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Alkoxyamines and persistent nitroxide (=aminoxyl) radicals are important regulators of nitroxide-
mediated radical polymerization. Since polymerization times decrease with the increasing homolysis rate
constant of the C—ON bond homolysis between the polymer chain and the aminooxy moiety, the factors
influencing the cleavage rate constant are of considerable interest. It has already been shown that the
value of the homolysis rate constant k, is very sensitive to the stabilization of both released radical spe-
cies. X-Ray, EPR, and kinetic data showed that the intramolecular H-bonding radical in the 1-(diethoxy-
phosphoryl)-2,2-dimethylpropyl 2-hydroxy-1,1-dimethylethyl nitroxide (3a) (homologue of 2-hydroxy-
1,1-dimethylethyl 1-phenyl-2-methylpropyl nitroxide (2a)) did not occur with the nitroxide moiety as
expected but with the phosphoryl group. However, the polymerization rate of styrene (=ethenyl-
benzene) was significantly enhanced.

Introduction. — Two decades ago, Rizzardo and co-workers [1] and Georges and co-
workers [2] showed that it was possible to prepare well-defined polymers by using
nitroxide (=aminoxyl) radicals or alkoxyamines as controllers. The nitroxide-mediated
polymerization (NMP) was born [3], and numerous studies have been undertaken to
elucidate the mechanism [4] and the kinetics of the polymerization [5], to prepare
new polymers [3][6], and to develop more efficient initiators/controllers [7]. Scheme
1 displays the simplified NMP process [8] where kg is the rate constant of C—ON
bond homolysis in the alkoxyamine (so-called dormant species), k. the rate constant
for the reformation of the alkoxyamine, k, the rate constant of self-termination, and
k, the propagation rate constant of the polymerization.

Alkoxyamines (R'R?NOR?) are key intermediates [4] of the NMP process, and the
strength of the C—ON bond is a crucial parameter to control [4][5][7a,h,i]. It has been
shown that the activation energy (E,) of the homolysis is a good approximate of the
value of the bond-dissociation energy (BDE) of the C—ON bond of alkoxyamines
[9]. We [7e][9a] [10] and others [7a][11] have shown that the C—ON bond of alkoxya-
mines was either strengthened by hyperconjugation [11¢,f] (heteroatom bonded to the
C-atom) and polar [7a][10d][11f,g] (electron-withdrawing (EWG) groups bonded to
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Scheme 1. Simplified Scheme of Nitroxide-Mediated Polymerization (NMP)
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the N-atom) effects, or weakened by the stabilization [7a][9a] [10a—c][11a—c,f] of the
released alkyl and nitroxide [11f] (intramolecular H-bonding) radicals and by the steric
strain and polar effects of both alkyl and nitroxide fragments [7a][7d-i][9][10][11].
Recently, Hawker and co-workers [12], carrying out a faster styrene (=ethenyl-
benzene) polymerization with nitroxide radical 1a than with nitroxide radical 2a
(Fig. 1), exemplified the importance of the intramolecular H-bonding on the nitroxide
moiety.

It prompted us to study the X-ray, electron paramagnetic resonance (EPR), kinetic,
and polymerization properties of the nitroxide radical 3a (Fig. 1), capable of intramo-
lecular H-bonding and based on the structure of 4a (one of the most potent and versa-
tile nitroxide radicals for NMP).

Results and Discussion. — X-Ray Data. We prepared nitroxide radical 3a with the
hope that intramolecular H-bonding would increase the polymerization rate constant
as already observed with 1a and 2a (vide infra). The crystals of 3a were obtained as
two separated enantiomers (Fig. 2 and Table 1) under the form of an orthorhombic
symmetry group cell!), the deracemization occurring because of the intramolecular
H-bond.

Significant X-ray data such as bond lengths, interatomic distances, and bond and
torsion angles of (R)- and (S)-3a and 4a’ as well as significant van der Waals radii
[13] are given in Table 1. Unfortunately, certainly due to this intramolecular H-bond
and to the poor quality of the crystal (several attempts to prepare crystals of better
quality were unsuccessful), X-ray data suffer a loss of accuracy (ca. 0.05 A) and some
discrepancies (see Exper. Part)?). Otherwise, bond lengths are in the range expected
from the literature data [14].

A few studies showed that the N—O moiety was capable of intramolecular H-bond-
ing (Fig. 3) [11£][12][15], but the d(O---H) between the N—O and H—O moieties of
(R)- and (S)-3a (3.07 A and 3.00 A, resp., Table 1) were longer than the van der

1) CCDC-276874 contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/data_request/cif from the Cambridge Crystal-
lographic Data Centre.

