process that potentially interferes with a controlled chain 

growth is reductive radical termination (RRT, Scheme 3),27 whereby the Pn
• radical is selectively 

quenched to form the saturated Pm-H product by addition of an electron from Mtx/L and a proton 

from an acidic H-Z molecule, yielding the oxidized ZMtx+1/L complex. Radical reduction to 

saturated alkanes in the presence of proton donors is a well-known phenomenon that, specifically, 

has been described in some details for copper(I) in an aqueous environment.28-30 The process can 

in principle occur by one of three independent pathways: (i) outer-sphere proton-coupled electron 

transfer (OSPCET); (ii) inner-sphere proton-coupled electron transfer (ISPCET); or (iii) radical 

trapping followed by protonation (labelled OMRP because the organometallic intermediate is also 

the dormant species of organometallic-mediated radical polymerization).   
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Scheme 3. Reductive radical termination (RRT).  

In macromolecular chemistry, this phenomenon has been highlighted for polyacrylate chains by 

S. Yamago et al., who demonstrated that the activation of a well-defined PMA-Br ATRP 

macroinitiator by a CuI/Me6TREN system (Me6TREN = tris[2-(dimethylamino)ethyl]amine) in the 

absence of monomer leads to the selective formation of PMA-D when CD3OD is present.31 Other 

investigations of radical macroinitiators, namely PSt-Br and PMA-Br by atom transfer to CuI/L 

complexes26, 32 or the TERP macroinitiators Pn-TeR (Pn = PSt, PMA, PMMA; R = Me, Ph) by 

thermal or photochemical activation,33-35 on the other hand, were conducted in the absence of 

proton donors and have revealed the intervention of CRT only for the PMA-Br chains activated 

by atom transfer.32 An anomalous increase of disproportionation products for the TERP 

macroinitiators in high-viscosity solvents35 was attributed to a competing β-H transfer reaction to 

the tellanyl radical in the {Pn
•,TeR•} radical cage.36 

In order to more clearly understand the impact of CRT and RRT in ATRP, we have started to 

investigate the termination of model radicals, generated by different methods, under a variety of 

conditions (ligand, solvent, amount and nature of an external proton donor). We have recently 

reported on the termination of the cyanoisopropyl radical,37 which is a model of a methacrylonitrile 

polymer chain. This radical was obtained by thermal activation of azobis(isobutyronitrile) (AIBN) 

in the absence of monomer and was allowed to spontaneously decompose, either in CD3CN in the 
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presence of [Cu(L)]+ or in C6D6 in the presence of CuBr/Cu0/L (i.e. conditions close to those used 

in the previous termination studies of ATRP macroinitiators26, 31, 32) and either H2O, CH3OH, their 

deuterated analogues, or Et3NH+ as proton donors. The most important lessons learned from that 

study are that Me2(CN)C• can indeed interact with the CuI/L complex, most favorably in the ligand 

order Me6TREN > TPMA >> bpy (no interaction), although this occurs preferentially via the N 

atom to afford a ketiminate derivative [L/CuII-N=C=CMe2]
+. This interaction does not lead to any 

detectable CRT, whereas RRT occurs extensively by protonolysis of the Cu-radical adduct (iii in 

Scheme 3) and is promoted by the proton donor acidity; the alternative coupled proton-electron 

transfer pathways (i and ii in Scheme 3) do not appear to significantly contribute.  

In the present contribution, we report a related investigation on the termination of the 

carbomethoxyisopropyl radical (Me2C
•(COOMe), a polymethacrylate chain model). This radical 

has been generated either by thermal decomposition of a diazo initiator (V-601) or by atom transfer 

activation from methyl 2-bromoisobutyrate (MBiB), see Scheme 4. The advantage of the diazo 

initiator decomposition is to allow control experiments in the absence of the copper complex and 

is thus useful for comparing the two different activation methods. The Me2C
•(COOMe) 

termination, after generation from V-601 under various conditions, has previously been 

described.36, 38 Terminations of the same radical were also investigated following the 

photochemical activation of Me2C(COOMe)-TeR, (R = Ph,33 Me35), but the generation by atom 

transfer from MBiB, allowing for the possible intervention of CRT and RRT, has not been 

previously reported. An additional advantage of the atom transfer activation method from MBiB 

by CuI/L complexes is that no side-reactivity is possible for the organic radical within the 

{Me2(COOMe)C•,BrCuII/L} radical cage prior to diffusion to the bulk, contrary to the caged 

radical obtained from Me2C(COOMe)-TeR. Comparison of the results with those of the related 
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cyanoisopropyl radical reveals striking difference in the binding mode to the CuI center and in the 

effect of this binding on the radical termination.  

 

 

Scheme 4. Used strategies for radical generation.  

 

Results and Discussion 

 

All possible transformations for this radical are shown in Scheme 5. Both the spontaneous radical 

termination (RT) and the catalyzed radical termination (CRT) lead to either the radical dimer 

(dimethyl tetramethylsuccinate, indicated as R-R) by combination (Comb) or a 1:1 mixture of 

methyl methacrylate (MMA) and the saturated product (methyl isobutyrate, indicated as R-H) by 

disproportionation (Disp). However, the amount of MMA relative to R-H may be reduced by 

further reaction with R•, leading to oligomeric radicals, which may terminate once again by either 

Comb or Disp, spontaneously or catalytically. In addition, RRT, if present, leads to the specific 

formation of R-H. Hence, the R-H/MMA ratio may be greater than 1 as a result of oligomerization 

and/or RRT.  
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Scheme 5. Possible termination processes for the carbomethoxyisopropyl radical.  

The relationship between the observed products and their genesis is schematically illustrated in 

Scheme 6. Demonstrating the presence of CRT and RRT is consequently difficult, but at least 

qualitative indications may be provided by comparing the product distributions obtained in the 

presence of variable amounts of H+ or D+ donors and by comparing these with those of control 

experiments carried out in the absence of copper complexes (only when using the diazo initiator). 

Specifically, the relative proportions of Comb and Disp (equations 1 and 2) originating from RT 

is available from the experiments carried out in the absence of copper complex (no CRT) and 

proton donor (no RRT). The results obtained in the presence of copper complex without proton 

donor can assess the presence of CRT, if this leads to a significant change of the Comb/Disp ratio. 

Finally, the presence of RRT can be assessed from the effect of proton donors on the product 

distribution (comparison of equations 2 and 3). The experimental procedures used for the 

decomposition experiments are described in the SI (section S1) and the relative amounts of the 
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various products were determined by 1H NMR integration as detailed in section S2, Figure S1 and 

Figure S2.   

 

Scheme 6. Relationship between the termination mechanism and the resulting products.  

 

a. Terminations from V-601. 

These experiments, like those previously reported for the termination of the cyanopropyl 

radical,37 were conducted in both CD3CN and C6D6 (see section S1 for the experimental 

procedures). In order to make the results comparable, the experimental conditions were also the 

same, namely using a 1:2 [Cu(MeCN)4]
+BF4

-/L ratio in CD3CN and a 1:4:1.7 CuBr/Cu0/L ratio in 

C6D6, (except when otherwise noted), using L = Me6TREN or TPMA. The speciation of the copper 

complex in CD3CN features [CuI(L)]+ as the dominant species, since disproportionation of CuI to 

CuII and Cu0 is negligible in this solvent and is further disfavored by the excess L.39 The speciation 

of the CuBr/Cu0/L system in C6D6, on the other hand, is less well defined.40  

a1. In CD3CN. 

