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Structure elucidation

Alkoxyamines and persistent nitroxides are important regu-
lators of nitroxide-mediated radical polymerization (NMP)
reactions. Because polymerization times decrease with an in-
crease in the rate constant for the homolysis of the C-ON
bond between the polymer chain and the nitroxyl moiety, the
factors influencing the cleavage rate constant are of con-
siderable interest. Therefore, it was interesting to check
whether the methyl effect (+17 kJ/mol for each methyl added
onto the carbon atom of the C-ON bond) observed in the
TEMPO-based alkoxyamine series was also observed in the
SG1  [N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-dimethyl-
propyl)aminoxyl] series. Moreover, we extended the incre-
mental substituent scale proposed earlier and confirmed the

versatility of the multiparameter analysis developed in pre-
vious work. X-ray and natural bond orbital (NBO) analyses
of several SG1-CHMeCOOR alkoxyamines showed that the
difference in reactivity between the (RR/SS) and (RS/SR) dia-
stereoisomers is caused by a n,—c* interaction between the
n, lone pair of the oxygen atom of the ester bond and the ¢*
orbital of the cleaved O-C bond. Furthermore, a compilation
of the effects — steric, polar, stabilizing, long-distance polar
and long-distance reverse steric — of the leaving alkyl radical
on the value of k4 for C-ON bond homolysis led us to ques-
tion the one-step mechanism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

A decade ago, Rizzardo!'l and Georges!?! and their co-
workers showed that it was possible to prepare well-defined
polymers using nitroxyl radicals or alkoxyamines as con-
trollers. Nitroxide-mediated polymerization (NMP) was
born*# and it has inspired numerous studies, carried out
to elucidate the mechanism®! and kinetics of polymeriza-
tion,!® !l to prepare new polymers?!>14 and to develop
more efficient initiators/controllers.'>>? Scheme 1 depicts
a simplified!?®) NMP process, with k4 the rate constant for
C-ON bond homolysis in the alkoxyamine (the so-called
dormant species), k. the rate constant for the reformation
of the alkoxyamine, k, the propagation rate constant for
the polymerization reaction and k, the self-termination rate
constant.

Recent results obtained by our groupt%-23 showed that
the initiating step, that is, the value of kg, is of the highest
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importance for the successful control and quality [low poly-
dispersity index (PDI), high livingness] of the NMP process.
For example, the polymerization reaction can be initiated
only with alkoxyamines that react at least as fast as the
model alkoxyamine and exhibit the right value of the pre-
equilibrium constant K. However, this does not ensure suc-
cessful NMP.I 1l Indeed, the NMP of the n-butyl acrylate
monomer initiated with 9 (Figure 1) or similar alkoxy-
amines requires the addition of free nitroxyl radicals to con-
trol the polymerization as a result of the large value of k,,
The same polymerization reactions carried out with the ter-
tiary alkoxyamines presented in this paper were performed
without adding free nitroxyl radicals. Furthermore, the con-
trol was observed from 10 up to 80% conversion whereas
the control is, in general, observed only above 30% conver-
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Figure 1. Structures of SG1-based alkoxyamines exhibiting long-range steric and polar effects.

sion.[?%23] Moreover, the amount of added nitroxyl radicals
depends a great deal on the experimental conditions which
is a major drawback for the scaling-up of this technique to
the industrial scale. On the other hand, a monocomponent
system based on the fast homolysis of tertiary alkoxyamines
helps overcome this problem.

Alkoxyamines (R'R?>NOR?) are the key intermediatest!
of NMP and the strength of the C-ON bond is a crucial
parameter for its control.°- "1 It has been shown that the
activation energy (E,) of the homolysis step is a good esti-
mate of the value of the bond dissociation energy (BDE) of

N-O' O‘,‘: N-0'
EtQ”/
EtO

23 (TEMPO) 24 (SG1)

the C-ON bond.?*?3] We and others have shown that the
C-ON bond in alkoxyamines is either strengthened by an-
omeric?%?7 (due to, for example, a heteroatom bound to
the carbon) and polar effectsl?*2"3% [due to an electron-
withdrawing group (EWG) bound to the nitrogen atom] or
weakened by the steric strain and polar effects of both alkyl
and nitroxyl fragments.[!3:17:21.24.26.31=35] Fyrthermore, sta-
bilization[?+26-28:31.33] of the released alkyl and nitroxyl rad-
icalsi?’-?%1 — stabilized by an intramolecular hydrogen bond
— also weakens the C—-ON bond. A few years ago, studies®*
on TEMPO (2,2,6,6-tetramethylpiperidin-N-oxyl)-based alk-

,Me /11

A{; )L\//mo

aN-0'67

> 3< 5 O—g
2 8

P:O1

Et0”/

H H
O O O e oo e
H H H H
a b c dR

>~CN

g

H
»—CN
H
i

H—cn
H
h

m

>*COOH

N

»—COOH
H
t

u

For 24dR: R = Me, Ph, sBu, Bu
For 24eR: R = see Figure 1
For 24fR: R = Me

H
= % HM H‘<:> >~
H H H

n (1] P q
H
>—COOH n~BuOOC>_/*——<‘COOH
H H

eR fR

o O

1

CHj

1000}4

H v w

For 23dR: R = tBu
For 23eR: R = sBu and {Bu
For 23fR: Bu

Figure 2. Structures of the alkyl and nitroxyl fragments composing the alkoxyamines of type 23 and 24.

