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ABSTRACT. Reversible-deactivation radical polymerization (RDRP) of methyl methacrylate 

(MMA) and styrene (St) were successfully mediated by copper(II) acetylacetonate, [Cu(acac)2], 

or copper(II)  hexafluoroacetylacetonate, [Cu(hfa)2], in conjunction with 1-cyano-1-methylethyl 
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diethyldithiocarbamate (MAN-DC) or 2-(N,N-diethyldithiocarbamyl) ethyl isobutyrate (EMA-

DC) initiators/transfer agents in the absence of additional reducing agents. Linear first order 

kinetic plots were obtained for the polymerization of MMA in the presence of [Cu(hfa)2] or 

[Cu(acac)2] and MAN-DC. [Cu(hfa)2] provided better control than [Cu(acac)2] for the 

polymerization of MMA, leading to PMMA with narrow molecular weight distribution, Mw/Mn ~ 

1.1. Polymerization of St was successfully carried out with either MAN-DC or EMA-DC in the 

presence of [Cu(hfa)2], also resulting in polymers with low Mw/Mn values. In the absence of alkyl 

dithiocarbamates or copper acetylacetonates, the polymerizations resulted in only trace amounts 

of polymers or polymers with high values of Mw/Mn. Thus, the combination of alkyl 

dithiocarbamates and copper(II) acetylacetonates provides a convenient way to prepare well-

controlled PMMA and PSt.  NMR analysis of low MW polymers reveals the presence of DC 

groups as chain ends. DFT calculations show that DC group transfer from a H-MMA-DC model 

of the growing chain to the Cu(II) complexes is energetically accessible and more favorable than 

Br atom transfer, thus rationalizing the need for the Cu(II)/dithiocarbamate combination for 

successful control and suggesting that the process takes place by reversible DC group transfer 

involving a CuII/CuIII couple. Attempts to synthesize complexes [Cu(acac)2(DC)] and 

[Cu(hfa)2(DC)], in combination with DFT calculations, suggests that these complexes are 

thermodynamically unstable relative to the bis(diketonate)copper(II) and dithiuram disulfide, but 

this does not preclude the involvement of the Cu(III) species as a spin trap in RDRP controlled 

by DC group transfer.   

INTRODUCTION. 

Reversible-deactivation radical polymerizations (RDRP) procedures are powerful techniques 

for synthesizing functional homo- and block (co)polymers with different architectures under 
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mild conditions. (I don’t like the word procedure. It is a methodology or technique).1 Typical 

RDRP processes include stable free radical polymerization (SFRP),2 atom transfer radical 

polymerization (ATRP),3 and reversible addition-fragmentation chain transfer (RAFT), an 

example of a degenerative transfer (DT) process4 (Scheme 1). All RDRP processes rely on a 

dynamic equilibrium between dormant species and propagating radicals, which plays a pivotal 

role enabling formation of polymers with narrow molecular weight distribution (MWD) and 

predetermined molecular weights and additionally allows design and precise control of 

molecular architecture and topology.4g,5  
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Scheme 1. Examples of RDRPs: SFRP, ATRP, and DT polymerization. 

The first SFRP procedure employed iniferters that “induce a radical polymerization that 

proceeds via initiation, propagation, primary radical termination, and transfer to initiator”.6 
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Originally dithiocarbamates were used for polymerization of styrene (St) and methyl 

methacrylate (MMA) yielding relatively poorly controlled polymers with broad MWD. This was 

due to a very slow exchange process between the propagating radicals and the dormant species. 