2)  Mainly, a too long (1.58 A) or a too short (1.25 A) P=0 bond for (R)- and (S)-3a, respectively, and a
too long (1.56 A) and a too short (1.41 A) C—N bond were noted in (R)-3.
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Fig. 1. Nitroxide radicals 1a—5a and their homologue alkoxyamines 1b—5b

Waals radii sums®) and the Oy—H—O¢ angles were much smaller (ca. 108° and 113°,
resp., Table 1) than the 180° angle generally accepted for strong intramolecular H-
bonds [16]. However, these distances d(O---H) were smaller than 3.5 A, and the

3)  Although d(N---H) distances of both enantiomers were close to the van der Waals radii sums, that

possibility was disregarded because the corresponding N—H—O bond angle values (ca. 100°) were
close to 90°.
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Fig. 2. X-Ray structures of (R)-3a (left) and (S)-3a (right). O-Atoms red, N-atom blue, and P-atom
yellow.

Table 1. Significant X-Ray Distances d [A], Bond Lengths 1 [A], Bond Angles [°], and Torsion Angles [°]
for Nitroxide Radicals (R)- and (S)-3a and 4a'?)

(R)-3a (S)-3a 4a’®) v.d.W. data©)?)
Distances d: Op---H 1.570 2.040 - v.d.W. radii: H1.20
Oy---H 3.070 3.000 - P 1.80
Op---N 2.848(14) 3.030(15)  3.536 N 1.55
O¢-N 3.059(19)  2.977(13) - 0152
P---Oy 2.887(11) 2.966(8) 2.926
O¢ P 3.738(14) 3.703(9) -
O¢ --Op 2.526 2.990 -
H---N 2.698 2.584 - v.d.W. radii sums: OO 3.04
OH 2.72
ON 3.07
Bond lengths I:  N-O 1.294(13) 1.287(10)  1.278 OP 3.32
0-C 1.460(20) 1.360(20) NH 2.75
Bond angles: O,—H-O, 1781 170.2 Bond lengths?): [(C-0) 1.426
Oy-H-O- 1078 113.2 I(N-O) 1.463
Oy-H-Op, 737 75.4
Torsion angles:  6p 36.1(13) 37.4(11) 39.7
Oy 81.0 80.9 77.5
Oncro 39.0(9) 38.7(9) 89.3

2) The errors are given in parenthesis on the last digits. *) From [14]. ¢) van der Waals (v.d.W.) radii are
given in A. ¢) From [13].

On—H—-0¢, Oy—H-0y, and Op—H—-0O¢ angle sum was very close to 360° for both
enantiomers (359.7° and 359.8°), which are typical values of weak intramolecular H-
bonds, that is, a weak OH--- "ON™ bond [17]. On the other hand, the d(O---H) and
d(O---0O) distances between the P=0O bond and the OH group for both enantiomers
(1.57 and 2.04 A, and 2.526 and 2.990 A, resp., Fig. 2 and Table 1) were clearly and
unambiguously smaller than the van der Waals radii sums of the OH and OO atoms
(2.72 and 3.04 A, resp., Table 1). Furthermore, the O,—H—O¢ angle values of (R)-3a
(178.1°) and (S)-3a (170.2°) were close to 180° and thus confirmed the presence of
the strong P=0O---HO intramolecular H-bond. To substantiate our experimental
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results, DFT calculations were performed with (R)-3a. The calculated distances differ
less than 0.3 A from those given in Table I (except for d(O¢---N)=3.682 A%), and
therefore confirm the strong intramolecular H-bond between the P=0O and OH func-
tions, and the weak intramolecular H-bond between the OH and nitroxide functions.
Although the calculated angle Op,—H—O is slightly more bent (167.1°) than the one
given by the X-ray data, it confirms the strong intramolecular H-bond. The other angles
are different of less than 6°. Furthermore, natural-bond-orbitals analysis shows dona-
tion (ngp — 0%o_y) of the two lone pairs (n) of the Op atom into the anti-bonding o*
orbital of the O—H bond, and the stabilization energy is ca. 56.0 kJ/mol*).

