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Geŕard Audran, Paul Breḿond, Sylvain R. A. Marque,* and Germain Obame

Aix-Marseille Universite,́ CNRS, ICR UMR-7273, case 551, Avenue Escadrille Normandie-Niemen, 13397 Marseille Cedex 20, France

ABSTRACT: We showed (J. Org. Chem. 2012, 77, 9634) that the activation by methylation of pyridyl-based alkoxyamine 1
increased with the hydrogen bond donor properties of solvents. In this paper, activation of 1 by protonation with acids,
CF3COOH and CSA, in tert-butylbenzene (t-BuPh) and in H2O/MeOH afforded, with CF3COOH, kd 28-fold larger in H2O/
MeOH than in t-BuPh, whereas it was only 4-fold larger when CSA was used. This puzzling observation was ascribed to the
dissociation of the intimate ion pair.

Since its discovery,1−3 nitroxide-mediated polymerization
(NMP) has generated a tremendous amount of work on

designing new alkoxyamines (initiator/controller agents),4−7

unveiling kinetics,8−11 and devising new materials.12−15

However, until recently,16−18 the investigation of the solvent
effect on the rate constant kd of the C−ON bond homolysis in
alkoxyamines did not arouse much interest.19−26 In general, a
very weak solvent effect was commonly accepted.14,15,17,19

However, it has been shown that changing the solvent can
significantly affect the fate of NMP experiments; for example,
for isoprene a poor quality bulk NMP has been reported
whereas a successful one has been reported in 1,4-dioxane or
pyridine as solvent.27,28 Moreover, with the simple alkoxyamine
models 1 and 3 (1 activated by methylation, Figure 1), we
showed that the hydrogen bond donor (HBD) property of
solvents increased kd (C−ON bond homolysis) although no
extra lone pair was available in 3 compared to 1 (the formation
of an ammonium salt in 3 suppressed the nitrogen lone pair
available on the pyridyl moiety of 1).
This puzzling solvent effect was assumed to be due to the

separation of the intimate ion pair, which is expected to depend
both on the HBD property of the solvent and on the type of
counteranion (Figure 2). Unfortunately, only a few methylating
agents with different counteranions are available. To circum-
vent this limitation and to support our claim concerning the
effect of the counteranion, we investigated the effect of the
dissociation of the intimate ion pair for salts of 2a−g on kd.
These salts were prepared with various acids, HCl, HBr, H2SO4,
HClO4, CF3COOH, p-toluenesulfonic acid (PTSA), and

camphorsulfonic acid (CSA), in tert-butylbenzene (t-BuPh) as
apolar solvent and in a water/methanol (1:1 v/v) mixture as
polar solvent. As expected, the high dissociative property of
water implies a smaller effect of the counteranion (∼2-fold
difference from HCl to CF3COOH) than in tert-butylbenzene
(∼4-fold difference from HCl to CSA). This nicely confirms
the role of the counteranion and the ability of the solvent to
dissociate the intimate ion pair through its HBD property.
Experiments were performed in the H2O/MeOH (1:1 v/v)

mixture (or D2O/MeOH-d4 when 1H NMR signal was
recorded), 1 being insoluble in water. From the pH
dependence of the 1H NMR signal recorded at room
temperature in D2O/MeOH-d4 (1:1 v:v), a significant shift
was observed for the aromatic protons from pH 7 to 2.5
(Figure 3). The titration curve for 1 (Figure 3) affords a pKa
value of 4.67 for the major diastereoisomer RR/SS of 1, in nice
agreement with the reported value of 4.70 for the minor
diastereoisomer RS/SR29 and in sharp contrast with the value
given for the para-ethyl pyridine (pKa = 6.02).30,31 kd values
(Table 1) were measured at pH ranging between 2.9 (H2SO4)
and 1.7 (CSA), meaning that roughly 99% to 99.9%,
respectively, of 1 was protonated. HClO4, H2SO4, and HBr
are not soluble in t-BuPh, and the corresponding alkoxyamines
were not prepared, while gaseous32 HCl was bubbled through
the solution to afford 2g. In both solvents H2O/MeOH (1:1
v:v) mixture and in t-BuPh, kd′ for the minor diastereoisomer is
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roughly 1.5-fold larger than for the major diastereoisomer,
except for CSA and PTSA (1.9- and 1.8-fold, respectively, in t-
BuPh, see Tables 1 and 2), HClO4, and CF3COOH (no
difference between the diastereoisomers in Tables 1 and 2,
respectively). Nevertheless, the difference between the two
diastereoisomers is in the range reported for other types of
activation and solvent and does not deserve more com-
ments.16,18,33