Subsequently, more efficient SFRP processes were invented, including nitroxide-mediated 

polymerizations,2a and organometallic mediated radical polymerization based e.g. on cobalt 

systems, such as cobalt porphyrins and cobalt acetylacetonate derivatives.7 

ATRP, in which alkyl halides or pseudohalides act as initiators/dormant species that are 

intermittently activated by transition metal complexes,3a,8 enables the synthesis of a wide range 

of polymers with predetermined structures. The dynamic reversible equilibrium between 

dormant alkyl halides (Pn-X) and lower oxidation state transition metal complexes (Mtn/L), and 

the respective propagating radicals (Pn•) and higher oxidation state transition metal complexes 

(X-Mtn+1/L) is maintained during the ATRP process, as indicated or shown in Scheme 1. Both 

SFRP and ATRP are based on the persistent radical effect.9 Recent improvements in ATRP have 

focused on diminishing the catalyst loading to a few parts per million, as discussed in activators 

regenerated by electron transfer (ARGET) ATRP,10 initiators for continuous activator 

regeneration (ICAR) ATRP,11 eATRP12 and photoATRP.13  

RAFT polymerization employs a fast degenerative exchange between various dithio 

compounds, serving as dormant species, and radicals that must be continuously supplied to the 

system.4b,4c Recently, concurrent ATRP/RAFT processes were reported which involved the 

direct activation of chain transfer agents (CTA)/ (alkyl pseudohalides) initiators with a CuIX/L 

(X = Br or Cl; L = N-donor ligand) catalyst that allowed the reaction to proceed without addition 

of conventional radical initiators,14 such as AIBN. Various halogen-free (pseudohalide) initiators 
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were successfully employed, e.g. alkyl dithiocarbamates (DCs).15 Well-controlled PMMA and 

PSt were obtained with narrow MWD.15b 

It must be stressed that a successful RAFT process requires appropriate selection of a leaving 

group and radical stabilizing group in dithio compound to match monomer reactivity.4c For 

example, dithiocarbamates are excellent transfer agents for less reactive monomers such as vinyl 

acetate or N-vinyl pyrrolidone but very poor agents for St or MMA, thereby explaining the 

relatively low degree of control in the original iniferter systems.6b Concurrent ATRP/RAFT 

processes permit a more relaxed selection of initiators/ CTAs. Therefore, some previously poorly 

controlled RAFT systems, e.g. dithiocarbamates / MMA, were converted to well-controlled 

polymerizations in the presence of appropriate CuI catalyst/mediating agents.  

As part of a continued search for new Cu species for this process, we explored the viability of 

using CuII  acetylacetonates. Some metal acetylacetonates, such as Cu(acac)2, Co(acac)3, and 

Mn(acac)3, have been reported as free radical initiators16 for the polymerization of vinyl 

chloride,17 St,18 and MMA,19 yielding polymers with high MW and broad MWD. Cu(acac)2 has 

also been employed as a catalyst for other processes, such as ring-opening cycloisomerization,20 

or cyclopropanation.21  

Herein, we report the synthesis of well-controlled PMMA and PSt, using 1-cyano-1-

methylethyldiethyldithiocarbamate (MAN-DC) or 2-(N,N-diethyldithiocarbamyl) ethyl 

isobutyrate (EMA-DC) as initiators/transfer agents in the presence of oxidatively stable 

copper(II) acetylacetonates at 80 and 120°C (Scheme 2) (or between 80 and 120 oC). 

Surprisingly, these reactions did not require any reducing agents to convert CuII species to CuI, 

used previously in concurrent ATRP/RAFT. 
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Scheme 2. Reversible-deactivation radical polymerization of MMA and styrene with MAN-

DC/EMA-DC and [Cu(acac)2]/[Cu(hfa)2]. 

 

RESULTS AND DISCUSSION.  

(a) Polymerizations 

Polymerization of MMA. Initially, polymerization of MMA with MAN-DC as initiator and 

[Cu(acac)2] was studied, targeting a degree of polymerization (DP) of 400, as shown  in Figure 

S1. The resulting PMMA had broad MWD (Mw/Mn ~1.5) and experimental molecular weights 

(Mn,exp) were higher than theoretical ones (Mn,theo) (Entries 1-4 in Table 1, Figure S1b). 