1756

WWW.eurjoc.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Org. Chem. 2006, 1755-1768



Alkoxyamine C-ON Bond Homolysis: Stereoelectronic Effects

FULL PAPER

oxyamines showed that the presence of a methyl group on
the carbon atom of the C-ON bond reduces the activation
energy of homolysis by roughly 17 kJ/mol. Up to now, this
effect has only been clearly observed with TEMPO-based
alkoxyamines. Recently, we examined the effect of the ester
group on the k4 of SG1 [N-tert-butyl-N-(1-diethoxyphos-
phoryl-2,2-dimethylpropyl)aminoxyl]-CHMeCOOR  alk-
oxyamines (Figure 1) and observed that both diastereoiso-
mers exhibited sensitivities similar to the long-range reverse
steric effect3-371 — decreasing k4 with increasing size of the
ester group — and different to the long-range polar effect.>”!
With the new alkoxyamines 24g, 24dMe, 24dPh, 24u and
24v, we present herein the first complete series of SGI-
based alkoxyamines (primary, secondary and tertiary alkyl
groups, Figure 2). We also present a more complete incre-
mental substituent scale and a multiparameter analysis that
includes the tertiary alkyl SG1-based alkoxyamines and a
few other new ones. These are useful tools for pre-estimat-
ing the activation energy of the homolysis step and thus the
values of the homolysis rate constant k4. Based on X-ray
structures [24dPh, 24s, (RR/SS)- and (RS/SR)-17, (RS/SR)-
24eMe] and Natural Bond Orbital (NBO) analyses [(RS/
SR)- and (RR/SS)-24eMe and (RR/SS)- and (RS/SR)-2],
we propose a stereoelectronic effect (n,—c* interaction) to
account for the differences in reactivity observed for several
diastereoisomers of SG1-based alkoxyamines.

Unfortunately, not all derivatives of the two nitroxyl rad-
icals were available. Alkyl fragments a, b, dR, eR, g, h, j, p,
q, s and t should be reasonable models for the propagating
radicals of o-methylstyrene, styrene, methacrylates, acry-
lates, methacrylonitrile, acrylonitrile, butadiene, ethylene,
isoprene, methacrylic and acrylic acid, respectively, pro-
vided a weak penultimate effect occurs. For the sake of con-
ciseness, not all the kinetic parameters for all the alkoxy-
amines are reported in Table 1 but all the missing data are
available in the literature.[>427-33.35-37]

Results

Alkoxyamines 24dMe, 24dPh and 24g were prepared
using the atom transfer radical addition (ATRA) pro-
cedurel3®381 (Scheme 2). Alkoxyamine 24v was prepared by
1,2-addition of 24s onto n-butyl acrylate.?*) Alkoxyamine
24u was obtained by hydrolysis of 24fMel*¥ according to a
procedure previously described.(]

VR
R3
B1r k3 _SG1,rt, 1h Q N-O
Rg2 ~ PDMETA,CuBr ___P
Cu(0) EtO /
EtO

24

24dPh: R! = R? = Me, R? = COOPh
24dMe: R! = R? = Me, R’ = COOMe
24g :R'=R?=Me,R*=CN

Scheme 2.

Kinetic measurements were performed by monitoring the
decay of alkoxyamine concentration by means of 3'P NMR
spectroscopy in the presence of an excess of thiophenol as
alkyl radical scavenger.[*] Rate constants kq are given by
Equation (1).

In ([alkoxyamine]/[alkoxyamine]y) = —kgt (1)

All experiments were carried out twice and activation en-
ergies E, were estimated using the averaged frequency fac-
tor (2.4x10' s71) defined in the literature and all rate con-
stants kg were reestimated at 120 °C to be consistent with
the literature.?*?”1 The values of the radical stabilization
constant ogrg,*? the universal electrical (polar inductive/
field) Hammett constant ¢1,*'*? the Charton steric con-

Table 1. Activation energies E,, rate constants kg at 120 °C, radical stabilization Hammett constants ogs, universal electrical (polar
inductive/field) Hammett constants o, Charton steric constants v, radical stabilization energies (RSE) and bond dissociation energies

(BDE) of the new released alkyl radicals.