As expected, kd′ is larger in H2O/MeOH (Table 1) than in t-
BuPH (Table 2). Amazingly, although the measured species are
expected to be the same, i.e, the protonated forms of 1, kd′
values span the range from 4- to 28-fold for 2e (camphorsul-
fonate anion, ΔEa = 4 kJ/mol)34,35 and 2a (trifluoroacetate
anion, ΔEa = 9 kJ/mol),34,35 respectively, from t-BuPh to H2O/
MeOH, confirming that kd′ depends significantly on the
counteranion, as previously claimed.18 Taking into account that
the values of the Abraham’s parameters36−38 α are 0 and 1.17
for t-BuPh and water,39 respectively, a better solvation of the
counteranion is expected in H2O/MeOH than in t-BuPh, and
thus, the counteranion effect is expected weaker in H2O/
MeOH than in t-BuPh, as the nearly separated ion pair
predominates in the former. This is nicely highlighted by the
weaker salt effect observed in H2O/MeOH (kd′(CF3COOH)/
kd′(acid) spans from 1 for H2SO4 to 2 for HCl in H2O/MeOH)
compared to t-BuPh (kd′(CSA)/kd′(acid) spans from 3 for

PTSA to 4.2 for CF3COOH) as expected from the α values, i.e.,
the higher the α value, the smaller the difference between the
counteranions. On the other hand, kd′ exhibits its lowest values
with HCl and CF3COOH meaning that they are involved in a
strong ion pair whereas the largest kd′ is found with CSA, for
which the alkyl part is the most apolar and thus the ion pair is
the weakest. It is well-known that entropic40 and enthalpic37 are
solvent dependent. The increase of kd by going from t-BuPh to
water/MeOH mixture and by changing the counteranion is
likely related to the activation entropy as the dissociation of salt
increases the freedom of motion and to the activation enthalpy
as the dissociation increase the positive charge on the alkyl
fragment, and, hence the effect of the polarity.41

In conclusion, the strength of the ion pair, which is related
both to the dissociation/solvation properties of the solvent
(partly highlighted by the solvent descriptor α) and to the
solubility of the alkyl moiety, plays a significant role. For
example, at 37 °C in t-BuPh, a 20-fold increase in kd was
reported from 1 (t1/2 = 18 d) to 2a (t1/2 = 22 h) whereas an 80-
fold increase was observed for 2e (t1/2 = 5 h). On the other
hand, at 37 °C in H2O/MeOH, a 38-fold increase in kd was
observed from 1 (t1/2 = 4 d) to 2g (t1/2 = 150 min) whereas a
130-fold increased was observed for 2a (t1/2 = 44 min).
Consequently, by changing the solvent and the counteranion,
one shifts from the nonapplicable alkoxyamine 1 to the
alkoxyamine 2a suitable for biological applications. Moreover,
at 37 °C, a 1067-fold increase42 in kd was predicted upon
protonation of 1, and disappointment was felt when a 20-fold
increase in kd was observed when CF3COOH was used in t-
BuPh as solvent.42 Nevertheless, a 577-fold increase in kd was
observed for 2a in H2O/MeOH, only two times lower than
predicted. Consequently, these results showed that the

Figure 1. Alkoxyamines investigated.

Figure 2. Evolution of kd with the type of ion pairs.

Figure 3. Titration curve (left) for 1 (0.02 M) obtained using the 1H NMR signal (right, pH = 0.85, 4.7, and 6.4 from top to bottom) in the aromatic
zone, at room temperature in D2O/CD3OD (v/v 1:1). pH was set with DCl and NaOD. The small peaks are ascribed to the minor diastereoisomer
of 1.
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predictive equations developed in the past years43−45 are still
robust but difficult of use with protonated or activated
alkoxyamines, as the effects of the solvent and the counteranion
need to be taken into account. This observation opens new
opportunities to tune the initiation stage of NMP experiments,
increasing its potential for new applications.

■ EXPERIMENTAL SECTION
Alkoxyamine 1 was prepared as previously reported (RS/SR and RR/
SS diastereomeric ratio 2:1, respectively).42 Solvents, organics, and
mineral acids were used as received.46 A water/methanol (1:1 v:v)
mixture was used to solve 1, and the pH was adjusted by adding the
corresponding acid and controlled with a HI2211 pH/ORP Meter
from Hanna Instruments and a 4 mm microtitration electrode from
Bioblock. The 1H and 31P NMR data for 2a−g were in good
agreement with those reported for 2a.16,18,29 The diastereosiomers
were identified as previously reported.42 Rate constants kd were
measured, in general, in a single run at the temperature reported in
Table 1, using 31P NMR as previously described with 2 equiv of
TEMPO as alkyl radical scavengers and 2 equiv of acid in t-BuPh
(Scheme 1).47 Temperature of the oil bath was maintained to within
±1 °C.
kd values were given by eq 1, with C0 the initial concentration of

alkoxyamine and t the time. The activation energies Ea were given by

eq 2, with the frequency factor A = 2.4 × 1014 s−1, the temperature T
and the constant R = 8.314 J K1 mol−1:34,35

