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Abstract 

Five S-alkyl di-tert-butylphosphorylated carbodithioates, Z-C(S)SR, were studied as 

chain transfer agents (CTAs) in the RAFT polymerization of vinyl monomers. These 

phosphorus-containing CTAs involve new PIII and PV moieties in the Z group (phosphine-

borane or free phosphine). Two of them, with an S-bonded 1-methoxycarbonylethyl group as 

leaving group, have not previously been described. The CTAs with a PV Z group provide good 

control over the polymerization of styrene (St) and n-butyl acrylate (nBA). Molar masses are 

close to theoretical values and dispersities are consistently low during polymerization. The 

monitoring of polymerization by 31P NMR spectroscopy supports the controlled character and 

the integrity of the polymer chain ends. Conversely, they inhibit the polymerization of the less-

activated monomer vinyl acetate (VAc). The reactivity of the CTAs with a PIII Z group mainly 

depends on the reaction medium, and their performance for St, nBA and VAc was surprising 

and unexpected. Theoretical calculations were carried out in order to rationalize their behavior. 

Finally, an innovative strategy was developed to obtain well-controlled polymers with free 

phosphine -chain ends. 
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Introduction 

Reversible addition-fragmentation chain transfer (RAFT)1,2 polymerization is a widely-

applied tool for macromolecular design. The essential component of this type of reversible-

deactivation radical polymerization1 is a chain transfer agent (CTA) with the general formula 

Z-C(S)S-R0. The CTA efficiency is determined by the reactivity of the C=S double bond, which 

is strongly affected by the nature of Z-group3,4 and by the lability of the S-R0 bond5 in the 

initiation step. Therefore, for the polymerization of a particular monomer, it is of great 

importance to select a CTA with appropriate Z and R0 groups in order to moderate the reactivity 

of the carbodithioate group, with Z playing a key role in the stability of the intermediate radical. 

The most successful families of RAFT agents6,7 are dithioesters8,9 (Z = alkyl or aryl), 

dithiocarbamates10,11 (Z = NR2), dithiocarbonates or xanthates3,12 (Z = OR) and 

trithiocarbonates8,13 (Z = SR). Several hundred of these compounds have been developed and 

their efficiency in RAFT polymerization has been systematically studied. Nevertheless, each 

CTA is suitable to control the polymerization of only a narrow range of monomers except for 

isolated cases like N-methyl-N-(4-pyridinyl)14,15 and N-aryl-N-(4-pyridinyl)16 dithiocarbamate 

switchable RAFT agents or CTAs of intermediate reactivity such as O-alkyl xanthates17,18 or 

pyrazole-based dithiocarbamates.19,20 A few examples of more “exotic” CTAs based on Z-

groups involving other elements including heteroelements have also been described: fluorine21, 

selenium22–24, tin25,26 or phosphorus.27–33 The introduction of heteroelements with nuclei of half-

integer spin allows the use of NMR spectroscopy to study the CTA consumption, kinetics and 

mechanisms at the early stages of the polymerization process, as well as for the characterization 

of the ω-chain end functionality of the obtained polymers.23,24,27–30 

Phosphorus-containing CTAs (P-RAFT) offer a possible reactivity modulation by 

coordination of the P atom to a metal (for PIII agents, Z = PIII(R)2Mt/L)30,31 or by varying the 
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electron-withdrawing strength of the phosphorus atom substituents (for PV agents, e.g. Z = 

P(E)R2, E = O, S).29,33 Despite simple and effective syntheses, P-RAFT CTAs are still rather 

scarce. Nevertheless, interest in such compounds has grown because of the good control 

obtained for more-activated monomers such as styrene (St) and n-butyl acrylate (nBA). 

However, to the best of our knowledge RAFT polymerizations with a free (i.e. not coordinated) 

PIII as a function in the CTA Z group have not been described. Indeed, a comparison of the 

reactivity of either PIII and PV, or free and coordinated PIII CTA derivatives in polymerization 

would significantly aid the fundamental understanding of the Z-group impact. A potential 

switch between PV and PIII would lead to an increase in the efficiency spectrum of these agents 

from more-activated monomers to less-activated monomers. In addition, a free PIII ω-chain end-

functionality for the obtained polymers may open new applications via its ligand properties, for 

instance coordination to metal cations or to metal nanoparticles.34 

We have recently reported the simple and effective gram-scale synthesis of various S-

(1-phenylethyl)(di-tert-butylphosphorylated)carbodithioates with different substituents on 

phosphorus (1-3 in Figure 1), explored their spectral properties and described simple chemical 

transformations between members of the series.35 In particular, we have obtained for the first 

time thiocarbonylthio compounds with phosphine-borane (1) or free phosphine (3) as Z groups. 