The results of the experiments carried out in CD3CN are collected in Table 1. Triplicate runs 

were carried out for a few experiments. In those cases, average parameters together with their 

standard deviations are also shown. In all cases, the V-601 decomposition was nearly complete, as 

expected from the known half-life of this initiator,41, 42 after 8 h at 80°C. The oligomer fraction 
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could not be obtained with precision from the NMR spectra because it could only be estimated by 

difference (see details in the SI, section S2) and is therefore subjected to the propagation of 

integration errors. In the absence of RRT, which would produce additional R-H relative to the 

termination by Disp, this amount was fixed as the difference between the R-H and MMA amounts 

(equation 2).   
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Table 1. Product distribution from the termination of carbomethoxyisopropyl radicals generated by activation of V-601 in CD3CN under 

various conditions.a  

Entry CuI/R L Additive (equiv per 

R) 

V-

601 

conv. 

% R-R % R-H (% D) 2
R−H

R−R
 b MMA %RRT 

1 0 - - 

97.75 49.31 25.35 1.03 0.89  

99.01 50.10 24.95 1.00 0.60  

98.47 50.12 25.05 1.00 0.75  

 49.8±0.4c 25.1±0.2c 1.01±0.01c 0.8±0.1c  

2 0 - CH3OH (100)d 96.98 49.39 25.30 1.02 0.84  

3 0 - CD3OD (100)d 95.60 49.28 25.36 (0) 1.03 0.94  

4 1e Me6TREN - 

98.84 46.13 26.94 1.17 0.92  

99.09 48.94 25.53 1.04 0.69  

98.89 49.49 25.26 1.02 0.89  

 48.2±1.4c 25.9±0.7c 1.08±0.06c 0.8±0.1c  

5 1f TPMA - 

99.59 44.43 27.78 1.25 0.71  

99.20 47.30 26.35 1.11 0.76  

99.64 47.73 26.14 1.09 0.81  

 46.5±1.4c 26.8±0.7c 1.15±0.06c 0.76±0.03
c 

 

6 1e Me6TREN CH3OH (100)d 90.01 45.35 28.37 1.25 1.27 2.1 

7 1e Me6TREN CD3OD (100)d 98.37 46.55 27.32 (0) 1.17 1.12 1.2 

8 1e Me6TREN Et3NH+PF6
- (1)g 96.86 47.86 26.32 1.10 0.81 0.5 

9 1e Me6TREN Et3NH+PF6
- (20)g 98.06 41.33 32.79 1.58 0.87 6.9 

10 1f TPMA CH3OH (100)d 99.38 48.11 26.11 1.09 0.77 0.3 

11 1f TPMA CD3OD (100)d 99.38 48.25 25.92 (0) 1.07 0.82 0.1 

12 1f TPMA Et3NH+PF6
- (1)g 97.38 46.55 27.70 1.19 0.74 1.9 

13 1f TPMA Et3NH+PF6
- (20)g 96.41 28.46 45.65 3.21 0.88 19.8 

a Conditions: [V-601] = 5 mg (0.022 mmol) in 0.7 mL of CD3CN, 8 h at 80°C. b Ratio of the two CH3C resonances (see SI), hence 

equivalent to the molar ratio of radicals leading to each product. c Average and standard deviation. d CH3OH or CD3OD (0.18 mL, 4.4 
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mmol). e [Cu(MeCN)4]BF4 (13.8 mg, 0.044 mmol) and Me6TREN (24 µL, 20.3 mg, 0.088 mmol). f [Cu(MeCN)4]BF4 (13.8 mg, 0.044 

mmol) and TPMA (25.6 mg, 0.088 mmol). g Et3NH+PF6
- (10.9 mg, 0.044 mmol, 1 eq.) or (217.5 mg, 0.88 mmol, 20 eq.). 
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The control experiments carried out in the absence of copper complex and proton donor (entry 

1) show the essential equivalence of the combination (R-R product, 49.8±0.4%) and 

disproportionation (sum of R-H, MMA and oligomers) modes of termination. This result agrees 

with a previous investigation, which reported Disp/Comb ratio in the range 0.75 – 1.50 as a 

function temperature in low-viscosity solvents (i.e. C6D6 and DMSO-d6).
38 In particular, that 

investigation showed that the Disp/Comb ratio depends on the microviscosity,43 as this parameter 

affects the ability of the radical pair to separate from the radical cage. In addition, it was shown 

that the Disp/Comb ratio for the caged radical pair is slightly smaller and less viscosity-dependent 

than for the diffused radical pair.38 In order to more properly compare our results with those 

reported in the literature, which did not include CD3CN as a solvent, we have proceeded to measure 

the CD3CN diffusion constant at 80°C by DOSY NMR, allowing to calculate the microviscosity 

at this temperature. However, technical modifications of the reported procedure38, 43 were needed 

to eliminate convection, which is important even in the absence of tube spinning and found to 

significantly affect the measurements (see SI, section S1 for the experimental details and section 

S3 for the comprehensive results). Using this method, the measured diffusion constant of CHD2CN 

in CD3CN at 25°C was 5.0·10-9 m2 s-1, in good agreement with the literature value of 4.17·10-9 m2 

s-1 for the diffusion of CH3CN in CD3CN.44 The measured value of the CD3CN microviscosity at 

80 °C is reported in Table 2.  

 

Table 2. Comparison of the Disp/Comb ratios measured for the decomposition of V-601 under 

different conditions.  

 

Solv/Temp (°C) ηmicro [mPa s] Disp/Comb Ref.  
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CD3CN/80°C 0.160 a 1.01±0.01 This work 

C6D6/75°C 0.232 a 0.73±0.01 This work 

C6D6/80°C 0.222 a,b 0.79 38 

a Determined by DOSY NMR (see SI, section S3). b This value was reported as 0.081 in ref. 38.  

 

The addition of proton donors (CH3OH or CD3OD) in the absence of copper does not 

significantly change the product distribution, as might be expected (entries 2-3 in Table 1). The 

introduction of CuI/L in the absence of proton donor (runs 4 and 5) has a very minor effect, which 

is perhaps most clearly notable in a slight increase of the Disp/Comb ratio from 1.01±0.01 to 

1.08±0.06 for L = Me6TREN and 1.15±0.06 for L = TPMA. This suggests the presence of a slight 

contribution of CRT, preferentially leading to the Disp products. It is appropriate to remind that 

CuI/TPMA was shown32 to have greater CRT activity than CuI/Me6TREN in CD3CN for the 

termination of polyacrylate radicals, where the effect of CRT is much more important, and the 

CRT of the polyacrylate radicals was shown to strongly favor Disp. Note that, in all the above 

experiments, no RRT may occur because there is either no reducing copper complex, or no proton 

donor, or neither. The percent of oligomers, calculated from equation 2, was essentially the same 

in all these experiments, averaging 25.0±0.7%. 