= −C
C

k tln
0

d
(1)

= −k Ae E RT
d

/a (2)

The plots drawn (not shown) from eq 1 were as good as those already
reported.16,18,29,33,42 To facilitate the discussion, all kd values were re-
estimated at 50 °C using eq 2 and noted kd′.
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Table 1. kd Values and Activation Energies Ea Measured for Various Acids in the H2O/MeOH (1:1 v/v) Mixture for pH between
1.7 and 2.9 at the Experimental Temperature T and the Re-estimated kd′ Values at 50 °C for the Minor and Major
Diastereoisomers of 2a−g

major isomer (RS/SR)a minor isomer (RR/SS)a

2 acid pHb T (°C) kd
c,d Ea (kJ/mol)e,f kd′ (50 °C)c,g kd

c,d Ea (kJ/mol)e,f kd′ (50 °C)c,g

a CF3COOH 2.7 50 9.5 107.7 9.5 14.2 106.6 14.2
b H2SO4 2.9 50 9.2 107.7 9.2 12.5 106.9 12.5
c HClO4 2.7 50 4.5 109.7 4.5 8.1 108.1 8.1
d HBr 2.7 50 6.8 108.6 6.8 11.0 107.3 11.0
e CSA 1.7 50 6.4 108.7 6.4 9.4 107.7 9.4
f PTSA 2.0 55 10.2 109.1 5.6 14.3 108.2 7.8
g HCl 2.0 55 8.2 109.7 4.4 11.0 108.3h,i 7.5

aAs given in ref 42. bMeasured at room temperature. cGiven in 10−4 s−1. dStatistical errors are less than 2%. eEstimated using the average value of A
= 2.4 × 1014 s−1. See refs 34 and 35. fCommonly accepted errors are given as ±1 kJ/mol. gEstimated using the frequency factor given in footnote e
combined to the data in the sixth column for the major isomer and to those in the ninth column for the minor isomer. hEa = 107.8 kJ/mol in ref 29.
iAveraged value with the value reported in footnote h.

Table 2. kd Values and Activation Energies Ea Measured for Various Acids in t-BuPh at the Experimental Temperature T and the
Re-estimated kd′ Values at 50 °C for the Minor and Major Diastereoisomers of 2a−g

major isomer (RS/SR)a minor isomer (RR/SS)a

2 acid T (°C) kd
b,c Ea (kJ/mol)d,e kd′ (50 °C)b,f kd

b,c Ea (kJ/mol)d,e kd′ (50 °C)b,f

a CF3COOH g g 115.6h 0.5 115.4h 0.5
b H2SO4 g g i i g i i
c HClO4 g g i i g i i
d HBr g g i i g i i
e CSA 60 4.1 113.3 1.2 7.3 111.7 2.1
f PTSA 60 2.5 114.7 0.7 3.5 113.8 1.0
g HCl 60 1.6 115.9 0.4 2.0 115.6 0.5

aAs given in ref 42. bGiven in 10−4 s−1. cStatistical errors are less than 2%. dEstimated using the average value of A = 2.4 × 1014 s−1. See ref 34 and
35. eCommonly accepted errors are given as ±1 kJ/mol. fEstimated using the frequency factor given in footnote d combined to the data in the fifth
column for the major isomer, and to those in the eighth column for the minor isomer. gNot measured. See text. hGiven in ref 33. iNot estimated.

Scheme 1. Scavenging Experiment Applied to Measure kd
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(42) Part 1: Breḿond, P.; Marque, S. R. A. Chem. Commun. 2011, 47,
4291−4293.
(43) Bertin, D.; Gigmes, D.; Marque, S. R. A.; Tordo, P.
Macromolecules 2005, 38 (7), 2638−2650.
(44) Ananchenko, G.; Beaudoin, E.; Bertin, D.; Gigmes, D.; Lagarde,
P.; Marque, S. R. A.; Revalor, E.; Tordo, P. J. Phys. Org. Chem. 2006,
19 (4), 269−275.
(45) Bertin, D.; Dufils, P.-E.; Durand, I.; Gigmes, D.; Giovanetti, B.;
Guillaneuf, Y.; Marque, S. R. A.; Phan, T.; Tordo, P. Macromol. Chem.
Phys. 2008, 209, 220−224.
(46) Solvents for kinetics were EPR or HPLC grades. Solvents for
synthesis were of lower grades and alkoxyamine 1 was carefully
purified.
(47) Bertin, D.; Gigmes, D.; Marque, S.; Tordo, P. e-Polym. 2003, 2,
1−9.

The Journal of Organic Chemistry Note

dx.doi.org/10.1021/jo401227a | J. Org. Chem. 2013, 78, 7754−77577757