In this contribution, we describe the reactivity of these phosphorus-containing RAFT agents, as 

well as two new related compounds, in the RAFT polymerization of monomers with different 

reactivity and propose methods for the preparation of free phosphine-terminated polymers. 

 

Results and discussion 
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Figure 1. PIII - PV CTA derivatives evaluated in RAFT polymerization. 

 

The synthesis of the new CTAs 4 and 5 (Figure 1), containing an S-bonded 1-

methoxycarbonylethyl group (acrylate-type radical) as R0, was similar to that previously 

described for the 1-phenylethyl derivatives 1 and 3, using methyl 2-bromopropionate as 

electrophile in the alkylation step instead of 1-bromo-ethylbenzene (see Scheme 1 and 

experimental part).35  

 

  

Scheme 1. Synthesis of 4 and 5. 

 

The efficiency of the P-RAFT agents 1-4 was evaluated in the polymerization of nBA 

and St (Scheme 2). CTA 5 was used as a model for polyacrylate-PIII chain end in our 31P NMR 

investigations (vide infra). All polymerizations reported in Figures 2-5 and Table S1 were 

carried out in sealed glass tubes at 60°C with azobisisobutyronitrile (AIBN) as thermal initiator 

and toluene as solvent. 
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Scheme 2. A general representation of P-RAFT mediated polymerization of St and nBA in 

the presence of CTAs 1-4. 

 

Polymerization of n-butyl acrylate. Linear semi-logarithmic plots (Figure 2) were 

observed in the early stages of the nBA polymerizations in the presence of compounds 1, 3 and 

4, corresponding to pseudo-first-order kinetics with downward deviation from linearity at 

higher reaction times, which is due to initiator decay. The apparent rate constants (kp
app=kp[P°]) 

vary as follows: 1 ~ 4 > 3. 

The BH3-derivative 1 and its homologue 4 (differing by the R0 group) afford a good 

level of control, with Mn close to the targeted one and present moderate dispersities (Đ = 1.25-

1.59 for 1, entries 1-4 of Table S1 and Đ = 1.25-1.49 for 4, entries 19-24, SEC-RI 

chromatograms in Figure S13 for 1 and in Figure S15 for 4) which tend to decrease during the 

first half of the polymerization and then slightly increase mainly due to the increasing fraction 

of AIBN-derived chains (Figure 3). Interesting information can be extracted from the 31P NMR 

monitoring. The continuous disappearance of the broadened peaks at 69-70 ppm, corresponding 

to the phosphorus linked to the BH3 unit (Figures S2 (1) and S6 (4)) and the observed bleaching 

of the intensively pink-colored initial solution with time may be due to a gradual thermal 

degradation of the dormant chain-ends.  

With the free phosphine (PIII) derivative 3, a poor level of control was observed for the 

polymerization of nBA, with much higher Mn values than expected (Table S1, entries 9-13) and 

also dispersities ranging between 1.48 and 1.80 (SEC-RI chromatograms, Figure S17). 
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Additionally, the 31P{1H} NMR of the reaction mixtures shows the disappearance of the CTA 

peak at 67.4 ppm after 1 h of polymerization and 2.3% of monomer conversion (Figure S10) 

with the formation of multiple products. This observation allows us to suppose a non-selective 

decomposition of the free phosphine thiocarbonylthio chain-end under the polymerization 

conditions, even though compound 3 was proven to be thermally stable since no changes in the 

31P{1H} NMR spectrum were observed in toluene-d8 at 60°C up to 48 h of heating.35 The change  

in color of the polymerization mixture from bright pink to pale orange is another indication of 

the degradation of the phosphinocarbodithioate group during the polymerization. In addition, 

when a toluene solution of 3 with 300 eq. of n-butyl acrylate was heated at 60°C for 24 h without 

AIBN, the 31P NMR analysis of the resulting solution confirmed the presence of numerous 

peaks, indicating the instability of 3 under these conditions. 

As the ionic CTA 2 was insoluble in toluene, the polymerization of nBA with 2 was 

attempted in acetonitrile at 60°C. No polymer was formed. Instead, a loss of color, the 

precipitation of insoluble products coming from the decomposition of the functionalized chain-

ends, and the disappearance of the 31P{1H} NMR resonance (Figure S23) were observed after 

1 h. 
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Figure 2. Semi-logarithmic kinetic plot for P-RAFT- mediated polymerization of nBA in 

toluene at 60°C. [nBA]0 = 5.33 M, [P-RAFT]0 = 17.8 mM, [AIBN]0 = 1.78 mM. 

 

    

Figure 3. Evolution of Mn and Đ vs monomer conversion in P-RAFT-mediated 

polymerization of nBA at 60°C. Conditions of Figure 2. 