As can be seen from Fig. 2, the N—O moieties of (R)- and (S)-3a are much encum-
bered, and the P=O function is turned toward the N-atom, in contrast to what is
observed for 4a’. Identical P--- Oy bond distances for (R)- and (5)-3a and 4a’ discard
a potential stabilizing electrostatic interaction between the P-atom and the O-atom
of the nitroxide moiety. However, in both enantiomers of 3a, the distances
(Op‘s”---NM) between the partially negatively charged O-atom of the phosphoryl
group and the partially positively charged N-atom of the nitroxide moiety (due to
the presence of mesomeric form B, see Scheme 2) are equal to or smaller than the
van der Waals radii sums and shorter than that of 4a’ (Table 1). Therefore, it is likely
that a stabilizing electrostatic interaction occurs between the O- and N-atoms, which
favors the mesomeric form B of (R)- and (S)-3a (Fig. 3)°). Moreover, the presence of
that interaction is highlighted by the important changes in the N—C—P—O torsion
angle from ca. 89° for 4a’ to roughly 39° for (R)- and (S)-3a (Table I). Other torsion
angles, 6 and 0y, of (R)- and (S)-3a exhibit values close to those of 4a’.

Scheme 2. Mesomeric Forms A and B for the Nitroxide Radical

R! R!
\ . N+
N-O N-O
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Fig. 3. Stabilizing electrostatic interaction and intramolecular H-bonding in
(R)- and (S)-3a

4)  Supplementary material concerning the calculations is available upon request from the authors.

) d(Oc---N) distances are close to the value of the van der Waals radii sums and then might possibly
stabilize mesomeric form B (Scheme 2) by electrostatic interaction between the partially negatively
charged O-atom of the OH group and the partially positively charged N-atom of the nitroxide moi-
ety. Charges calculation with the CHelpG scheme [18] provided positive charges on P (+0.91), N
(+0.19), and Hy (+0.42), and negative charges on Op (—0.61), Oy (—0.42), and Oy (—0.72), as
expected.
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EPR Measurements. It is well established that the N-hyperfine coupling constant ay
of nitroxide radicals is sensitive to the electron-donating (ED) or electron-withdrawing
(EW) capacities of the groups attached to the N—O moiety [15]. This influence can be
explained on the basis of the canonical forms A and B of the nitroxide function (Scheme
2) [19]. ED groups will favor the form B more while EW groups will favor more the
form A. Then, ay should be larger for B than for A. Therefore, any intramolecular
H-bond (Fig. 4) should stabilize B and one should observe a larger value of ay [15].
However, Marque and co-workers [11f] showed that the stabilizing effect of the intra-
molecular H-bond might be balanced by the destabilizing effect of the EW CH,OH
group like for radicals 1a and 2a (Fig. 1, Table 2). Furthermore, with 1a, 2a, and 5a
they pointed out that the -H hyperfine coupling constant ay;; was not modified by
the presence of the intramolecular H-bond when the OH group was located on the
tBu-like group (7able 2, Figs. I and 4) [11f].

(SN

R H
R 1a R = CH,OH

N-O" 2aR=Me
©_§7 Fig. 4 Typical intramolecular H-Bond in nitroxide radicals
1a and 2a

Table 2. EPR Data for Nitroxide Radicals 1a—5a?)

ay [G] ay; [G] aps [G] Ref.
1a 14.88 2.69 b [11f]
2a 14.84 272 b [111]
3a°) 13.70 ca. 09) 40.7 this work
4a°) 13.60 ca. 09) 46.6 this work
5a 14.83 2.66 o [111]

a) In (tert-butyl)benzene, 10~* M at room temperature. ) No P-atom. ¢) g=2.0063. 9) Not resolved, see
text. ©) g=2.0061. 4a’ exhibits the same EPR data, see [22].

The -H hyperfine coupling constants ay; of both 3a and 4a are not resolved because
the H-atom lies nearly in the nodal plan of the 3-electrons w-bond of the nitroxide moi-
ety (Fig. 5), and ay; (3a) is not sensitive to intramolecular H-bonding, as was expected
(Fig. 6). Similarly, the difference between ay (3a) and ay (4a) is not striking (Fig. 6 and
Table 2), as expected from ay values of OH derivatives 1a and 2a. A contrario, the value
of the -P hyperfine coupling constant ap; of 3a is clearly and unexpectedly much
smaller than that of 4a. In fact, this observation is very well accounted for by an intra-
molecular H-bond between the phosphoryl and the OH groups, as deduced from X-ray
data (vide supra) and depicted in Figs. 2 and 5°).