Furthermore, Mn did not increase with conversion, indicating inefficient deactivation and a 

similarity of the reaction with conventional radical polymerization. Nevertheless, the presence of 

a higher concentration of [Cu(acac)2], as in Figure S1a, resulted in an increase of the 

polymerization rate, suggesting a catalytic process for radical generation, even though an 
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oxidatively stable CuII species was used rather than CuI, and no reducing agent was added to the 

reaction.  

Subsequently, the polymerization of MMA mediated by [Cu(hfa)2] was studied. Figure 1 and 

entries 5-9 in Table 1 present the results of a polymerization conducted in bulk at 80 °C. Linear 

first order kinetic plots were obtained, which indicated a constant concentration of propagating 

radicals in the system (Figure 1a). The employed ratio of [Cu(hfa)2]0/[MAN-DC]0 was similar to 

[Cu(acac)2] system; an increase in polymerization rates was observed at higher copper loadings. 

The apparent propagation rate constant (kapp) scaled to [Cu(hfa)2]0
0.64, as shown in Figure S2. In 

contrast to [Cu(acac)2], the [Cu(hfa)2] system showed excellent correlation between Mn,exp and 

Mn,theo, indicating high initiation efficiency for the polymerization (Figure 1b). The MWD of 

PMMA synthesized with [Cu(hfa)2] decreased with monomer conversion, as expected for a well-

controlled polymerization, and reached values as low as 1.1.  
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Figure 1. (a) Kinetic plots of ln([M]0/[M]) vs. time; (b) plot of Mn and Mw/Mn values vs. 

conversion for MMA/MAN-DC/[Cu(hfa)2] = 400/1/X at 80 oC in bulk. 

Under the same conditions, [MMA]0:[MAN-DC]0:[CuII]0 = 400/1/0.2, polymerization with 

[Cu(acac)2] was faster than with [Cu(hfa)2], kapp = 0.111 h-1 and kapp = 0.0576 h-1, respectively, 
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indicating that the radical concentration in the [Cu(acac)2] system was about twice higher than 

with [Cu(hfa)2]. The higher concentration of radicals in the [Cu(acac)2] system could lead to the 

higher Mw/Mn values. In order to improve the level of control, and to determine the influence of 

temperature on the polymerization of MMA with [Cu(acac)2] and MAN-DC, polymerizations 

were performed at lower temperatures with a ratio of [MMA]0/[MAN-DC]0/[Cu(acac)2]0 = 

400/1/0.05 (Figure S3). The polymerization rate decreased at lower temperatures, but MWD did 

not change significantly, Mw/Mn = ~1.5. 

 

Table 1. Results for the polymerization of MMA and St with [Cu(acac)2] or [Cu(hfa)2]  

Entry Monomer Initiator 
Cu-

speciesa 

[Cu]0 / 

[Initiator]0 

T 

(oC) 

Time 

(h) 

Conv. 

(%) 
Mn,theo Mn,GPC Mw/Mn 

1b MMA 
MAN-

DC 
1 0.01 80 8 28 11,200 28,000 1.57 

2b MMA 
MAN-

DC 
1 0.02 80 8 36 14,400 27,500 1.51 

3b MMA 
MAN-

DC 
1 0.05 80 8 46 18,400 27,300 1.54 

4b MMA 
MAN-

DC 
1 0.2 80 8 55 22,000 23,800 1.53 

5b MMA 
MAN-

DC 
2 0.05 80 8 21 8,400 9,200 1.26 

6b MMA 
MAN-

DC 
2 0.1 80 8 27 10,800 10,800 1.22 

7b MMA 
MAN-

DC 
2 0.2 80 8 42 16,800 26,600 1.12 

8b MMA 
MAN-

DC 
2 0.5 80 8 64 25,600 21,300 1.12 

9b MMA 
MAN-

DC 
2 1 80 8 69 27,600 23,400 1.09 
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10c St 
MAN-