 

Polymerization of styrene. As with nBA, the reaction of St with CTA 2 led to no 

polymerization. Compound 2 was immediately and totally decomposed in the reaction medium, 
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leading to paramagnetic byproducts, incompatible with the NMR analyses. For the other CTAs, 

the polymerizations were carried out with initial reagent concentration ratio [St]0/[CTA]0 = 

300/1, corresponding to a target theoretical molar mass Mn th of 31.6 kg mol-1. The main 

conversion-time data and macromolecular characteristics of the obtained polymers are listed in 

Table S1 and shown in Figures 4 and 5 respectively. 

 

  

Figure 4. Semi-logarithmic kinetic plot for P-RAFT- mediated polymerization of St in 

toluene at 60°C. [St]0 = 5.33 M, [P-RAFT]0 = 17.8 mM, [AIBN]0 = 1.78 mM. 
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Figure 5. Evolution of Mn and Đ vs monomer conversion in P-RAFT-mediated 

polymerization of St in toluene at 60°C. Conditions of Figure 4. 

 

Semi-log kinetic plots (Figure 4) in the presence of compounds 1, 3 and 4 revealed a 

steady-state in macroradical concentration at the beginning of the polymerization (<24 h) and 

a retardation in the later stages because of the significant reduction in AIBN concentration. 

Based on the St conversion after 48 h, the apparent rate constants (kp
app=kp[P°]) vary as 4 ~ 3> 

1.  

Both phosphine-borane derivatives 1 and 4 led to a much better control for the 

polymerization of St than for that of nBA, with low dispersities of 1.04 – 1.11 (1) and 1.07 – 

1.10 (4) for the highest conversions (Table S1, 1 entries 6-8, 4 entries 26-29). The SEC analyses 

also presented the characteristics of well-controlled polymerizations (Figure S14 for 1 and 

Figure S16 for 4). The 31P{1H} NMR spectra recorded for the polymerization mixtures are 

given in Figure S4 and Figure S8, respectively. CTA 4 is fully consumed at < 10% conversion, 

indicating that it has a high transfer constant for St. CTA 1 is fully consumed at ca. 20% 

conversion. Both 1 and 4 present a similar level of control, with only slightly different 

dispersities after 120 h of reaction. Contrary to the nBA polymerizations (see above), neither 
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loss of color nor disappearance of the phosphine-borane peak were observed during St 

polymerizations, which lasted up to 120 h. Thus, the thermal stability of the BH3-CTA 

derivatives is in accordance with our previous observations35 and the slow decomposition of the 

phosphinocarbodithioate end groups during the polymerization of nBA may result from a 

specific reactivity between the phosphinocarbodithioate functionality and nBA or the 

propagating radical, such as the reduction of the nBA ester function by borane. 

A similar level of control for the polymerization of St was observed with the free 

phosphine derivative 3, with dispersities of 1.09 – 1.15 (Table S1, entries 14-18). The results 

of the SEC analysis are presented in Figure 6. Contrary to the other CTAs of the series, a small 

peak is visible in the higher molar mass region for the highest reaction times, which is reflected 

in the slightly higher dispersity values observed (1.15 for 3 compared to 1.10 or lower for 1 and 

4). However, this corresponds to the first example of an efficient RAFT polymerization 

mediated with a PIII phosphino-RAFT agent, thereby allowing the direct preparation of well-

controlled PSt samples with free phosphine ω-chain ends. 
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Figure 6. Overlay of the RI-SEC chromatograms of PSt samples obtained in the 

polymerization mediated by P-RAFT 3. 

 

To better explore the impact of the electronic difference in the Z-group, a series of St 

polymerizations were carried out with CTAs 1 and 3 in sealed NMR tubes and stopped at less 

than 4% monomer conversion (Figures S19-S20). In the case of 3 it was possible to follow the 

CTA consumption using 31P{1H} NMR as previously reported, but not for 1 due to broad, 

overlapping peaks.32 CTA 3 was completely consumed at monomer conversions < 2% (Table 

S2, Figure S20). Similar monitoring by 1H NMR spectroscopy, on the other hand, did not allow 

the same level of precision. This study confirms that 31P{1H} NMR is a powerful tool to 

quantitatively assess the ability of the P-RAFT agents to transfer to PSt oligoradicals. Analyses 

performed by SEC at ~1% monomer conversion suggested a more selective formation of 

oligomers with CTA 3 than for 1 (see figures S21-S22 for the SEC-RI of compounds 1 and 3, 

respectively). 