The introduction of both copper complex and proton donor additives gave the results collected 

in entries 6-13 (Table 1). For these experiments, the fraction of oligomers in the product 

distribution was imposed as equal to the average from the above control experiments, namely 

25.0%, and the other measured products were scaled to the remaining 75%. In most cases, the 

product distribution remained very close to those recorded for the control experiments. The % Disp 

was calculated from equation 2 (Scheme 6) and the contribution of RRT could then be evaluated 

by application of equation 3. Note that the application of equation 3 to all control experiments 
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(entries 1-5), for which RRT cannot take place in principle, yields an average % RRT equal to 

(0.0±0.7), reassuring us about the self-consistency of the method. For the Me6TREN system, a 

slight increase of the 2
R−H

R−R
  ratio was observed from 1.08±0.06 in the absence of proton additive 

to 1.25 with CH3OH (100 equiv., entry 6) and 1.17 with CD3OD (100 equiv., entry 7), leading to 

the calculation of % RRT values that slightly exceed the standard deviation value. However, no 

unambiguous D incorporation could be detected from the resonance of the saturated product for 

the experiment in entry 7. In the presence of the stronger acid Et3NH+PF6
-, the distribution is not 

significantly changed when using it in a stoichiometric amount (0.5% of calculated RRT, i.e. 

within the experimental error, entry 8), but a much greater amount of R-H is produced with a 20-

fold excess (5.6% of RRT, entry 9). For the TPMA system, the introduction of CH3OH or CD3OD 

(100 equiv.) results again in a very small calculated % RRT, within the noise level (entries 10-11) 

and no D incorporation was noticeable when using CD3OD. However, the addition of Et3NH+PF6
- 

had a more noticeable effect in the calculated % RRT (1.9 with the stoichiometric amount, entry 

12, and 19.8 with a 20-fold excess, entry 13). These data suggest, therefore, that an interaction 

between the CuI/L complexes and the carbomethoxyisopropyl radical does take place. However, 

this interaction is very weak and leads to a minor impact of both CRT and RRT. In comparison, 

the previously reported termination of the cyanoisopropyl radical, which was also generated by 

the thermal decomposition of an azo initiator (AIBN, see Scheme 4), led to extensive RRT in the 

presence of both CuI/Me6TREN and methanol and to extensive D incorporation from CD3OD. 

a2. In C6D6. 

The results of these experiments are collected in Table 3. The reaction time and temperature (8 

h at 75°C) led in all cases to V-601 conversions in excess of 70%. The control experiment (entry 

14) gave a significantly greater extent of combination (57.7±0.2%) than the same experiment in 
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CD3CN, resulting in a smaller Disp/Comb ratio (0.73±0.01). This value agrees quite well with that 

reported by Yamago et al. under very similar conditions38 (see Table 2). The lower Disp/Comb 

ratio observed in C6D6 relative to CD3CN, under conditions in which CRT and RRT are absent, 

merits a deeper analysis. According to the previous contribution,38 a greater microviscosity should 

lead to an increase of the Disp/Comb ratio. For instance, the reported values at 80°C are 44:56 or 

0.79 in C6D6 (η = 0.08138 or 0.222 as remeasured by us, see Table 2 and SI), 55:45 or 1.22 in 

DMSO-d6 (η = 0.3838) and 55:45 or 1.22 in PEG-400 (η = 0.6338). However, we find that the 

Disp/Comb ratio is greater in CD3CN than in C6D6, even though its microviscosity is smaller 

(Table 2 and SI). Therefore, the conclusion reached in the previous contributions38 on the 

Disp/Comb dependence on microviscosity does not appear to apply to our new measurements, 

implying that the change of the Disp/Comb ratio from CD3CN to C6D6 is not only affected by this 

single physical parameter. A deeper investigation of this effect, however, is beyond the scope of 

the present contribution. 
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Table 3. Product distribution from the termination of carbomethoxyisopropyl radicals generated by activation of V-601 in C6D6 under 

various conditions.a  

Entry CuI/R Additive 

(equiv per R) 

L V-601 

conv. 

% R-R % R-H  

(% D) 
2
R−H

R−R
 b MMA %RRT 

14 0 - - 

72.89 57.36 21.32 0.74 1.26  

74.88 58.07 20.96 0.72 1.05  

74.92 57.69 21.15 0.73 1.04  

 57.7±0.2c 21.2±0.1c 0.73±0.01c 1.12±0.10c  

15 0 CH3OH (40)d  - 83.37 59.01 20.50 0.70 0.89  

16 0 CD3OD (40)d - 76.52 58.99 20.51 (0) 0.70 1.06  

17 0.5e - Me6TREN 

84.16 58.34 20.83 0.71 1.52  

76.10 57.45 21.28 0.74 1.03  

76.35 55.85 22.08 0.79 0.95  

 57.2±0.9c 21.4±0.5c 0.75±0.03c 1.2±0.2c  

18 0.5f - TPMA 

72.49 56.43 21.78 0.77 1.13  

72.90 56.67 21.67 0.76 1.13  

75.78 57.36 21.32 0.74 0.80  

 56.8±0.4c 21.6±0.2c 0.76±0.01c 1.0±0.2c  

19 0.5e CH3OH (40)d Me6TREN 89.82 47.64 32.43 1.36 0.62 12.2 

20 0.5e CD3OD (40)d Me6TREN 80.31 50.63 28.76 (0) 1.14 1.01 7.4 

21 0.5f CH3OH (40)d TPMA 84.62 51.92 24.04 0.93 0.62 4.3 

22 0.5f CD3OD (40)d TPMA 81.52 54.97 22.52 (0) 0.82 0.71 2.1 
 a Conditions: [V-601] = 11.7 mg (0.050 mmol) in 0.7 mL of C6D6, 8 h at 75°C. b Ratio of the two CH3C resonances (see SI) hence 

equivalent to the molar ratio of radicals leading to each product. c Average and standard deviation. d CH3OH or CD3OD (0.16 mL, 4 

mmol). e CuBr (7.3 mg, 0.051 mmol), Cu0 (13 mg, 0.204 mmol) and Me6TREN (24 µL, 20.3 mg, 0.088 mmol). f CuBr (7.3 mg, 0.051 

mmol), Cu0 (13 mg, 0.204 mmol) and TPMA (25.6 mg, 0.088 mmol). 
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As found for the experiments in CD3CN, the Disp/Comb ratio remained essentially invariant 

upon addition of methanol when no copper was present (Table 3, entries 15-16). A barely 

significant increase of this ratio in the presence of a copper complex and in the absence of proton 

donor (0.75±0.03 for CuBr/Cu0/Me6TREN, entry 17; 0.76±0.01 for CuBr/Cu0/TPMA, entry 18), 

similar to the behavior in CD3CN, suggests again a possible CRT contribution in favor of 

disproportionation. The smaller Disp/Comb ratio increase upon addition of CuI/L in C6D6 may be 

at least in part related to the greater solvent microviscosity, reducing the fraction of diffused 

radicals. However, according to the literature,38 nearly 50% of the (COOMe)Me2C
• radicals 

produced from V-601 in C6D6 should diffuse out of the cage prior to terminating. Nevertheless, 

the Disp/Comb increase upon addition of CuI/L in C6D6 (by only 0.03 units, cf. entries 14 and 17-

18, Table 3) is less than even 50% of the corresponding increase in CD3CN (by 0.14 units, cf. 

entries 1 and 4-5, Table 1). This suggests that the impact of CRT may be smaller in C6D6 than in 

CD3CN. The percent of oligomers for all control experiments (entries 14-18) calculated from 

equation 2 (Scheme 6) where %Disp = %R-H, since there cannot be any RRT, averages to 

20.1±0.4. The subsequent application of equation 3 yields an average value of (0.0±0.4) for the 

%RRT of these control experiments. 

The analysis of the product distributions for the experiments run with the simultaneous addition 

of copper and proton donor (entries 19-22) followed the same procedure described in the previous 

section and the %RRT was calculated according to equation 3 (Scheme 6). In these experiments, 

the product distribution was significantly skewed in favor of R-H, much more than for the 

experiments run in CD3CN and significantly outside of the error bar, especially when CH3OH was 

used. Lower % RRT values for CD3OD are consistent with the presence of a deuterium isotope 

effect. However, the amount of putative R-D produced by RRT with CD3OD was still insufficient 
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to be directly detected in the 1H NMR spectrum. The results suggest that the impact of RRT, albeit 

small, is greater in C6D6 than in CD3CN, consistent with the greater proton donor strength of 

methanol in benzene as a consequence of the weaker proton acceptor power of this solvent. The 

impact of RRT appears consistently greater for the Me6TREN system (12.2% with MeOH, entry 

19; 7.4% with CD3OD, entry 20) than for the TPMA system (4.3% with MeOH, entry 21; 2.1% 

with CD3OD, entry 22), which parallels the trend of the same two complexes in CD3CN when 

using CH3OH and CD3OD (Table 1). On the other hand, an even greater impact of RRT is observed 

for the TPMA system when using Et3NH+PF6
- in MeCN (cf. entries 9 and 3 in Table 1). 