DC 
2 1 120 22 99 20,600 33,500 1.20 

11c St 
EMA-

DC 
2 1 120 8 92 18,400 29,700 1.15 

12c MMA EBPA 2 1 80 46 Trace - - - 

13c MMA EBPA 1 1 80 23 51 10,200 93,400 2.32 

14c St EBPA 1 1 120 25 84 17,500 9,400 2.01 

15c St EBPA 2 1 120 25 45 9,300 10,900 7.59 

16b MMA 
MAN-

DC 
none - 80 12 30 12,000 185,000 2.14 

17b MMA 
MAN-

DC 
AIBN 0.5d 80 1 ~100 40,000 78,400 1.91 

18b MMA AIBN 2 2e 80 1 ~100 40,000 99,000 2.14 

a General polymerization conditions: Monomer with [Cu(acac)2] (1) or [Cu(hfa)2] (2) and 

various initiators in bulk; b Target DP = 400; c Target DP = 200; d [AIBN]0:[MAN-DC]0 = 0.5; e 

[Cu(hfa)2]0:[AIBN]0 = 2. 

 

Chain Extension Experiments and Polymerization of St. The living character of the 

synthesized PMMA was demonstrated by chain extension with MMA from a PMMA 

macroinitiator (Mn = 6000, Mw/Mn = 1.39, prepared by a polymerization with [Cu(hfa)2]). Chain 

extension was carried out at 80 oC with a ratio of MMA/macroinitiator/[Cu(hfa)2] = 800/1/1. 

After 15 h reaction, a chain extended PMMA with Mn = 57600, Mw/Mn = 1.18 was prepared, 

indicating an initiation efficiency Ieff = 96%, without any detectable unreacted macroinitiator 

remaining (Figure 2). This result demonstrates that the synthesized PMMA maintains the ability 

for highly efficient chain-extension reactions, which is a requirement for well-controlled 

reversible-deactivation radical polymerization processes. 
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Figure 2. Chain extension of PMMA as a macroinitiator with MMA and [Cu(hfa)2]. 

Polymerization of styrene was also studied using alkyl dithiocarbamates and [Cu(hfa)2]. 

Although PSt samples with narrow MWD (Mw/Mn < 1.2) were obtained, Mn,exp values of the 

resulting polymers were higher than the theoretical values regardless of initiator type, such as, 

MAN-DC or EMA-DC (Entries 10-11 in Table 1). This could suggest decomposition of some of 

the initiators at elevated temperatures (120 oC).  

 

Effect of the Structure of Initiator and Cu Compound. To further study the effect of the 

iniferter initiator, polymerizations with typical ATRP initiator ethyl α-bromophenylacetate 

(EBPA) were examined (Entries 12-15 in Table 1). Polymerizations of MMA with [Cu(hfa)2] 

resulted in trace amount of PMMA. However, polymerizations with [Cu(acac)2] showed higher 

conversions than with [Cu(hfa)2]. These results points to a faster radical producing process for 

[Cu(acac)2] than for [Cu(hfa)2]. Yields were higher for styrene polymerization, presumably due 
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to its thermal self-initiation at higher temperature and longer reaction times (25 h). Lower 

molecular weights indicate that additional chains were formed by thermal self-initiation. 

Regardless, all polymers had very broad molecular weight distributions (Mw/Mn >2.0). 

In order to test the role of the copper species, MMA was polymerized in the presence of only 

alkyl dithiocarbamate, without Cu species (Entry 16 in Table 1). High molecular weight polymer 

with a broad MWD (Mw/Mn ~ 2.1) excludes a SFRP/DT mechanism for control, as previously 

reported.6b To test the possibility of a RAFT type process, polymerization of MMA with MAN-

DC and 2,2′-azobisisobutyronitrile (AIBN) was carried out (Entry 17 in Table 1) (should be 

2,2’). High molecular weight polymers with broad MWD were obtained already after one hour, 

indicating typical behavior of conventional radical polymerization with insufficient contribution 

of exchange. Polymerization with AIBN and [Cu(hfa)2] behaved in a similar manner (see entry 

18 in Table 1). These results clearly indicate that the presence of both MAN-DC/EMA-DC and 

[Cu(acac)2]/[Cu(hfa)2] is necessary to achieve RDRP behavior.  