Indeed, assuming py-Bp=58 G (pon- Bx is the hyperconjugation term given for a
family of radicals) [20] and applying the Heller-McConnell relationship (Egn. 1) [21],

%)  EPR hyperfine coupling constants were calculated at the level UB3LYP/6-31++G(d,p) and were
close to the experimental ones, i.e., axy=11.8 G, ay=0.8 G, and a,=38.9 G.
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Fig. 6. ESR spectra in (tert-butyl)benzene: a) nitroxide radical 3a and b) nitroxide radical 4a

0p of 3a and 6, of 4a (dihedral angles between the P—C—N plane and the CN orbital &
plane containing the odd electron) were estimated at ca. 33° and 26°, respectively. The
value of 6, (3a) was close to the value obtained from X-ray data (see Table 1). Thus, by
using the value of 81° given by the X-ray data (Table 1) for the dihedral angle 6 (3a),
assuming a 0y (4a) of —86° (—60° —0p) and py- By =26 G [20], ay, (3a) and ay, (4a)
were estimated at ca. 0.6 G and 0.13 G, respectively, too small to be resolved under
our experimental conditions (AH,,~1 G). Unfortunately, the ap; value of 32 G esti-
mated with Egn. 1 (8,=40° given by the X-ray structure) did not agree with the exper-
imental EPR value of ca. 46 G for 4a’ [22]. Furthermore, the X-ray value of 6y (77.5°,
Table 1) is sufficiently large that the ay; would have been detected. The strong differ-
ence in 6 (4a’) between the X-ray data and the value deduced from the EPR liquid-
phase measurements (6 (4a") ~26°) was likely due to a crystallization (packing) effect
involving a slightly different conformation in the crystal state than in solution.

axs = py - Bx - cos’ b 1)

An intramolecular H-bond between the phosphoryl and the OH group suppressed
the compensation of the electron-attracting effect of the OH groups, but the expected
decrease in ay (3a) was not observed. Indeed, the short P=0O---N distances involved an
electrostatic stabilization of the mesomeric form B and thus the electron-withdrawing
effect of the OH group was balanced (Figs. 4-6). It is worthy to mention that the decay
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of 3a was monitored [9a] at 120° by EPR”) involving that the intramolecular H-bonding
is detected at such high temperature and, then, is likely to occur in the course of the
polymerization.

Polymerization Experiments. In the previous sections, we clearly established the
presence of strong P=0---HO and weak OH:--"ON™ intramolecular H-bonds, and
of electrostatic interactions. Because the intramolecular H-bonding did not occur
with the nitroxide moiety, one might expect that such H-bondings occur also in the
alkoxyamine. If such a H-bonding occurs both in the transition state (TS) and in the
initial state of 3b, and assuming that the strength is the same in both states, the intra-
molecular H-bonding should not influence k4. Consequently, the difference observed
would be due to the combined effects of the weak intramolecular H-bond and electro-
static interactions stabilizing the TS. Such interactions occur due to the strong
P=0---HO H-bond which forces the substituents to adopt the conformation depicted
in Figs. 2, 3, and 5. However, the very high steric hindrance around the aminooxy moi-
ety should disrupt the intramolecular H-bonding?®) in the alkoxyamine [23]. Whenever
there is an intramolecular H-bond (very unlikely) [23] or not in 3b, the discussion below
rests on the increase of k4 due to all the interactions observed in 3a.

In this section, we analyze the influence of the interactions observed in 3a in the
NMP process by comparing the k; values and the polymerization characteristics
In([M]y/[M]) vs. t** and average molar mass in number M, vs. conversion of 3b and
those of the most efficient alkoxyamines, i.e., 1b, 2b, 4b, and Sb. Tordo and co-workers
[7b] and Hawker and co-workers [7c] showed that 5a was a versatile and efficient nitro-
xide radical for the polymerization of styrene and a few other monomers. Recently,
Hawker and co-workers [7c][12] applied successfully alkoxyamines 1b and 2b to the
polymerization of styrene (3-4 h for 50% conversion and a polydispersity index PDI
of ca. 1.1 at 125°, and 48 h for 50% conversion and a PDI of ca. 1.20 at 85° both for
1b), but the decrease in the polymerization time was less striking when 2b was used
[7c]. Hawker and co-workers ascribed this improvement to a faster homolysis rate
[12]. The two-fold increase in k4 from 5b and 2b to 1b undoubtedly accounts for the
shortening of the polymerization time. The 4-fold increase in k, of 4b to 3b is also in
good agreement with an intramolecular H-bonding, and with the electrostatic stabiliz-
ing interaction as depicted in Figs. 3 and 5.

A linear plot of In([M],/[M]) vs. t** (Fig. 7) establishes that 3b, 4b, and 5b control
the polymerization of styrene via the persistent radical effect [S]. One should note
that the polymerization time decreases as k, increases along the series Sb <4b <3b
as expected from Egn. 2, where ty, is the time needed to reach 90% of conversion
and [I], the initial concentration of the initiating alkoxyamine) [5] [24].