Unfortunately, Et3NH+PF6
- cannot be used as proton donor in C6D6 due to solubility issues. 

 

b. Terminations from MBiB. 

The activation of MBiB by CuI/L (L = Me6TREN, TPMA) to produce the 

carbomethoxyisopropyl radical requires one equivalent of metal complex, with concomitant 

formation of Br-CuII/L (see Scheme 5). To ensure efficient trapping of the generated radicals, the 

investigations in CD3CN made use of 2 equivalents of the [CuI(MeCN)4]
+ complex per MBiB. For 

the experiments with the CuIBr/Cu0/L activator in C6D6, the excess Cu0 converts the Br-CuII/L 

product back to CuI/L, thus the initial CuI/MBiB ratio was set to 1. The experiments run with 

[CuI(MeCN)4]
+/Me6TREN in CD3CN revealed the presence of a competing MBiB reactivity with 

the ligand, generating ammonium cation, which was confirmed by control experiments (see SI, 

Figure S3). However, this side process was minor. The distribution of the radical termination 

products was calculated without consideration of the resonances resulting from this side reactivity. 

No significant side-product formation, on the other hand, was observed for the experiments carried 

out with activation by [CuI(MeCN)4]
+/TPMA in CD3CN and for those with CuIBr/Cu0/L in C6D6 
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for both ligands. All results are collected in Table 4. The strongly activating CuI/L systems 

generated the radical from MBiB much faster than the thermal V-601 decomposition at the same 

temperatures. This is especially true for the more powerful CuI/Me6TREN activator, leading to full 

MBiB consumption within 4 h in both solvents, whereas traces of residual MBiB remained in 

CD3CN and conversions around 95% in C6D6 were obtained after 4 h when using CuI/TPMA.  

 



22 

 

Table 4. Product distribution from the termination of carbomethoxyisopropyl radicals generated by atom transfer activation of MBiB 

under various conditions.a 

Entry Solv. Additive (equiv 

per R) 

L MBiB 

conv. 

R-R R-H (%D) 2
R−H

R−R
 b MMA 

23 CD3CNc - Me6TREN 100 49.26 25.37 1.03 11.67 

24 CD3CNc CH3OH (100)d Me6TREN 100 49.50 25.25 1.02 12.33 

25 CD3CNc CD3OD (100)d Me6TREN 100 48.37 25.81 (0) 1.07 10.50 

26 CD3CNc Et3NH+BF4
- (1)e Me6TREN 100 48.54 25.73 1.06 10.92 

27 CD3CNc Et3NH+BF4
- (20)e Me6TREN 100 48.51 25.75 1.06 7.94 

28 C6D6
f
 - Me6TREN 100 51.72 24.14 0.93 3.52 

29 C6D6
f CH3OH (100)g Me6TREN 100 51.18 24.41 0.95 7.52 

30 C6D6
f CD3OD (100)g Me6TREN 100 49.95 25.02 (0) 1.00 4.80 

31 CD3CNh - TPMA 99.9 46.20 26.90 1.16 9.15 

32 CD3CNh CH3OH (100)d TPMA >99.9 46.64 26.68 1.14 9.70 

33 CD3CNh CD3OD (100)d TPMA >99.9 47.17 26.42 (0) 1.12 9.10 

34 CD3CNh Et3NH+BF4
- (1)e TPMA >99.9 46.14 26.93 1.17 8.21 

35 CD3CNh Et3NH+BF4
- (20)e TPMA >99.9 46.83 26.58 1.14 10.40 

36 C6D6
i - TPMA 96.18 52.19 23.90 0.92 3.50 

37 C6D6
i CH3OH (100)g TPMA 95.25 49.04 25.48 1.04 4.66 

38 C6D6
i CD3OD (100)f TPMA 95.24 49.37 25.31 (0) 1.02 4.99 

a All experiments were carried out in thoroughly dehydrated solvents (see SI, section S1). b Ratio of the two CH3C resonances (see SI) 

hence equivalent to the molar ratio of radicals leading to each product. c Conditions in CD3CN: [MBiB] = 4.0 mg (0.022 mmol), 

[Cu(MeCN)4]BF4  (13.8 mg, 0.044 mmol) and Me6TREN (24 µL, 20.3 mg, 0.088 mmol) in 0.7 mL of solvent, 4 h at 80°C. d CH3OH or 

CD3OD (89 µL, 2.2 mmol). e Et3NH+BF4
- (4.2 mg, 0.022 mmol, 1 eq.) or (83.2 mg, 0.44 mmol, 20 eq.). f Conditions in C6D6: [MBiB] 

= 9.2 mg (0.051 mmol), CuBr (7.3 mg, 0.051 mmol), Cu0 (13 mg, 0.204 mmol) and Me6TREN (24 µL, 20.3 mg, 0.088 mmol) in 0.7 

mL of solvent, 4 h at 70°C. g CH3OH or CD3OD (0.21 mL, 5.1 mmol). h Conditions in CD3CN: [MBiB] = 4.0 mg (0.022 mmol), 

[Cu(MeCN)4]BF4  (13.8 mg, 0.044 mmol) and TPMA (25.6 mg, 0.088 mmol) in 0.7 mL of solvent, 4 h at 80°C. i Conditions in C6D6: 

[MBiB] = 9.2 mg (0.051 mmol), CuBr (7.3 mg, 0.051 mmol), Cu0 (13 mg, 0.204 mmol) and TPMA (25.6 mg, 0.088 mmol) in 0.7 mL 

of solvent, 4 h at 70°C.  
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The most relevant difference with respect to the equivalent radical generation from V-601 is the 

lower oligomer amount and correspondingly greater amount of MMA, as illustrated by a 

comparison of the 1H NMR spectra in the vinyl proton region (Figure 1). The oligomer vinyl 

resonances are undetectable for all experiments run with CuI/Me3TREN in CD3CN, barely 

detectable for those run with CuI/TPMA in CD3CN, while greater amounts (though still much 

smaller relative to the thermal activation of V-601) are visible for the experiments run with CuI/L 

in C6D6. For the latter, the oligomer/MMA ratio is slightly greater when L = TPMA. These trends 

can be rationalized by the much faster radical generation by atom transfer from MBiB relative to 

the thermal activation of V-601, and by the known rate constant trends for the MBiB/CuI/L atom 

transfer activation: TPMA < Me6TREN and C6D6 < CD3CN.15, 17, 45 Indeed, an instantaneously 

greater radical concentration increases the termination rate (kt[R
•]2) over the propagation rate 

(kp[R
•][MMA]), thus the MMA/oligomer ratio increases as the activation rate increases. This 

proposition is confirmed by the PREDICI simulations (vide infra).  

 

Figure 1. Expansion of the 1H NMR spectrum in the sp2 C-H resonance region for: (a) entry 14 

(Table 3); (b) entry 28 (Table 4); (c) entry 36 (Table 4); (d) entry 1 (Table 1); (e) entry 23 (Table 

4); (f) entry 31 (Table 4). 
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In terms of the R-R/R-H product distribution, let us first compare the results obtained in CD3N, 

in the absence of proton donor additives, for the MBiB/CuI/L activation (L = Me6TREN, entry 23; 

L = TPMA, entry 31) with those of the thermal V-601 activation (Table 1, entries 4 and 5, 

respectively). Since there cannot be any RRT in the absence of proton donors, the 2
R−H

R−R
 ratio also 

corresponds to the Disp/Comb ratio (Scheme 6, equations 1 and 3). Making abstraction of the fate 

of the unsaturated disproportionation product (MMA vs. oligomers), the product distributions are 

identical within experimental error, independently of the radical source, for each ligand system. 