End-Group Analysis. To confirm the role of the dithiocarbamate moiety as (pseudo)halide 

transferring group, shorter polymer chains were prepared and examined by end-group analysis. 

Reaction conditions for the polymerization of St and MMA were similar to those used previously 

(Table 1, entries 9-11). The reactions were stopped at early monomer conversions and the 

resulting PSt and PMMA were purified and analyzed by GPC, 1H NMR, 19F NMR and MALDI-

TOF MS. 1H NMR spectra (Figure S5) confirmed characteristic DC end-group signals 

(diethylamine end groups -N-CH2-CH3, σ (ppm): 3.6-4.0). DP calculated by integration signals 

of these end-groups in 1H NMR agrees well with DP obtained from GPC measurements (Table 

2). Furthermore, MALDI-TOF MS of PSt (Table 2, entries 1-2) was investigated. The spectra 

(Figure S6) confirmed the dominant presence of cyanoisopropyl or ethyl isobutyrate initiated 
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polymer chains (with Ag or Na cations). In addition, a second minor series was observed in both 

spectra. They could be assigned to either [(St)n + Ag+], resulting from thermally self-initiated 

chains at 120 oC, or to [hfa – (St)n-2 + Ag+]. However, 19F NMR of PSt samples showed no 

signals, eliminating this possibility and incorporation of hfa groups into polymers.  

 

Table 2. Characterization of shorter polymer chains 

Entry Monomer Initiator Mn,GPC
a Mw/Mn,GPC

a DP,GPC
a DP,NMR

b 

1 St MAN-DC 6.53*103 1.08 ~63 ~57 

2 St EMA-DC 4.71*103 1.13 ~45 ~47 

3 MMA MAN-DC 6.06*103 1.28 ~60 ~59 
a Determined by size exclusion chromatography in THF using polystyrene standards, 
b Determined by 1H NMR in CDCl3 

 

 

(b) Mechanistic Investigations 

As mentioned before, ATRP is typically mediated by CuI species as activators and CuII species 

act as deactivators. Thus, the latter must be first reduced to initiate ATRP. This can happen by 

light, electrical current, ligands or even monomer.13-14,14d,22 It is possible that CuII 

acetylacetonates are not stable at elevated temperatures and are in situ reduced to some active 

CuI species, assisted by dithiocarbamates (Scheme 3A). Indeed, decomposition of [Cu(acac)2] 

assisted by water vapors under harsh conditions, resulting in the oxidized acac ligand and Cu or 

Cu2O was reported.23 Also, the homolysis of metal-oxygen bonds in metal acetylacetonates, 

producing acetylacetonate radicals, was proposed.16a,18 Decomposition of γ-substituted (but-1-

enyl) [Cu(acac)2] resulted in polymerization of MMA.19,24 Thus, an attempt to observe the 

decomposition [Cu(acac)2] via UV-Vis was conducted. However, the decrease in the UV signal 

intensity of [Cu(acac)2] at 650 nm in DMSO solution was very limited, only 7.4% after 23 h, 

while no noticeable decrease of [Cu(hfa)2] signal at 860 nm in DMSO solution was observed at T 
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= 80 oC for nearly one day, as shown in Table S1 & S2. Subsequently, polymerization of MMA 

with [Cu(acac)2] but without alkyl dithiocarbamate initiator was conducted (Table S3). The 

[Cu(acac)2] system resulted in only 9% monomer conversion after 44 h, and the [Cu(hfa)2] 

system produced nearly no polymer at [MMA]0/[CuII]0 = 200/1. Thus, plausibly, copper(II) 

acetylacetonate could react with alkyl dithiocarbamate and form reversibly CuIII species or could 

decompose slowly at elevated temperatures and produce activators in situ (Scheme 3). 
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Scheme 3. Proposed putative mechanisms for the RDRP of MMA and St with copper(II) 

acetylacetonates and dithiocarbamates. 