Vinyl acetate. Compounds 1-3 were not tested as possible CTAs to control the 

polymerization of vinyl acetate (VAc) due to the very low rate of 1-phenylethyl leaving radical 

addition to VAc.36  In contrast, compounds 4 and 5 possess a 1-methoxycarbonylethyl leaving 

group which adds rapidly and efficiently to VAc.37,38 Both 4 and 5 completely inhibited the 

polymerization, similarly to the behavior previously reported for phosphinoyl CTAs.29,32 This 

is not surprising for CTA 4 but counter-intuitive for 5, as this compound, like the xanthates and 

dithiocarbamates that are efficient RAFT agents for VAc,11 possesses a lone pair in its Z-group 

that is available for conjugation with the C=S bond of the thiocarbonylthio function. This result, 

together with the rather unexpected high reactivity of P(III) RAFT agent 3 in St polymerization 

led us to consider a theoretical calculation approach.  
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Theoretical calculations. Theoretical calculations were carried out on compound 3 and 

on related model compounds. In particular we wished to compare related R2EC(S)SR0 systems 

(E = N, P), since dithiocarbamates (E = N) are well-known to provide suitable control for the 

RAFT polymerization of VAc.11 The first investigated systems, for the purpose of 

computational efficiency, had the small CH3 as R in the Z group and R0 = CHMe(O2CMe), 

which represents a good model of the PVAc chain. The optimizations revealed different 

configurations at the E atom for these two CTAs: planar for N (sum of the three bond angles = 

359.98°) and pyramidalized for P (301.98°), as can be seen in Figure 7. The intermediate of the 

degenerate exchange process was simulated by the Me2EC•[SCHMe(O2CMe)]2 radical. For E 

= N, the calculated free energy of this intermediate is nearly the same as that of the separate 

Me2EC(S)SCHMe(O2CMe) and (MeCO2)CH•Me fragments, as expected for an efficient 

degenerative transfer, assuming that the addition and fragmentation barriers are low. The loss 

of resonance stabilization for the intermediate in the dithiocarbamate system is evidenced by 

the slight pyramidalization of the N atom (355.24°) and by the loss of its coplanarity with the 

CS2 plane. For E = P, on the other hand, the intermediate is more stable than the separate 

fragments by 10.8 kcal mol-1, suggesting a difficult fragmentation process. The P atom 

pyramidalization is essentially unchanged in the intermediate adduct (303.32°), confirming the 

absence of resonance stabilization in the starting P-RAFT CTA.  
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Figure 7. Energy profile (relative ΔG in kcal mol-1) and views of the optimized 

geometries for the models of the PVAc degenerative exchange with the CTAs 

Me2EC(S)SCHMe(O2CMe): (a) E = N; (b) E = P.  

 

The possible engagement of the P lone pair in a resonance with the CS2 group could be 

affected by further conjugation and by steric hindrance. These possibilities were probed by 

optimizing the geometries of the CTAs with R = Ph (R0 = CHMe(O2CMe)) and tBu (R0 = 

CHMePh), respectively. The resulting geometries are shown in Figure 8. For both systems, the 

N atom in the dithiocarbamate system has an essentially planar geometry, whereas the P atom 

in the phosphinocarbodithioate remains markedly pyramidalized. It is remarkable that the large 

steric encumbrance of the two tBu groups hampers a full conjugation between the tBu2N and 

CS2 groups, since the two planes in tBu2NC(S)SCHMePh are skewed by a dihedral angle of 

57°C, but the N atom does not greatly lose its planarity (sum of the bond angles = 350.08°, vs 

359.99° for the Ph system). On the other hand, the same steric bulk slightly attenuates 

pyramidalization of the P atom in the phosphinocarbodithioate system, but only from 306.74° 

for R = Ph to 316.96° for R = tBu.  
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Figure 8. Views of the optimized geometries for (a) Ph2EC(S)SCHMe(O2CMe) and (b) 

tBu2EC(S)SCHMe(O2CMe). In both cases, E = N (left) or P (right).  

 

Well-controlled polymers with PIII -chain ends. While well-controlled PSt samples can 

be prepared directly by RAFT polymerization with agent 3 (Scheme 3, top), the same polymer 

may be also accessible via a two-step polymerization-deboranation procedure with the use of 

the borane protected RAFT agent 1 (Scheme 3, bottom), followed by treatment of PSt-1 by 

triethylamine to remove the borane caps, as previously described for the deboranation of CTA 

1.35 For the nBA polymerization, the PIII-RAFT CTA 3 showed limitations with no control and 

NMR evidence for chain-end degradation due to the incompatibility of the PIII moiety and nBA 

(see above). To overcome this obstacle in the control of the acrylate monomer polymerization 

with a free phosphine P-RAFT agent, the two-step polymerization-deboranation procedure was 

repeated with the use of the borane-protected RAFT agent 4, which involves an acrylate type 

leaving group suitable for nBA polymerization. This strategy allowed us to achieve the 

generation of a well-controlled PnBA-4 (-BH3) bearing also PIII -chain ends (Scheme 4).  
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Scheme 3. Preparation of polystyrene with PIII ω-chain ends by two pathways: direct 

application of PIII-RAFT agent (top), two-step polymerization-deboranation procedure 

(bottom).  