This may have been expected, because the two activation coproducts (N2 from V-601 and Br-

CuII/L from MBiB) do not interfere, neither with RT nor with CRT. It has to be pointed out, 

however, that the radicals are generated in quite different environments: in a {radical,N2,radical} 

cage by thermal V-601 activation and in a {radical,BrCuII/L} cage by atom transfer activation. In 

the former case, both caged and diffused radicals may terminate by RT, whereas CRT may only 

occur for the diffused radicals. In the latter case, on the other hand, there is no termination within 

the radical cage; all terminations may only take place after radical diffusion. Evidently, this 

difference does not significantly affect the outcome of the product distribution from the two 

different types of activation in CD3CN, probably because the fraction of diffused radicals in this 

solvent is extensive. The different product distributions for the experiments run in the presence of 

CuI/Me3TREN and CuI/TPMA, as already pointed out above, may be attributed to a greater 

efficiency of the latter in CRT, in favor of Disp.  

Next, we can compare the termination results for the two different types of radical generation in 

C6D6, again in the absence of proton donors (entry 28 of Table 4 vs. entry 17 of Table 3 for 

CuI/Me6TREN, entry 36 of Table 4 vs. entry 18 of Table 3 for CuI/TPMA). In this case, the 

Disp/Comb ratio is very much dependent on the activation method, whereas it is not significantly 
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affected by the nature of L. There is more disproportionation when the radical is obtained by 

MBiB/CuI/L activation (Disp/Comb = 0.93 and 0.92 for L = Me6TREN and TPMA, entries 28 and 

36 in Table 4, respectively) than when it is obtained by thermal V-601 activation in the presence 

of CuI/L (0.75±0.3 and 0.76±0.1 for L = Me6TREN and TPMA, entries 17 and 18 in Table 3, 

respectively). As already argued above, the fraction of diffused radicals from the V-601 activation 

should in principle be smaller in C6D6 (estimated as 53% at 60 °C and 55% at 80 °C)38 than in 

CD3CN because of the microviscosity difference (Table 2). This would imply that the CRT/RT 

ratio should be smaller in the V-601 activation experiments, since the caged radicals can only 

terminate by RT. A greater Disp/Comb ratio for the diffused radicals hints to a possible 

contribution of CRT, if indeed CRT favors Disp. However, as shown above, the presence of CuI/L 

increases the Disp/Comb ratio only by ca. 0.03 units for the V-601 activation in C6D6, 

extrapolating to a maximum effect of 0.06 units for the diffused radicals if the fraction of the latter 

is ca. 50%.38 On the other hand, the Disp/Comb ratio is ca. 0.20 units greater for the radicals 

generated from the MBiB atom transfer activation. Therefore, the major difference of this increase 

must be a greater Disp/Comb ratio for the diffused radicals relative to the caged ones. Indeed, 

Yamago et al. reported a slightly greater Disp/Comb ratio for the termination of the diffused 

radicals (at 80 °C: Disp(cage)/Comb(cage) = 43:57 = 0.754; Disp(dif)/Comb(dif) = 45:55 = 0.818; at 60 

°C: Disp(cage)/Comb(cage) = 44:56 = 0.786; Disp(dif)/Comb(dif) = 46:54 = 0.852). Our measured ratios 

for the experiments in entries 28 and 36 (Table 4), in which all terminations occur on the diffused 

radicals, are higher still, the difference being possibly contributed by CRT. To summarize the 

effect of CRT (presence of CuI/L, absence of proton donors) in CD3CN and C6D6, the former 

solvent yields Disp/Comb ratios that depend on the presence of CuI/L (TPMA > Me6TREN) but 

not on the radical generation method (V-601 or MBiB), because both methods yield a total or 
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extensive fraction of terminations on diffused radicals and the CRT activity is greater in this 

solvent. The latter solvent yields Disp/Comb ratios that depend more strongly on the radical 

generation method and very little on the presence of CuI/L, because there is a greater fraction of 

caged radical terminations, which yield a significantly lower Disp/Comb ratio, and the CRT 

activity is lower than in CD3CN but still sufficient to provide a contribution to the Disp/Comb ratio 

of the diffused radicals.  

Turning now to the terminations of the carbomethoxyisopropyl radicals generated by the 

MBiB/CuI/L activation in the presence of proton donors, there is again a difference with respect 

to the related experiments where the same radicals are generated by thermal V-601 activations in 

the presence of CuI/L. Whereas, for the radicals generated from V-601, the presence of the proton 

donor gave small but significant changes in the R-R and R-H product distributions, both in CD3CN 

(Table 1) and in C6D6 (Table 3), in agreement with a small impact of RRT, the product distributions 

and the Disp/Comb ratios are not significantly altered by the proton donor for the MBiB/CuI/L 

activation, particularly in CD3CN, including in the presence of the more acidic Et3NH+BF4
- (see 

Table 4). For the MBiB/CuI/Me6TREN activations (entries 23-27), the average R-R and R-H 

fractions are 48.8±0.4% and 25.6±0.2%, respectively, and the average 2
R−H

R−R
 ratio is 1.048±0.015. 

For the MBiB/CuI/TPMA activations (entries 31-35), the same averages are 46.6±0.3%, 

26.70±0.14% and 1.146±0.013, respectively. The invariance of these parameters signals the 

insignificant impact of RRT. In C6D6, on the other hand, the presence of CH3OH or CD3OD 

slightly increases the %R-R, decreases the %R-H and increases the 2
R−H

R−R
 ratio (see Table 4, entries 

29-30 vs. 28 for L = Me6TREN and 37-38 vs. 36 for L = TPMA). Once again, there is no visible 

D incorporation in the saturated product (R-D).  
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A lower impact of RRT when the radicals are generated by atom transfer activation may again 

be rationalized on the basis of the rate of radical generation, which affects the radical 

concentration. As shown in Scheme 7, while the RT and CRT rate laws are both second order in 

radical, the RRT rate law is only first order in radical. Thus, an increased radical concentration 

increases the RT and CRT rates to a much greater extent than the RRT rate, whereas it has no 

effect on the RT/CRT ratio, provided the CuI/L concentration is unchanged (as is the case in our 

experiments). To summarize the effect of proton donors on the carbomethoxyisopropyl radical 

termination in the presence of CuI/L, the RRT phenomenon has a relatively low impact and is 

detectable only for the slower radical generation by thermal activation of V-601, whereas it is 

undetectable (in CD3CN) or barely detectable (in C6D6) for the faster radical generation by atom 

transfer from MBiB. 