 

Reaction of CuII(acac)2 with thiuram disulfide.   

To further investigate the putative formation of a CuIII species, a reaction of [Cu(acac)2] and 

tetramethylthiuram disulfide (DC-DC) was carried out, see scheme 4. The UV-Vis spectra 

recorded during the reaction are shown on Figure S4. 

 

 

Scheme 4. Reactions carried out in order to probe the stability of CuIII-DC species. 
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The literature reports several examples of well characterized CuIII-DC derivatives, for instance 

[(C6F5)2Cu(DC)]25, [CuX2(DC)] (X = Cl, Br)26, [Cu(DC)2]
+27, and the mixed-valence CuII/CuIII 

complex [Cu3(DC)6]
2+28.  The [CuX2(DC)] complexes were obtained by straightforward 

oxidation of CuX2 by DC-DC, which occurs readily at 0°C26. Contrary to the latter reaction, 

however, we did not observe any fast reaction between [Cu(acac)2] or [Cu(hfa)2] and DC-DC at 

room temperature. The solutions changed color quite slowly at room temperature from blue to 

green (see Supporting information) and faster upon warming, eventually becoming very dark 

green. This transformation appeared faster from [Cu(hfa)2] (4 h at 65°C) than from [Cu(acac)2] 

(8 h at the THF reflux). Work up of the solution from the [Cu(hfa)2] reaction, however, resulted 

only in the identification of the known [Cu(S2CNEt2)2] after crystallization from THF/pentane 

and determination of the crystal unit cell, in comparison with that reported in the Cambridge 

Structural Database.{Bonamico, 1965 #97} The nature of this observed product suggests that the 

slow reaction is accompanied by oxidation of the acetylacetonate ligand. Further attempts at 

generating CuIII species under photolytic conditions from [CuII(acac)2]/DC-DC or 

[CuII(hfa)2]/DC-DC at -40°C resulted again in no reaction. Thus, these experiments suggest that 

[CuIII(acac)2(DC)] is not thermodynamically stable relative to [CuII(acac)2] or [CuII(hfa)2] and 

DC-DC. This result, however, does not preclude the involvement of the CuIII species in a 

controlled mechanism by DC group transfer (vide infra). The isolated [CuII(DC)2] product that 

formed slowly during the thermal [CuII(hfa)2]/DC-DC reaction was tested as a controlling agent 

in the presence of MAN-DC for the MMA polymerization under the same conditions reported in 

Table 1 (80°C, target DP = 240; [Cu]/MAN-DC = 1). No polymerization took place within the 

first 4 h and only 3% conversion was measured after 17 h (vs 69% after 8 h when using 
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[Cu(hfa)2]). Therefore, the slow thermal decomposition of [Cu(hfa)2] to [Cu(DC)2] cannot 

account for the polymerization results in the presence of the former complex.   

 

DFT calculations: choice of the model. The possibility of a DC group transfer equilibrium 

(e.g. B in Scheme 3) was probed by DFT calculations, which dealt with the equilibrium shown in 

Scheme 5. The equilibrium involves the combination of either [Cu(acac)2] or [Cu(hfa)2] and a 

Me2C(COOMe)-X reagent where the Me2C(COOMe) group models the polymer radical chain 

PMMA• (i.e., the polymer chain beyond the ultimate monomer unit is replaced with an H atom), 

allowing simplification of the calculations of the reaction energetics. This simplification is likely 

to introduce a systematic error related to the penultimate effect, known to be important for the 

MMA polymerization29, and previously estimated by DFT calculations as 2-3 kcal/mol in ΔH for 

MMA at room temperature depending on the nature of X (Cl or Br)30. As the effect is steric and 

should be stronger in X-CMe2(COOMe) than in •CMe2(COOMe), the equilibria will be 

calculated as too endothermic by only a few kcal/mol. However, this approximation will affect 

all the equilibria in a similar way and will have no dramatic effect on the conclusions of the 

study, which are based on the relative energy values for the different equilibria. The X 

atom/group in Scheme 5 was either Br, to investigate the likelihood of a suitable ATRP 

controlling equilibrium, or S2CNMe to model the DC transfer equilibrium. The choice of Me 

instead of Et in the dithiocarbamate group allows lowering the computational cost without 

affecting the calculated bond energies. 
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Scheme 5. Model equilibria investigated by the DFT calculations. 