 

  

Scheme 4. Preparation of poly(n-butyl acrylate) with PIII ω-chain ends by a two-step 

polymerization-deboranation procedure. 

 

The two polymer samples PSt-1 and PnBA-4 were respectively prepared from CTAs 1 

(Scheme 3) and 4 (Scheme 4) in toluene at 60°C. The polymerization was stopped after 24 h 

for compound 1 and 10 h for compound 4, yielding PSt-1 with Mn = 7.1 kg/mol and Đ = 1.06 

(Table 1, entry 1) and PnBA-4 with Mn = 28.8 kg/mol and Đ = 1.34 (Table 1, entry 3). 

 

Table 1. Macromolecular characteristics of polymers prior to and after 

deboranation of the ω-chain ends. 

Entry Compound Mn,SEC, kg/mola Đb 

1 PSt-1 7.1 1.06 
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2 PSt-1 (-BH3) 7.1 1.08 

3 PnBA-4 28.8 1.34 

4 PnBA-4 (-BH3) 28.4 1.35 

a Determined by SEC  

b Ɖ = Mw/Mn, determined by the SEC. 

 

Subsequent treatment of each product with 10 equivalents of triethylamine at ambient 

temperature (19°C) for 24 h, followed by concentration under vacuum and removal of all 

volatile products, gave pure polystyrene samples PSt-1 (-BH3) with Mn = 7.1 kg/mol and Đ = 

1.08 (Table 1, entry 2) and PnBA-4 (-BH3) with Mn = 28.4 kg/mol and Đ = 1.35 (Table 1, entry 

4). 

 

   

Figure 9: Overlay of the 31P{1H} NMR spectra of polystyrene samples prior to (PSt-1) and 

after post-polymerization deboranation (PSt-1 (-BH3)) of the ω-chain ends. The top trace is 

the 31P{1H} NMR spectrum of the PSt-3 polymer obtained directly (from Figure S12 after 8 

h). 
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Comparison of the 31P{1H} NMR spectra of the polymer samples before and after 

deboranation (PSt: Figure 9; PnBA: Figure 10) shows an upfield shift of the ω-chain end 

resonance along with a change in peak shape (removal of the P-B coupling significantly reduces 

the linewidth). The presence of two distinct signals for the phosphino chain-ends is not 

surprising, generally several signals are observed owing to different configurations. In the case 

of PSt, we can notice that the polymer obtained after deboranation shows resonances at the 

same chemical shifts as the polymer obtained by direct polymerization from 3. The difference 

in the resonance linewidth may be due to different concentrations and purity. As expected for 

PnBA, the resonances of the deboranated polymer are located in the same region as the starting 

CTA 5. The SEC-RI chromatograms of the polymer samples prior to (PSt-1 and PnBA-4) and 

after post-polymerization deboranation (PSt-1 (-BH3) and PnBA-4 (-BH3)) of the ω-chain ends 

are almost identical, which show the absence of chain coupling during the deboranation process 

(Figures S31 and S32 respectively). 

The direct polymerization of St with a free di-t-butylphosphino CTA like 3 or a simple 

polymerization-deboranation procedure for PSt and PnBA via phosphino-borane (P-BH3) 

containing CTAs like 1 or 4 makes possible preparation of well-controlled polymer samples 

with free phosphine ω-chain ends by the RAFT process. This makes these polymers ready for 

complexation with metal cations, metal nanoparticles or other systems and opens a range of 

new applications. 
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Figure 10: Overlay of 31P{1H} NMR spectra of poly(n-butyl acrylate) samples prior to 

(PnBA-4) and after post-polymerization deboranation (PnBA-4 (-BH3)) of the ω-chain 

ends. Top is the spectrum of CTA 5 alone. 