 

 

Scheme 7. Rates of different competing termination processes for the carbomethoxyisopropyl 

radical.  
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A final MBiB decomposition experiment was carried out in CD3CN with the much poorer 

CuI/bpy activator under similar conditions. Being only a bidentate ligand, a double 

bpy/[Cu(MeCN)4]
+ ratio was used relative to that used with the tetradentate Me6TREN or TPMA 

ligands. The equilibrium constant for the ATRP activation step (KATRP, Scheme 1) of the related 

ethyl bromoisobutyrate in acetonitrile at 22°C is 3.8·104 times greater for the CuI/Me6TREN 

activator than for CuI/bpy.13 Indeed, MBiB was not completely consumed after 4 h at 80°C, see 

results in Table 5. The Disp/Comb ratio obtained for the experiments without proton donor (entry 

39) and with 100 equiv of methanol (entry 40) are essentially identical and very close to those 

obtained with the CuI/Me6TREN activator. In this case, the amount of MMA is barely detectable, 

consistent with the much slower radical production and thus lower steady-state radical 

concentration, which favors the oligomerization process. The sp2 C-H resonance of the oligomer 

chain ends is also barely detectable, because the oligomers obtained with a slower radical 

production can grow to greater degrees of polymerization. By dividing the monomer amount in 

the oligomers (from the R-H and MMA amounts according to equation 2 of Scheme 3, given the 

absence of RRT, hence % Disp = % R-H) by the number of unsaturated oligomer chains (from the 

chain-end sp2 C-H resonance intensity) yields values in the 35-50 range, whereas the 

corresponding ratios obtained from the V-601 decomposition experiments are on the average 20±3 

(experiments in CD3CN) and 12.6±0.6 (experiments in C6D6). These numbers do not correspond 

to the average degrees of polymerization because they do not consider the saturated oligomer 

chains produced by combination. However, this comparison provides a consistent picture of the 

aptitude of the produced MMA to undergo oligomerization under different conditions: the MMA 

amount decreases while the oligomer degree of polymerization correspondingly increases as the 
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rate of radical production decreases (MBiB/CuI/Me6TREN > MBiB/CuI/TPMA > V-601 > 

MBiB/CuI/bpy).  

 

Table 5. Product distribution from the termination of carbomethoxyisopropyl radicals generated 

by atom transfer activation of MBiB with the bpy ligand in CD3CN.a 

Entry Solv. Additive (equiv 

per R) 

MBiB 

conv. 

R-R R-H (%D) 2
R−H

R−R
 b MMA 

39 CD3CN - 72.0 45.9 27.0 1.18 0.28 

40 CD3CN CH3OH (100)c 65.9 46.0 27.0 1.18 0.37 

a Conditions: [MBiB] = 4.0 mg (0.022 mmol), [Cu(MeCN)4]BF4  (13.8 mg, 0.044 mmol) and 

bpy (27.5 mg, 0.176 mmol) in 0.7 mL of thoroughly dried CD3CN, 4 h at 80°C. b Ratio of the two 

CH3C resonances (see SI) hence equivalent to the molar ratio of radicals leading to each product. 
c CH3OH (89 µL, 2.2 mmol). 

 

c. PREDICI simulations 

Kinetic simulations were performed using the package PREDICI® (v11.0) to determine whether 

the observed slight increase in the disproportionation products of the carbomethoxyisopropyl 

radical termination, when the latter is generated from V-601 in the presence of CuI/Me6TREN, is 

compatible with realistic kinetic values.46 Secondly, the simulations also assessed whether the 

observed amounts of MMA in the different experiments are compatible with the corresponding 

radical fluxes.  

In the kinetic model used for the simulations (Scheme 8), radicals are reversibly deactivated 

by CuI/L centers (OMRP equilibria) and terminate via interaction of the organometallic 

intermediate species with a second radical. This model was also previously used for the catalyzed 

termination of the carbomethoxyethyl radical (a poly(methyl acrylate) radical analog), generated 

by atom transfer activation of MBP, using electrochemically-derived ATRP-OMRP-CRT rate 

constants.21, 47 In those studies, the carbomethoxyisopropyl radical was found to bind to CuI/TPMA 
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too weakly to retrieve meaningful OMRP-CRT parameters from the experiments. Thus, the current 

modelling effort to recreate experimental termination distributions was built on the basis of the 

following considerations and assumptions: (i) the organometallic deactivation rate constants 

(kd,RCu,OMRP and kd,PCu,OMRP) of the carbomethoxyisopropyl and oligo(methyl methacylate) radicals 

should be lower than an estimated value of 106 M-1 s-1, which is based on the lack of detection by 

the standard electrochemical protocol; (ii) the organometallic equilibria (KRCu,OMRP, KPCu,OMRP), 

defined as the ratio of radical activation over deactivation) for the carbomethoxyisopropyl and 

oligo(methyl methacylate) radicals are expected to favor the unbound radical form much more  

(i.e. ~105 greater was used) than that of the carbomethoxyethyl radical with the same L/Cu species; 

(iii) the CRT rate constants (kCRT,RR and kCRT,PP) are assumed to be similar to that of the 

carbomethoxyethyl radicals. These considerations are built on the hypothesis that the greater 

difficulty for the carbomethoxyisopropyl and polymethacrylate radicals to undergo CRT, relative 

to carbomethoxyethyl and polyacrylate radicals, is linked to their underlying lower ability of the 

tertiary radicals to bind to the Cu centers (OMRP equilibria), rather than to an increased barrier of 

the final product-releasing step from the organometallic intermediates. The experimental product 

distributions obtained from the termination of the carbomethoxyisopropyl radicals generated from 

V-601 in the absence and presence of CuI/Me6TREN (Table 1, Entries 1 and 4, respectively) were 

thus modelled using these criteria and scaling from the known OMRP-CRT parameters of the 

carbomethoxyethyl radical.21 
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Scheme 8. Kinetic model used for the PREDICI simulations of the termination products from the 

V-601-generated carbomethoxyisopropyl (R) radicals in the presence of a CuI/L termination 

catalyst. Pm
• and Pn

• indicate oligo(methyl methacrylate) radicals  

 

The kinetic parameters found to best fit the experimental results are collected in Table 6. The 

assumptions made to fix the addition, propagation and termination rate constants of the initiating 

and oligomeric radicals are justified in the Supporting Information (section S5). The OMRP 

activation, deactivation, and CRT rate constants were then manually scaled to reproduce the 

experimental product distribution, as detailed below (Table 7). First, apparent kt values for 

combination and disproportionation (kt,Rcomb and kt,Rdisp) were selected to mimic the combination-

disproportionation product distribution resulting from the Cu-free control experiment of V-601 in 

CD3CN at 80 oC (Table 1, Entry 1), see Table 7, P1. Then, these parameters were incorporated 

into the PREDICI simulation of the product distribution of Table 1, Entry 4, in the presence of 

CuI/Me6TREN (Table 7, P2). 
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Table 6. PREDICI-simulation model reactions and rate constants for the thermal decomposition of V-601 in MeCN at 80 °C in the 

presence of CuI/L.a 

Reactions Reactant 1 Reactant 2 Product 1 Product 2 Product 3 kb value Reference 

Thermal Decomposition V-601  R• R•  ktd (s-1) 1.65×10-4 c 

Radical Addition R• M P1
•   kadd,R• 1.54×104 48 

 R• P= Pn+1
•   kadd,R•P= 1.54×104 

Propagation Pn
• M Pn+1

•   kp,P• 1.54×103 d 

 Pn
• Ps

= Pn+s
•   kp,P•P= 1.54×103 

OMRP Activation R-CuII/L 
 R• CuI/L  ka,RCu,OMRP

 (s-1) 3.9 21, e 
 Pn-CuII/L  Pn

• CuI/L  ka,PCu,OMRP
 (s-1) 10 

OMRP Deactivation R• CuI/L R-CuII/L   kd,RCu,OMRP
 2.5×102 21, e 

 Pn
• CuI/L Pn-CuII/L   kd,PCu,OMRP

 1.7×102 

Combination Termination R• R• R-R   kt,Rcomb
 4.98×108 

f,g 
 R• Pn

• Pn-R   kt,cross,comb
 2.74×108 

 Pn
• Ps

• Pn-Ps   kt,Pcomb
 4.98×107 

Disproportionation Termination R• R• R-H R=  kt,Rdisp
 5.02×108 f 

 Pn
• Pn

• Pn-H Pn
=  kt,Pdisp

 5.02×107 

Catalytic Radical Termination R-CuII/L R• R-H R= CuI/L kCRT,RR 9.0×106 21,e 
 Pn-CuII/L Ps