 

DFT calculations: geometries and energies. Images of all optimized geometries together 

with the Cartesian coordinates are available in the Supporting Information section. The 

geometries of the organic molecules Br-CMe2(COOMe), Me2NCSS-CMe2(COOMe) and 

•CMe2(COOMe), already presented in a previous contribution31, were re-optimized at the level of 

theory chosen for the present contribution. The structure of Me2NCSS-SSCNMe2, model of 

thiuram disulfide, has been optimized here for the first time. The geometries of [Cu(acac)2] and 

[Cu(hfa)2] converged to slightly distorted square planar structures, in agreement with the 

structures known experimentally from X-ray diffraction32.  In terms of the CuIII species, a 

trigonal bipyramidal guess geometry was chosen for compounds [CuIII(acac)2Br] and 

[CuIII(hfa)2Br] on the basis of the known structure of [CuIII{C(S-2-C5H4N)3}Cl]+33 but converged 

to other geometries. The molecules were found more stable in a spin triplet ground state. Details 

of the molecular geometries are available in the Supporting Information  

In terms of reaction energetic, the first point of interest concerns the energy changes associated 

to the oxidation of the CuII complexes by DC-DC (Scheme 4). These are positive for both 

systems: for the acac system, 14.7 for ΔE, 14.8 for ΔH and 19.0 for ΔG; for the hfa system, 7.6 

for ΔE, 7.8 for ΔH and 11.2 for ΔG. Therefore, the [Cu(hfa)2] complex is predicted as slighly 

less hard to oxidize by DC-DC than the [Cu(acac)2] complex, but the oxidation remains 

thermodynamically unfavorable in both cases. This result is consistent with our inability to 
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generate such CuIII products (vide supra). It is interesting to comment on this result, in 

relationship with the successful oxidation of CuX2 (X = Cl, Br) by DC-DC to yield 

[CuIIIX2(DC)]. The energetic factor that tips the balance is probably the greater stability of the 

molecular tetracoordinated [Cu(acac)2] and [Cu(hfa)2] complexes, which contain four CuII-O 

bonds given the bidentate nature of the ligands. The cost of oxidizing the copper ion from II to 

III is not compensated by the establishment of two additional CuIII-S bonds. In the case of CuX2, 

on the other hand, the starting materials structures consist of superimposed one-dimensional 

infinite {Cu(µ-X)2}n rods yielding an axially elongated octahedral configuration around each 

CuII ion34. Each CuII-X interaction is weaker than the CuII-O bonds in the bis(diketonates), which 

is also illustrated by the dissolution of the halides in water with complete ionization to 

[Cu(H2O)6]
2+(X-)2, whereas the two β-diketonates maintain their molecular nature in water and 

even spontaneously assemble from aqueous solutions of various CuII salts and acetylacetone in 

the presence of weak bases32a,35. Thus, the energetic balance in the case of the CuX2 oxidation by 

DC-DC is more favorable because two very weak CuII-X bonds are replaced by stronger CuII-S 

bonds and give a favorable square planar geometry for the diamagnetic d8 CuIII ion26b.  