32 1/2
s — 2In10 3k.k, @
3kP kd [I]O

7) At 120° in (fert-butyl)benzene, a,=42.5 G and ay=14.0 G for 3a. ap is larger than at room temper-
ature (7able 2) but clearly smaller than a; of 4a.

8)  Recently, crystals of 3b were grown, and an intermolecular H-bond P=0---HO was observed and no
intramolecular one.



HELVETICA CHIMICA ACTA — Vol. 89 (2006) 2127

2.0+
1.5
In(iM1/1M1)

1.0

0.5

0.0 T T T T T T
0 100 200 300 400 500 600

tZ/’d / 52/3 »

Fig. 7. Plot of In(/M]y//M]) vs. t** for alkoxyamines 3b (a), 4b (m), and 5b (e). Conditions: 200
equiv. of styrene and [alkoxyamine],=0.044m at 123°.

Moreover, the closeness of the polystyrene’s M, experimental values to the ideal
values (bold line in Fig. 8) highlights the efficiency of 3b, 4b, and 5b as controller agents
for NMP. Thus, at #5,, , and assuming that the chain length had no significant influence
on kg [26], the values of K and k, were roughly estimated for polystyryl-macroalkoxy-
amines 1a-PS, 2a-PS, 3a-PS, 4a-PS, and 5a-PS (Tuble 3). Hence, as expected from the
close values of kg, there is no significant difference in K between 5a-PS and 2a-P§, i.e.,
the intramolecular-H-bonding effect is balanced by the EW-group effect of the OH
group in 2a. Moreover, the much more efficient intramolecular H-bonding in la
leads to a higher K and thus a shorter polymerization time. Although 1b and 4b exhibit
very close kg, the ca. 6 times higher value of K for 4a—PS than for 1a-PS well accounts
for the faster polymerization observed for 4a—PS than for 1a-PS, and the slightly poorer
PDI of 4a—-PS§, that is, k. of 4a—PS is smaller than k_ of 1a—PS. The ca. 4-fold, 30-fold, and
23-fold increase in K from 4a-PS to 3a-PS, from 2a-PS and 5a-PS to 3a-PS$, and from
1a-PS to 3a-PS, respectively (Table 3), highlights the importance of the intramolecular
H-bonding effect on the fate of the polymerization, that is, a polymerization time ca. 2
times, ca. 5 times, and ca. 4.5 times shorter is observed with 3a-PS than with 4a-PS, 2a-
PS and 5a-PS, and 1a-PS, respectively, the PDI (<1.3) being kept low. As expected
from the work of Fischer and co-workers [27] on the recombination of the molecular
parent species (at 297 K in (tert-butyl)benzene, k. (3b)=3.0-10° 1 mol™' s™', k. (4b)
=3.1-10°1mol ' s, k,(5b) =8.0-10° I mol ' s '), the k, of the macromolecular species
5a-PS is larger than those of 3a-PS and of 4a-PS. Furthermore, as for the molecular
species 3b and 4b, 3a-PS and 4a-PS exhibit very close k. values, which means that
the intramolecular H-bonding has no effect on the recombination reaction and thus
the (macro)alkyl radical approach to the nitroxide moiety is probably the same for
both 3a and 4a. Because of the probable large experimental errors, the complicated
role [28] of the H-bonding between the OH group and the nitroxide moiety in la—
PS, 2a-PS, and 5a-PS is not discussed. It is gratifying to note that the estimated
value of k, for 4a—PS is of the same order of magnitude as the values recently measured
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Fig. 8. Plot of M,, vs. conversion for alkoxyamines 3b (A), 4b (m) and 5b (e). The bold line represents
the theoretical values of M, for a truly living polymerization. Conditions: 200 equiv. of styrene and
[alkoxyamine],=0.044m at 123°.

Table 3. Polymerization Temperatures T, 50% Conversion Times tsy,, Averaged Number Molecular

Masses M,, at 50% conversion, Polydispersity Indexes PDI, Quasi- Equilibrium Constants K, C—ON Bond

Homolysis Rate Constants k,;, and Recombination Rate Constants K. for the Alkoxyamines 1b—5b and
Their Polystyryl Parent Alkoxyamines

Initiator T [°C] ts, [n] M, [g-mol™'] PDI  K?®) [10° mol 1"'] k4 [107°s™"] k»P) [10°1 mol ' s

1be) 125 ca. 35 ) a1l 10 9.1¢) 8.6
2b') 123 ca4  ca 10000  ca 11 08 6.7¢) 8.3
3b 123 0.75 ca. 10000 12 230 24.0¢) 1.0
4b 123 15 10295 12 58 7.28) 12
5b") 123 4 8436 1.1 08 4.52) 5.6