• Pn/s-H Pn/s
= CuI/L kCRT,PP 5.0×106 

a R• = carbomethoxyisopropyl radical, Me2C•(COOMe); Pn
•, Ps

• = oligo(methyl methacrylate) radicals. b Unless otherwise specified, 

rate constants are in M-1 s-1; the set of given rate constant values recreate the experimental termination product distributions under 

realistic kinetic regimes. c From the V-601 chemical supplier, Wako Chemicals, for 80 oC. d Scaled from radical addition by a factor of 

10. e Oligomer analog scaled from small-molecule by the same factor as between methyl 2-bromopropionate (MBP) and poly(methyl 

acrylate)-based macroinitiator (PMA-Br). f Sum of combination and disproportionation typical for small molecule radical equal to 109 

and for oligomeric radical equal 108, based on the product distribution of Cu-free V-601 decomposition control experiment (Entry 1, 

Table 1) in CD3CN. g This work. 
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Table 7. PREDICI-simulated product distributions for the termination products of the 

carbomethoxyisopropyl radicals generated from V-601 at 80 °C as a function of the OMRP-CRT 

rate constants (ka,OMRP, kd,OMRP, kCRT) and thermal decomposition (ktd).
a 

Index ka,OMRP kd,OMRP kCRT ktd %R-R %R-H %MMA 

(a) In the absence of CuI/TREN 

P1b - - - 1.65×10-4 49.80 25.10 0.68 

Experimental (Table 1, Entry 1) 49.8±0.4 25.1±0.2 0.8±0.1 

(b) In the presence of CuI/TREN (optimized) 

P2b 3.9 2.5×102 9.00×106 1.65×10-4 48.20 25.90 0.72 

Experimental (Table 1, Entry 4) 48.2±1.4 25.9±0.7 0.8±0.1 

(c) In the presence of CuI/TREN (rate constant variations)c 

P3 ÷100 - - - 34.22 32.89 1.84 

P4 ÷10 - - - 41.52 29.24 0.97 

P5 ×10 - - - 49.62 25.19 0.67 

P6 ×100 - - - 49.78 25.11 0.67 

P7 - ÷100 - - 49.78 25.11 0.67 

P8 - ÷10 - - 49.64 25.18 0.68 

P9 - ×10 - - 37.30 31.35 1.05 

P10 - ×100 - - 11.16 44.42 3.37 

P11 - - ÷100 - 49.78 25.11 0.67 

P12 - - ÷10 - 49.62 25.19 0.68 

P13 - - ×10 - 41.52 29.24 0.96 

P14 - - ×100 - 34.23 32.89 1.83 

P15 - - - ×10 48.46 25.77 2.54 

P16 - - - ×100 48.90 25.55 10.7 

P17 - - - ×1000 49.34 25.33 18.7 

P18 - - - ×10,000 49.61 25.20 22.7 

P19 - - - ×100,000 49.73 25.13 24.3 
a Conditions: V-601 = 0.022 mmol, [CuI/L]+ = 0.044 mmol, V = 0.7 mL, t = 8 h, T = 80 oC, V-

601 conversion = 99.1%. b Other constants as shown in Table 6. c Rate constants are indicated as 

changes relative to the optimized value of P2. All rate constants of the same type, i.e. for small 

molecule and oligomer, are scaled equally.  

 

Ranges of ka,OMRP, kd,OMRP, and kCRT rate constants were explored to probe their influence on the 

termination product distribution (Table 7, P3-P14). Scaling up the OMRP activation rate constants 

(R-CuII/L and Pn-CuII/L homolytic bond cleavage) led to increasingly more coupled product, 
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asymptotically tending toward the P1 result, via a decrease of the organometallic species 

concentration and an increase of the free-radical forms (P5-P6). Likewise, scaling down the 

activation rate constants led to less coupling and more CRT as the radical adducts became less 

transient (P3-P4). Increasing the OMRP deactivation rate constants increased the organometallic 

species concentration and thus increased the disproportionation product (Table 7, P11-P12).  

Interestingly, the termination product distributions were not mirrored across equivalent changes in 

the OMRP equilibrium. For example, a 100-fold upscaling of the OMRP deactivation rate constant 

led to significantly lower combination (P10, %R-R = 11.16%) than a 100-fold downscaling of the 

OMRP activation rate constant (P3, %R-R = 34.22%), despite their equivalent effect on the KOMRP. 

In other words, increasing the competitiveness of the deactivation reaction rate enhances the 

OMRP-CRT pathway more than an equivalent increase in merely stabilizing the radical adduct. 

Finally, an increase of the CRT rate constants, while maintaining the OMRP equilibrium 

unchanged, led to a substantial decrease of the Comb product as anticipated by increasing 

termination efficiency of organometallic complexes, and vice-versa. The effects of other OMRP-

CRT parameter variations are discussed in the supporting information (section S6).  

The effect of the radical flux on the impact of oligomerization was investigated by “artificially” 

increasing the rate constant of thermal decomposition (Table 7, P15-P19). Using the best estimate 

of ktd (Table 6) yields a percent of MMA in good agreement with the experimental result of Table 

1 (Entry 4). A higher radical flux in the presence of the CuI/Me6TREN termination catalyst leads 

to a smaller MMA oligomerization (Figure 2, top), as predicted above on the basis of the 

termination vs. addition/propagation/deactivation rate laws. All simulations began at the same 

%MMA (~25%) as predetermined by the rate constant, since no significant propagation occurs 

initially. Secondly, it was found that artificially increasing radical flux tended the system towards 
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Cu-free Comb/disp distributions, also as predicted above on the basis of the termination vs. 

addition/propagation/deactivation rate laws. 
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Figure 2. Percent of MMA present from the thermal decomposition of V-601 in the presence of 

CuI/Me6TREN as a function of time (left – linear, right – logarithmic) and thermal decomposition 

rate constant (ktd). 

Overall, the OMRP-CRT parameter analysis agrees with the anticipated effects on product 

distribution. Forcing the organometallic intermediates to more readily disassemble, to associate 

more slowly, or to terminate less efficiently leads to product distributions that approach that of the 

Cu-free experiment. The fraction of coupling product decreased and that of the disproportionation 

products correspondingly increased when the formation of the organometallic intermediates was 

enhanced.  

 

d. DFT calculations 

The aptitude of the carbomethoxyisopropyl radical to bind to CuI was probed for three different 

complexes, namely [Cu(Me6TREN)]+, [Cu(TPMA)]+ and [Cu(bpy)2]
+, in comparison with the 

results previously reported for the cyanoisopropyl analogue.37 For the purpose of this comparison, 

the selected computational level (functional, basis sets and different corrections) was identical to 
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the previously used one (see details in the SI, section S4). Like the cyanoisopropyl radical, the 

carbomethoxyisopropyl radical benefits from resonance stabilization as shown in Scheme 9. Thus, 

it can bind either via the C atom as a tertiary alkyl ligand (A) or the O atom as an enolate (B), 

whereas the cyanoisopropyl radical can bind either via the C atom (C) or the N atom as a 

keteniminate (D). Both binding modes were probed in the calculations.  

 

Scheme 9. Two different binding modes for the cyano- and carbomethoxyisopropyl radicals to 

CuI.  

The energy results are summarized and compared with those of the related cyanoisopropyl bonding 

in Table 8. Views of the optimized geometries of the various carbomethoxyisopropyl-CuII/L 

adducts are shown in Figure 3. The first and most important observation is that the carbomethoxy 

radical always prefers to bind CuII as a tertiary alkyl (A in Scheme 9) rather than as an enolate. 