We now turn our attention to the energy changes related to the group transfer equilibria 

illustrated in Scheme 5 (Table 3). All equilibria are endothermic. For each compound, the cost of 

the atom or group transfer is lower when the product has a triplet state configuration, since all 

CuIII products are predicted as more stable as triplets at the chosen level of theory. However, the 

endothermicity is lower for the DC group transfer than for the Br atom transfer. This signifies 

that the DC group transfer from the RAFT transfer agent should occur more easily than the Br 

atom transfer from a classical ATRP initiator/dormant species. Thus, these results are consistent 
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with the presence of controlled polymer growth in the presence of a dithiocarbamate initiator and 

with the absence of polymerization (for the hfa system) in the presence of a bromide initiator.  

Table 3. Calculated equilibrium parameters (kcal/mol) for the atoms transfer or group 

transfer equilibria for the MMA polymerization mediated by [Cu(acac)2] or [Cu(hfa)2] and 

dithiocarbamate (Scheme 5).  

L X S ΔE ΔH ΔG L X S ΔE ΔH ΔG 

acac Br 0 52.9 51.5 48.9 hfa Br 0 57.9 56.4 53.6 

acac Br 1 44.5 42.9 39.7 hfa Br 1 49.3 47.1 45.2 

acac DC 0 50.8 48.8 44.1 hfa DC 0 39.1 37.4 33.4 

acac DC 1 38.5 36.8 32.8 hfa DC 1 31.3 29.7 25.0 

 

Discussion 

The combined experimental and computational mechanistic investigations point toward a 

rationalization based on DC group transfer and involving a CuII/CuIII redox pair for the 

controlled polymerization of styrene and MMA by the [Cu(acac)2] or [Cu(hfa)2]/MAN-DC 

system, in the absence of external radical sources or reducing agents. This is made possible by 

the lower energy involved for the DC group transfer from the dithiocarbamate initiator and from 

the end of the growing chain to the CuII, relative to a Br atom transfer in ATRP.   

The fact that the proposed [CuIII(acac)2(DC)] and [CuIII(hfa)2(DC)] are thermodynamically 

unstable relative to the corresponding CuII and DC-DC does not preclude the in situ generation 

of such species by group transfer and their function as spin traps. The reason for this is that the 

energy required to accomplish the group transfer is kinetically compatible with the 

polymerization rate. Once the CuIII complex is formed together with the active radical chain, it 

has the choice of either deactivating the radical or decompose by reduction and formation of DC-

DC. However, whereas the former process is first order in CuIII (and first order in radical), the 
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latter one is second order in CuIII and will consequently be disfavoured at low concentrations. 

This is the same principle governing the preferred spin trapping of the reactive radical chain 

relative to the bimolecular radical-radical couplings and disproportionations. This principle, 

according to which the spin trapping species in controlled radical polymerization need not be a 

stable species, is not unprecedented. The same phenomenon was previously demonstrated for the 

ATRP of styrene with control by [MoIIII3(PMe3)3], where the proposed [MoIVI3Br(PMe3)3] 

product of atom transfer was shown to be a thermodynamically unstable species with respect to 

[MoIIII2Br(PMe3)3] and I2
36.    

 

CONCLUSIONS. Well-controlled radical polymerization of MMA and styrene were 

conducted with halogen-free alkyl dithiocarbamate initiators (MAN-DC, EMA-DC) and 

oxidatively stable copper(II) acetylacetonate derivatives. PMMA and PSt with narrow MWD 

were obtained (Mw/Mn < 1.1 for PMMA and Mw/Mn < 1.2 for PSt). It was found that the 

polymerization system containing [Cu(hfa)2] provided better control than that with [Cu(acac)2]. 

Chain extension of a PMMA macroinitiator prepared with the [Cu(hfa)2] catalyst with MMA 

exhibited high initiation efficiency (96%) and formed a higher MW polymer with a narrow 

MWD, Mw/Mn ~ 1.2. Mechanistic studies indicate that the polymerization proceeds via a 

reversible DC group transfer process generating CuIII-DC species, which are competent radical 

chain deactivators in spite of their thermodynamic instability. This constitutes the first reported 

example of a controlled radical polymerization involving the CuII/CuIII redox pair.  
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