%) K values are given by Egn. 3 ([I],=0.044m, k,=20001mol " s™!, and k,=2.0 10° I mol ™" s" [25]), at t5, ,
for the polystyryl (PS) alkoxyamines 1a-PS, 2a-PS, 3a-PS, 4a-PS, and 5a-PS. ®) k. were estimated with
values given in columns 6 and 7 for 1a-PS, 2a-PS, 3a-PS, 4a—-PS, and 5a-PS. ) T, t5,, , and PDI are from
[12]. 9) Not determined. ¢) From [11f]. ) T, t50,,, M,,, and PDI are from [7c]. &) From [9a]. ') T 125°, t50,
5-6h, and PDI=1.03 from [7c].

by Guillaneuf et al. [29] (k.(4a-PS)=2.6-10° I mol™' s' at room temperature) for the
recombination of the polystyryl radical and 4a.

ky (2 In 2)3 3k,
K=—=(——] - 3
K\ 3k ) i, ®)

All alkoxyamines 3b, 4b, and Sb can be used to carry out an NMP experiment yield-
ing controlled and living polystyrene. Moreover, alkoxyamine 3b is the most efficient
agent for NMP, i.e., yields the shortest polymerization time (7able 3), and a low PDI
(<1.3).
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Conclusion. — Combining X-ray analysis and EPR spectroscopy, we showed that the
phosphoryl group is a better H-bond acceptor than the nitroxide moiety. Moreover, we
showed the importance of intramolecular H-bonding and of stabilizing electrostatic
interactions on the value of k4 and on the fate of the NMP. Furthermore, we highlighted
the potential of alkoxyamines containing a S-phosphorylated aminooxy fragment and
releasing a nitroxide radical capable of intramolecular H-bonding as controller agents.

The authors thank M. Giorgi for having performed X-ray analysis and the University of Provence,
ENSCM, CNRS, and Arkema for their financial support. S. A. and C. L. M. thank Arkema for their 3-
years grant.

Experimental Part

General. Solvents for syntheses, copper bromide, copper metal, Et;N, N,N-dimethylpyridin-4-amine
(DMAP), alcohols, N,N,N',N', N"-pentamethyldiethylenetriamine (pmdien) and 2-bromo-2-methylpro-
panoyl bromide were purchased from Aldrich and used as received. Styrene and (fert-butyl)benzene
were purchased from Aldrich and purified by conventional procedures [30]. Nitroxide radical 4a
(SG1) was kindly provided by Arkema. Nitroxide radical 5a and alkoxyamines 4b and 5b were prepared
following known procedures [7b][31]. TLC (reaction monitoring): silica gel plates (60 F 240, eluent
AcOEt/pentane 1:1), detection by UV and phosphomolybdic acid. Column chromatography (CC): silica
gel 60 (70-230 mesh, Merck), eluent AcOEt/pentane 3 : 1. NMR Spectra (performed in the ‘Spectropdle’,
Marseille): Avance-Bruker-300 spectrometer; 'H at 300, 3C at 75.48, and *'P at 121.59 MHz; CDCl,
solns.; ¢ in ppm rel. to SiMe, (internal ref.) for 'H, to CDCl, (internal ref.) for *C, and to 85% H;PO,
soln. (external ref.) for *'P, J in Hz. Elemental analyses were performed in the ‘Spectropole’, Marseille.

1-(Diethoxyphosphoryl)-2,2-dimethylpropyl 2-Hydroxy-1,1-dimethylethyl Nitroxide (3a): At 10° and
under N,, 2-amino-2-methylpropan-1-ol (2.87 g, 33 mmol) was added dropwise to a soln. of pivalaldehyde
(=2,2-dimethylpropanal; 2.6 g, 30 mmol). The mixture was heated up to 40° for 6 h, and the H,O was
removed. Molecular sieves were added, and the soln. was heated at 40° for 1 h. Diethylphosphonate
(6.21 g, 45 mmol) was added at r.t., and the mixture was heated at 40° for 22 h. The mixture was poured
in CH,Cl, and the precipitate filtered off. The soln. was acidified with 5% HClI soln. (— pH 3), and the
soln. washed with CH,Cl, (5x20 ml). The aq. layer was basified with KHCO; (— pH 8) and then
extracted with CH,Cl, (2x20 ml), the org. layer dried (MgSO,), and the solvent evaporated: amine
(4.41 g, 50%). Colorless oil. 'H-NMR (CDCl;, 400 MHz): 0.91 (s, 3 H); 0.98 (s, 9 H); 1.07 (s, 3H);
129 (¢, JHH)=7.0, 3H); 1.30 (+, JHH)=7.0, 3H); 2.74 (d, JHP)=17.6, 1 H); 3.07 (d, J(H,
H)=11.7, 1 H); 3.37 (d, JHH)=117, 1 H); 4.04-4.12 (m, 4 H); 5.05 (s, 1 H). *C-NMR (CDCl,,
50.32 MHz): 16.15-16.34 (m, MeCH,0); 22.87 (s, Me;,CCH,0OH); 26.96 (s, Me,CCH,OH); 27.80 (d,
J(P,C)=5.9, Me;C); 34.79 (d, J(P,C)=84, Me;C); 54.55 (s, Me,CCH,0OH); 58.82 (d, J(P,C)=141.9,
CHP); 61.54 (d, J(C,P)=8.3, MeCH,0); 62.34 (d, J(C,P)=8.3, MeCH,0); 69.16 (s, CH,OH). *'P-
NMR (CDCl;, 40.53 MHz): 31.11.