The cyano radical, on the other hand, was shown to form a more stable adduct as a keteniminate 

(D) rather than as a tertiary alkyl for all three ligand systems.37 A second interesting observation 

is that the strongest CuII-C bonds for both carbomethoxy- and cyanoisopropyl radicals are obtained 

for the TPMA system. However, the CuII-N bond for the keteniminate adduct is marginally 

stronger for the Me6TREN system. These trends can be rationalized on the basis of the greater 

steric impediments exerted by the bulkier Me6TREN ligand to the establishment of the new CuII-

X bond, which is felt to a greater extent for the more encumbered tertiary alkyl ligands. The CuII-
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O bond in the enolate derivatives is also stronger in the TPMA system, probably again for steric 

reasons: the smaller Cu-O-C angle (137.3° for L = Me6TREN and 130.9° for L = TPMA) and the 

two substituents on the β-C atom lead to a greater clash with the ligand electron density than the 

greater Cu-N=C angle (138.9° for L = Me6TREN, 138.8° for L = TPMA and 140.1° for L = 

(bpy)2)
37 and linear N=C=C moiety. Overall, the [Cu(Me6TREN)]+ fragment is more encumbered 

than the [Cu(TPMA)]+ fragment and the carbomethoxy radical is more encumbered than the cyano 

radical (both as tertiary alkyl and in the heteroatom-bound form). It is also interesting to note that, 

for both radicals and in both binding modes, the bpy system leads to weaker binding. However, 

the carbomethoxy radical still leads to a slightly stabilized adduct in the C-bound form, whereas 

the cyano radical addition is endoergic, both in the C- and N-bound forms. Thus, although the DFT 

investigation predicts weak binding of the •CMe2COOMe radical, the organometallic CuII adduct 

does appear to form as a dormant species, particularly for the TPMA and Me6TREN systems. A 

small interaction between tertiary methacrylate model radicals and copper complexes was also 

shown in recent electrochemical investigations of the 2-bromoisobutyrate (EBiB) activation by 

CuI/L systems.21, 49 

 

Table 8. DFT-Estimated Gibbs’ Free Energies (ΔG298.15,MeCN,1M in kcal/mol) for the formation of  

[CuII(CMe2X)(L)n]
+ from [CuI(L)n]

+ plus Me2XC• (X = COOMe, CN; L = Me6TREN, TPMA, 

bpy).  
 Carbomethoxyisopropyl system Cyanoisopropyl systema 

L [(L)nCu-CMe2COMe]+  [(L)nCu-OC(OMe)=CMe2]+ [(L)nCu-CMe2CN]+ [(L)nCu-N=C=CMe2]+ 

Me6TREN, n = 1 -6.5 -2.8 -6.6 -12.9 

TPMA, n = 1 -12.5 -11.9 -11.9 -12.6 

bpy, n = 2 -1.8 +2.2b +3.7b +2.9 

a Data from ref. 37. b A stable adduct with a CuII-C bond could not be optimized. The optimized 

geometry corresponds to a van der Waals [(L)CuI]+···radical adduct.  
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Figure 3. Views of the optimized [Cu(Me2CCOOMe)(L)]+ structures (L = Me6TREN, TPMA, 

(bpy)2) with the main Mulliken spin densities. 

Comparison of ΔG298.15,MeCN,1M for the [(L)Cu-CMe2X]+ (X = CN, COOMe) pairs (Table 8) 

shows slightly stronger binding of the carbomethoxy alkyl than for the cyano analogue (greater 

stabilization for the TPMA and bpy systems, approximately equal for the more encumbered 

Me2TREN system). Consequently, the possible intervention of CRT and RRT might be expected 

for the carbomethoxyisopropyl radical and indeed both were observed, but only to a very small 

extent. It is useful to recall that the cyanoisopropyl radical leads to extensive RRT (in the order 

Me2TREN > TPMA >> bpy), but no CRT.37 This shows that a mechanism for quenching the 

organometallic intermediate by the action of a second radical is possible, though not very 
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favorable, only for •CMe2COOMe, perhaps because the •CMe2CN radical prefers to bind in the 

keteniminate form (D in Scheme 9). On the other hand, quenching by the action of a proton donor 

is favored for the cyano system and disfavored for the carbomethoxy system. This may again be 

related to the radical binding mode, because the CuII-N bond established by the cyano radical is 

more polar than the CuII-C bond established by the carbomethoxy radical. However, electronic 

control in the proton transfer reaction appears in contradiction with the calculated ground state 

charges (Table 9). Indeed, for each pair of complexes with the same L, the overall charge on the 

CMe2X group is more negative for the less reactive carbomethoxy system and the charge localized 

on the proton-accepting C atom for the carbomethoxy system is much more negative than that 

localized on the Cγ atom for the cyano system, particularly for the more RRT-active Me6TREN 

and TPMA systems. On the other hand, direct protonation at the C atom is sterically much less 

accessible for the C-bonded carbomethoxyisopropyl group than for the N-bonded cyanoisopropyl 

group, where this atom is in γ position relative to the metal center. This comparison hints a steric 

control. The negative charge on the keteniminate N atom, however, is high (see Table 9), thus N-

protonation to yield a ketenimine (tautomer of the observed isobutyronitrile final product) appears 

more likely and seems also sterically accessible. The carbonyl γ O atom in the C-bonded 

carbomethoxyisopropyl group, which also bears a relatively high negative charge (Table 9), seems 

more accessible to protonation. This putative reaction would lead to an enol product that could 

subsequently tautomerize to methyl isobutyrate.  

 

Table 9. Representative Mulliken charges in the [CuII(CMe2X)(L)n]
+ complexes.  

 

Carbomethoxyisopropyl system  

(C-bonded) 

Cyanoisopropyl systema 

(N-bonded) 
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L qCu qCMe2COOMe qC qOγ qCu qCMe2CN qN qCγ 

Me6TREN, n = 1 0.280 -0.181 -0.452 -0.385 0.249 -0.170 -0.458 -0.176 

TPMA, n = 1 0.382 -0.152 -0.446 -0.393 0.392 -0.090 -0.470 -0.147 

bpy, n = 2 0.486 -0.144 -0.387 -0.397 0.486 -0.108 -0.460 -0.146 

 

 

Conclusions 

The termination of the carbomethoxyisopropyl radical, whether generated from V-601 or from 

MBiB, is not affected by the combined action of a CuI/L complex and a proton donor (MeOH, 

Et3NH+) in an RRT process, whereas the same additives have a profound effect on the RRT of the 

cyanoisopropyl radical generated from AIBN.37 However, the presence of CuI/L introduces a small 

CRT contribution for the termination of the carbomethoxyisopropyl and oligo(methyl 

methacrylate) radicals, in the other CuI/TPMA > CuI/Me6TREN > CuI/bpy (no evidence) and 

CD3CN > C6D6, whereas no CRT was evident for the cyanoisopropyl radical. The DFT 

calculations suggest that these differences are related to the preferential C-binding of the 

carbomethoxyisopropyl radical, whereas the cyanoisopropyl radical prefers to bind in the 

keteniminate form via the N atom.  

The small or no impact of CRT for the termination of these two tertiary •CMe2X radicals (X = 

COOMe, CN) is interesting when compared with the high propensity of the secondary acrylate 

radicals toward this catalyzed termination pathway,26, 32 which was proven to require transit 

through an organometallic CuII intermediate.20, 21 Experimental termination experiments and 

computations for systems involving acrylate radicals, analogous to those presented here, aiming at 
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a deeper understanding of the mechanism and limitations of the CRT and RRT processes, are 

currently in progress in our laboratories and will be reported in due course. 
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