 

Conclusions 

In the present contribution, we have described investigations on RAFT agents involving 

various types of phosphorylated functions in the Z-group, including the free phosphine tBu2P-, 

and their efficiency in the control of the St and nBA polymerizations. Extension of the already 

established synthetic methodology for tBu2P(X)-C(S)SR0 with R0 = CHMePh (X = BH3, 1; X 

= nothing, 3; Figure 1) allowed access to two new phosphinoylcarbodithioate RAFT agents, 4 

and 5, with R0 = CH(CH3)C(O)OCH3. The combination of 1H and 13P NMR was crucial to 

monitor the polymerization and to provide direct information on the reactivity of the CTA. Raft 

agents 1 and 4 with a phosphorus atom capped with a BH3 moiety provide excellent control 

with nearly perfect chain-end fidelity for the polymerization of St. For nBA polymerization the 

control is efficient in terms of overall kinetics, control of macromolecular characteristics, and 

chain-end fidelity. Compounds 3 and 5 are the first examples of P-RAFT agents bearing a free 

PIII Z-group. CTA 3 can be directly used in RAFT polymerization to prepare well-controlled 
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polystyrenes with a low dispersity of 1.09 – 1.15 with free phosphine ω-chain ends as potential 

macromolecular ligands.  CTAs 3 and 5 do not provide a controlled polymerization of VAc but 

rather complete inhibition of polymerization because, unlike the NIII (dithiocarbamate) 

analogue, the P atom is reluctant to rehybridize and achieve a planar configuration, as required 

to engage the lone pair in electronic conjugation with the CS2 unsaturation. Therefore, PV and 

PIII RAFT agents exhibit similar reactivities, precluding the use of a PV-PIII chain-end 

transformation as a switchable RAFT agent system. Despite the degradation of the macro-

RAFT agent obtained from 3 during the nBA polymerization, a well-controlled PnBA with a 

reasonably low dispersity around 1.35 could be obtained by an indirect two-step procedure, 

which involves nBA polymerization via the corresponding P-BH3 chain transfer agent, 

followed by a facile deboranation step. All these chain-end-functionalized polymers may be 

useful for further applications. 

 

Experimental Section 

General  

All reactions were carried out under an argon atmosphere using standard Schlenk 

techniques. Melting points were determined on the Boetius apparatus and were uncorrected. 

Solvents were carefully dried by conventional methods and distilled under argon before use. 

Column chromatography was performed on Carlo Erba silica gel 60, 0.035-0.070 mm. 

Compounds 1 – 335 and di-tert-butylphosphine borane39 were prepared according to literature 

procedures.  Di-tert-butylchlorophosphane (96%, Alfa Aesar), 1,4-diazabicyclo[2.2.2]octane 

(97%, TCI), n-butyllithium (1.6 M solution in hexanes, Sigma Aldrich), and methyl 2-

bromopropionate (98%, Sigma Aldrich) were used as received. 2,2’-azobis(2-

methylproprionitrile) (AIBN, Sigma-Aldrich, 98%) was recrystallized from methanol and dried 

at room temperature under vacuum. n-butyl acrylate (nBA, Sigma-Aldrich, >99%, containing 
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10-60 ppm monoethyl ether hydroquinone as inhibitor) and styrene (St, Sigma-Aldrich, >99%, 

containing 4-tert-butylcatechol as a stabilizer) were passed through a column of neutral 

alumina. 

The 1H, 13C{1H} and 31P{1H} NMR spectra were recorded with a Bruker Avance 400 

FT-NMR spectrometer. The 1H and 13C resonances were calibrated relative to the residual 

solvent peaks and are reported with positive values downfield from TMS. The 31P resonances 

were referenced to 85% H3PO4 (external standard). For all characterized compounds, the peak 

assignments in the 1H and 13C NMR spectra were based on COSY, HSQC and HMBC 2D 

experiments. HRMS were obtained from dichloromethane solutions with a Xevo G2 Q-TOF 

spectrometer by the chemical ionization method. Matrix-assisted laser desorption/ionisation –

time of flight mass spectrometry (MALDI-TOF-MS) analyses were carried out on Waters 

MALDI-TOF Micro MX equipped with a nitrogen laser emitting at λ = 357 nm. All analyses 

made use of 1,8-dihydroxy-9(10H)-anthracenone (Dithranol) as matrix and CF3COONa or 

CF3COOAg as cationizing agent. 

Size-exclusion chromatography (SEC) analyses in THF were carried out on a system 

composed of an Agilent technologies guard column (PLGel20 μm, 50 × 7.5 mm) and a set of 

two Waters columns (1 × Styragel® HR 3, 7.8 × 300 mm and 1 × Styragel® HR 4, 7.8 × 300 

mm). Detections were conducted using a Wyatt Optilab® rEX refractive index detector and a 

Varian ProStar 325 UV detector (dual-wavelength analysis). Analyses were carried out at 35°C 

and a flow rate of 1.0 mL min-1. Polystyrene (PSt) standards (580 - 7.5 × 105 g·mol-1) for PSt 

samples and poly(methyl methacrylate) (PMMA) standards (960 – 1.37 × 105 g·mol-1) for 

PnBA samples were used for calibration. For the PnBA samples, Mn was determined by using 

the Mark-Houwink-Sakurada parameters of PMMA and PnBA.  