A sat. aq. (20 ml) EtOH soln. of Oxone (24.5 g, 40 mmol) was added in small fractions to the amine
(2.95 g, 10 mmol) and Na,CO; (24.5 g, 60 mmol), at r.t. within 2 h under vigorous stirring. After comple-
tion, Et,0 (40 ml) was added, and the precipitate was filtered off. The Et,O was removed, and the residue
was taken up in heptane. The EtOH was removed by azeotropic distillation (EtOH/H,O/heptane). The
soln. was poured in H,O (30 ml) and then extracted with CH,Cl, (3x30 ml), the org. phase dried
(MgS0,), the solvent evaporated, and the residue subjected to CC (pentane/AcOEt 1:1): 3a (2 g,
66% ). Orange powder. M.p. 10-15°. Anal. calc.: C 50.29, H9. 42, N 4. 51; found: C 50.31, H 9.40, N 4.47.

Diethyl-{(IRS)-1-{(2-Hydroxy-1,1-dimethylethyl) [ (ISR )-1-phenylethoxy Jaminoj}-2,2-dimethylpro-
pyljphosphonate ((RS,SR)-3b) and (RR,SS)-3b. To a degassed soln. of CuBr (0.35 g, 2.4 mmol) and cop-
per (0.15 g, 2.4 mmol) in benzene, pmdien (0.66 g, 4.8 mmol) was added dropwise, and the soln. was kept
under N, bubbling for another 10 min. Then, a degassed benzene soln. of 3a (0.5 g, 1.6 mmol) and (1-bro-
moethyl)benzene (0.45 g, 2.4 mmol) was added, and the mixture was stirred for 2 days at r.t. under N,.
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Then, Et,0 (30 ml) was added and the solid filtered off. The org. layer was washed with H,O until color-
less, the org. layer dried (MgSQ,), the solvent evaporated to yield a colorless solid (65% ). The two dia-
stereoisomers were separated by CC (pentane/AcOEt 1:1). Anal. calc. for C,;H;xNOsP: C 60.69, H 9.22,
N 3.37; found: C 60.64, H 9.35, N 3.34.

Data of (RS,SR)-3b: M.p. 75°. "TH-NMR (C,Ds, 400 MHz): 0.80 (¢, J(H,H)=7.1, 3 H); 0.83 (¢, J(H,
H)=7.1,3H); 1.15 (s, 3H); 1.25 (s, 9H); 1.26 (s, 3H); 1.52 (d, JHH)=6.7, 3 H); 3.51 (m, 5 H); 3.97
(d, J(H,P)=26.8, 1 H); 4.11 (d, JHH)=11.5, 1 H); 5.12 (s, 1 H); 5.26 (¢, JHH)=6.6, 1 H); 7.06 (¢,
J(HH)=7.3, 1 H); 7.17 (m, 2 H); 7.51 (d, J(H,H)=7.4, 2 H). BC-NMR (C,Ds, 100.64 MHz): 16.34 (d,
J(CP)=6.1, MeCH,0); 16.76 (d, J(C,P)=6.3, MeCH,0); 22.62 (s, Me,CCH,OH); 24.87 (s,
PhCH(Me)O); 26.70 (s, Me,CCH,0OH); 31.27 (d, J(C,P)=6.5, Me;C); 35.82 (d, J(C,P)=3.0, Me;C);
60.83 (d, J(C,P)=7.9, MeCH,0); 62.29 (d, J(C,P)=6.3, MeCH,0); 65.43 (s, Me,CCH,OH); 68.27 (s,
CH,OH); 70.28 (d, J(C.P)=135.4, NCHP); 78.58 (s, PhCH(Me)O); 127.3-128.7 (m, arom. CH); 128.7
(s, arom. C). *'P-NMR (C¢Dy, 40.53 MHz): 26.86.