 



22 
 

Synthesis of 4: A solution of di-tert-butylphosphine borane, tBu2PH·BH3 (1.00 g, 6.24 

mmol) in THF (100 mL) under Ar atmosphere was treated with a slight excess of n-butyllithium 

(4.1 mL, 1.6 M in hexane) at -40°C. The resulting bright yellow mixture was allowed to warm 

up to 0°C and stirred for 1 h. Then a large excess of CS2 (2.2 mL, 33.6 mmol) was added 

dropwise at 0°C to yield a dark red solution. The reaction vessel was covered with aluminum 

foil and was allowed to warm up to 12°C and stirred for 15 min. Methyl 2-bromopropionate 

(1.10 mL, 9.87 mmol) was then added, and the dark red solution was stirred for an additional 4 

h at 12–13°C. After removal of the solvent under reduced pressure, the residual product was 

subjected to column chromatography (silica gel, hexane/toluene (1:1 v/v)). Removal of the 

solvent resulted in 1.025 g (51% yield) of the product as a pink amorphous solid. 

MP = 62-64°C. 1H NMR (400MHz, CDCl3) δ (ppm): 4.61 (1H, qd, 3JHH = 7.4Hz, 4JHP 

= 1.5Hz, CHCH3), 3.72 (3H, s, OCH3), 1.62 (3H, dd, 3JHH = 7.4Hz, 4JHP = 1.0Hz, CHCH3), 1.43 

(9H, d, 3JHP = 1.4Hz, C(CH3)3), 1.40 (9H, d, 3JHP = 1.4Hz, C(CH3)3)), 0.50-1.50 (3H, br q, BH3). 

13C{1H} (125MHz, CDCl3) δ (ppm): 231.9 (d, 1JCP = 10.9Hz, C(S)S), 170.6 (C(O)O), 52.8 

(OCH3), 47.6 (d, 3JCP = 1.7 Hz, CHCH3), 35.8 (d, 1JCP = 20.6 Hz, C(CH3)3), 35.7 (d, 1JCP = 20.2 

Hz, C(CH3)3), 28.5 (d, 2JCP = 1.6 Hz, C(CH3)3), 28.4 (d, 2JCP = 1.8Hz, C(CH3)3), 15.3 (CHCH3). 

11B{1H} (128 MHz, CDCl3) δ (ppm): -41.1 (br d). 31P{1H} (162MHz, CDCl3) δ (ppm): 68.9 

(br d). HRMS (DCI, CH4): 321.1281 (100%, 321.1283 for C13H27BO2PS2: M-H) (Figures S51 

– S54). 

 

Synthesis of 5: A solution of the carbodithioate 7 (0.474 g, 1.47 mmol) in toluene (30 

mL), under Ar atmosphere in a Schlenk tube covered with aluminum foil, was treated with 

DABCO (0.357 g, 2.92 mmol). The reaction mixture was stirred for 6 h at 60°C. After removal 

of the solvent under reduced pressure, the residual product was subjected to column 
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chromatography (silica gel, hexane/toluene (1:1 v/v)). Removal of the solvent resulted in 0.430 

g (95% yield) of the product as a pink oil. 

1H (400MHz, CDCl3) δ (ppm): 4.76 (1H, q of d, 3JHH = 7.3Hz, 4JHP = 3.3Hz, CHCH3), 

3.72 (1H, s, OCH3), 1.56 (1H, dd, 3JHH = 7.4Hz, 5JHP = 1.6Hz, CHCH3), 1.298 (9H, d, 3JHP = 

12.4Hz, C(CH3)3), 1.293 (9H, d, 3JHP = 12.4Hz, C(CH3)3). 13C (125MHz, CDCl3) δ (ppm): 

247.3 (d, 1JCP = 60.8Hz, C(S)S), 171.4 (C(O)O), 52.6 (OCH3), 47.1 (d, 3JCP = 19.6Hz, CHCH3), 

35.1 (d, 1JCP = 27.0Hz, C(CH3)3), 35.0 (d, 1JCP = 27.1Hz, C(CH3)3), 29.82 (d, 2JCP = 13.9Hz, 

C(CH3)3), 29.79 (d, 2JCP = 14.0Hz, C(CH3)3), 15.6 (CHCH3). 31P{1H} (162MHz, CDCl3) δ 

(ppm): 66.9. HRMS (DCI, CH4): 309.1091 (50%, 309.1106 for C13H26O2PS2: M+H) (Figures 

S55 – S57). 

 

St and nBA polymerization procedure 

A solution containing the monomer (4.10 g for nBA, 3.34 g for St), the RAFT agent (1.1 

× 10-4 mol) and AIBN (1.8 mg, 1.1 × 10-5 mol) in toluene (1.42 g for nBA, 2.02 g for St) was 

prepared in a 15 mL tube. Further, the solution was transferred into 6 sealing tubes, degassed 

by three freeze–pump–thaw cycles and sealed under vacuum. The tubes were heated at 60°C in 

a thermostated heating block. At the desired time, each polymerization was quenched by 

freezing in liquid nitrogen and the obtained solution was analyzed by NMR to estimate the 

monomer conversion. Then the excess amounts of monomer and solvent were removed by 

evaporation at ambient temperature under vacuum and the residues were analyzed using SEC. 

 

VAc polymerization procedure 

The solution that contained the monomer (2.76 g), RAFT agent (1.1 × 10-4 mol) and 

AIBN (3.6 mg, 2.2 × 10-5 mol) in EtOAc (2.76 g) or without solvent was prepared in a 15 mL 

tube. Further, the solution was transferred into sealing tubes, degassed by three freeze–pump–
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thaw cycles and sealed under vacuum. The tubes were heated at 70°C in a thermostated heating 

block for the requisite times. The polymerization was quenched by freezing in liquid nitrogen 

and the obtained solution was analyzed with NMR to estimate monomer conversion. Then the 

excess amounts of monomer and solvent were removed by evaporation at ambient temperature 

under vacuum and the residues were analyzed using SEC. 

 

Procedure for the kinetic measurements 

A solution containing the monomer (2.78 g, 0.027 mol), the RAFT agent (8.9 × 10-5 

mol), AIBN (1.5 mg, 8.9 × 10-5 mol), 1,4-dioxane (0.078 g, 8.9 × 10-4 mol) and 

triphenylphosphine sulfide (0.025 g, 8.9 × 10-5 mol) in C6D6 (1.76 g, 0.021 mol) was prepared 

in a 15 mL Schlenk tube with a PTFE needle valve and degassed by three freeze–pump–thaw 

cycles. This solution was then transferred into 8 NMR tubes in the glove box under an argon 

atmosphere and sealed with rubber septa. The tubes were heated at 60 °C in a thermostated 

heating block. At the desired time, each tube was quenched by freezing in liquid nitrogen and 

the obtained solution was analyzed by NMR. Then the excess amounts of monomer and solvent 

were removed by evaporation at ambient temperature under vacuum and the residues were 

analyzed using SEC. 

 

Procedure for the preparation of PSt-1, PnBA-4  

The solution (5 mL) that contained the monomer (3.33 g, 0.032 mol for St; 4.10 g, 0.032 

mol for nBA), RAFT agent (1.1 × 10-4 mol), AIBN (1.1 × 10-4 mol), in toluene (1.42 mL for 

nBA, 2.10 mL for St) was prepared in a 15 mL Schlenk tube with a PTFE needle valve and 

degassed by three freeze–pump–thaw cycles. Then the solution was heated at 60°C in a 

thermostated heating block for the requisite times (24 h for PSt-1, 10 h for PnBA-1). The 

polymerization was quenched by freezing in liquid nitrogen and the obtained solution was 
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analyzed with NMR. Then the excess amounts of monomer and solvent were removed by 

evaporation at ambient temperature under vacuum and the residues were dissolved in CHCl3 

and precipitated by cold CH3OH. Obtained solids (pink PSt-1 and PnBA-4) were dried under 

vacuum and analyzed using SEC. 

 

Polymer ω-chain ends deboranation 

A solution of the desired polymer (0.2 g of PSt-1 or PnBA-4) in THF (10 mL) was 

prepared in a 15 mL Schlenk tube with a PTFE needle valve and degassed by three freeze–

pump–thaw cycles. Degassed Et3N (0.05 mL) was added dropwise under Ar. The resulting 

mixtures were stirred for 24 h at ambient temperature. All volatiles were then removed by 

evaporation at ambient temperature under vacuum. The obtained pink solids (PSt-1 (-BH3) and 

PnBA-4 (-BH3)) were dried under vacuum and analyzed using 31P NMR and SEC. 

 

Computational details 

The computational work was carried out with the Gaussian09 suite of programs.40 Gas-

phase geometry optimizations were executed without any symmetry constraint using the M06-

2X functional41 and the 6-31G(d,p) basis set for all atoms. All final geometries were 

characterized as stationary points by verifying that all second derivatives of the energy were 

positive. Thermochemical corrections were obtained at 298.15 K on the basis of frequency 

calculations, using the standard ideal gas, rigid rotor and harmonic oscillator approximations. 

A further correction of 1.95 Kcal/mol was applied to bring the G values from the gas phase (1 

atm) to the solution (1 mol/L) standard state.42  
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