Data of (RR,SS)-3b: M.p. 81°. "H NMR (C¢Dy, 400 MHz): 0.81 (s, 3 H); 1.04—1.1 (m, 9 H); 1.31 (s, 9
H);1.63 (d,J(H,H)=6.7,3 H);3.23-3.27 (m, 1 H); 3.84 (d, J(H,P) =26.6, 1 H); 3.94-4.01 (m, 4 H); 4.63
(s, 1 H); 5.00 (m, 1 H); 7.08 (¢, J(H,H)=5.3, 1 H); 7.15 (m, 2 H); 7.35 (d, J(H,H)=6.1, 2 H). "C-NMR
(CsDg, 100.64 MHz): 16.66 (d, J(C,P)=6.2, MeCH,0); 1691 (d, J(CP)=5.9, MeCH,0); 24.46 (s,
Me,CCH,0H); 25.36 (s, PhCH(Me)O); 27.40 (s, Me,CCH,OH); 30.78 (d, J(C,P)=5.1, Me;C); 33.20
(d, J(CP)=42, Me;C); 60.76 (s, Me,CCH,OH); 62.12 (d, J(CP)=59, MeCH,0); 65.75 (s,
MeCH,0); 67.63 (s, CH,OH); 70.18 (d, J(CP)=134.0, NCHP); 86.09 (s, PhCH(Me)O);
127.25-128.93 (m, arom. CH); 146.13 (s, arom. C). *'P-NMR (C,Dy, 40.53 MHz): 27.51.

EPR Measurements. The EPR spectra were recorded on a Bruker-EM X spectrometer with an NMR
gaussmeter for field calibration. The sample consisted of a thaw-freeze—thaw-cycles-deoxygenated (tert-
butyl)benzene soln. (10~* M) of 3a or 4a. The instrument settings were as follows: microwave power 20
mW, modulation amplitude 0.3 G, modulation frequency 100 kHz, scan time 20 s, 2 K data points.

Polymerization Experiments. Typically, a mixture of alkoxyamine 3b, 4b, or 5b (0.036 mmol) and sty-
rene (7.24 mmol) in a Schlenk flask was thoroughly purged with Ar. Then, bulk polymerization was con-
ducted at 123°, under Ar and magnetic stirring. Samples were withdrawn under positive Ar purge and
analyzed by size-exclusion chromatography (SEC) and 'H-NMR. Molecular masses were determined
by SEC calibrated with polystyrene standards. SEC was performed with a Spectra-Physics-Instru-
ments-SP8810 pump and a Shodex-Rlse-61 refractometer detector (eluant THF, 30°, 1 ml min~!, two col-
umns PLgel Mixed-D).

Computational Method. All calculations were performed with the Gaussian 03 molecular orbital
package [32]. The geometry optimizations were carried out without constraints at the UB3LYP/6-

Table 4. Crystal Data, Data Collection and Refinement for Nitroxide Radicals (R)- and (S)-3a?)

Crystal color, habit colorless, prism 6 [°] 1-22.64

Crystal dimensions [mm] 0.4%x0.4%x0.3 u [mm~] 0.175

Formula C;H,yNOsP T [K] 298

M, 310.34 Measured reflections 12440

Crystal system orthorhombic  Reflections with 1>3b1 2387

Space group Pca,, Miller indices: —-13<h<0

Cell parameters: —18<k<0
a[A] 12.3330(10) —18<1<0
b[A] 16.691(3) Refinement on F Constrained H-atom parameters
c[A] 16.259(3) R 0.135
VA% 3470.4(90) WR 0.250

VA 8 Godness of fit § 3.77

D, [Mg-m~] 1.25 Reflections 2531

Radiation MoK, Parameters 360

Reflections for cell parameters 12440 Ao (max, min) [eA~*]  0.70, —0.71
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31++G(d,p) level of theory. Vibrational frequencies were calculated at the UB3LYP/6-314++G(d,p)
level to determine the nature of the located stationary points. Frequency calculations were performed
to confirm that the geometry was a minimum (zero imaginary frequency). The single-point energies
were then calculated at the UB3LYP3/6-311++G(3df,3pd) level of theory. The optimized preferred con-
formation of the model compound was analyzed with the natural-bond-orbitals method [33], included in
the Gaussian 03 package (NBO 3.1).

X-Ray Measurement. Experiments were performed on a Bruker-Nonuis-KappaCCD diffractometer
with MoK, source. All the data needed for the determination of the X-ray crystal structure are listed in
Table 4.
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