Alkoxyaminel®  E, I kgt s ol vldl RSE®dl BDE(C-H)™4  Ref.
24dPh 104.8[¢! 2.82 0.2011 0.101e] 135001 —11.711 379.0(x15.0)1 this work
24g 107.31 1.31 0.22 0.14 1.20 -14.2 362.6(+8.4) this work
24dMe 108.91 0.80 0.20 0.07 1.43 -11.7 379.0(+15.0) this work
24dsBu 110.30ml 0.52 0.2011 0.07enl 1.380l —11.710 379.0(x15.0)1 1371

24s 112.3M°] 0.34 0.21 0.07 1.24 -12.3 388.5(+12.1) (331
24d7Bu 112.3mI 0.28 0.2011 0.071eal 1.3701] —11.711 379.0(x15.0)1 1371

24v 124.55 6.80x1073 0.18M4 0.10M 1.20M —11.714 385.0(x15.0)11 this work
24q 139.7 6.50x107 0.12 -0.01 1.24 0.0 404.0(£1.7) [34]

24u 150.611 2.30x10° 0.15M 0.1114 0.65 -12.3 407.5(%£15.0)2al  this work

[a] SG1 as nitroxyl moiety. [b] In kJ/mol. [c] In s™!. Values estimated using the E, values in the second column and the average frequency
factor A4 of 2.4x10'" s given in refs.?427-2°1_ [d] Values given in ref.[>*] unless otherwise mentioned. [e] Two runs, 7 = 25-30 °C. [f] See
text. [g] Given by Equation (10). [h] oy p, = 0.12, see ref.¥?l. [i] Given by Equation (11). [j] vpy, = 1.36, see ref.[*8l. [k] Three runs, 7 = 40—
53 °C. [I] Three runs, T = 44-57 °C. [m] See ref.’"l. For 24d#Bu, three runs, 7 = 52 -73 °C. [n] o1, = —0.01, see ref.[*. [0] v, = 1.02,
see ref.[*3]. [p] See ref.*3. [q] o1,y = —0.01, see refM?). [r] v, = 1.24, see ref.*3. [s] Two runs at 81 °C. [t] Values estimated for the eMe
fragment, see ref.133l. [u] Given by Equation (3), 15 = 0.07, 61.coomsu = 0r.coome = 0.32, see ref.*2l. [v] Given by Equation (5), v; = vp,
=0.76, v, = veoome = 0.9, 3 = vy = 0.56, see text and ref.[*]. [w] See ref.?4. [x] Two runs at 150 °C. [y] Given by Equation (7). [z] Given
by Equation (2), o1.coon = 0.30, see ref?l. [aa] Given in ref.*].
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stant v, Riichardt’s radical stabilization energy (RSE),*4!
the bond dissociation energy (BDE) of the C—H bond of
the released alkyl radical,*’! k4 and E, for the new alkoxy-
amines 24g, 24dMe, 24dPh, 24u and 24v are listed in
Table 1. All the data used in this work but not reported
in this paper are available in the literature.[’*27-33-371 For
convenience, the E, values for the alkoxyamines not re-
ported in Table 1 were also re-estimated using the mean fre-
quency factor of 2.4 x 10171,

The missing constants gy are given by Equations (2), (3)
and (4) for primary, secondary and tertiary alkyl groups,
respectively.[*] The missing constants v are given by Equa-
tion (5), which is derived from the segmental approach of
the steric effect by Charton.[*”] In fact, with alkoxyamines,
the first or basic fragment v, is either tBu, iPr or Et for
the tertiary, secondary and primary released alkyl radical,
respectively. The values of v, and v; depend on the size of
the groups, that is, v, > v3. v3 is used only when one of the
methyl groups is replaced by another group. The value of
v3 was chosen in accordance with the minimal steric interac-
tion (MSI) principle.*”! For example, with 24-CH(COOMe)-
CH,CMe,COOH, the alkyl fragment is CH(COOMe)-
CH,CMe,COOH; thus v; was iPr, v, was COOMe and v;
was Et because the bulky CH,CMe,COOH group presents
its smallest hydrogen atoms to the reactive center (MSI
principle) and thus should not be sterically more de-
manding than an ethyl group. The missing org constants
are given by Equations (6) and (7) and it was assumed that
the substituent of the ester group did not exert significant
influence on the stabilization of the radical center.3331 It
was also assumed that the radical ‘CH(COO#nBu)CH,CMe,-
COOH exhibited the same radical stabilization effect as the
radical ' CHMeCOOMe.

OLRICH2 = 0~416JI,R1 —0.0103 (2)
orrirach = 0.29750; 5 + 0.00482 3)
orrir2r3C = 0.248%01r + 0.00398 @)
v = 0.866v; + 0.4360, + 0.348v5 — 0.0455 (5)
RSE®"(primary) kJmol ! = RSE — 9.6 kJmol ! (6)
RSE°™ kJmol!
(0 e —— (7)
AH{(CHy)

It has recently been shown that opcamecoor and
VcaMecooR for the eR group are given by Equations (8) and
(9).481 The values of 0.3, 3.5 and 10 for the ratios of
kd,(24dzBu)/kd,(24dMe), kd,(24dPh)/kd,(24dMe) and kd,(24dPh)/
K4, (24asBu)> TESPECtively, are very similar to the corresponding
ratios obtained with 24eR (0.3, 2 and 6, respectively).[3%-37]
Thus, the effects observed with the isomers of the 24eR
series also occur with the tertiary 24dR series. Conse-
quently, o1.cme2coor and vemezcoor should be given by
Equations (10) and (11) with values of 0.267 and —0.099 for
x and &, respectively.

O1,CHMeCOOR = O1.CHMeCOOMe T KOIR — KOMe (3
UCHMeCOOR = VeHMecoOMe + SUR — EDpme )
01,CMe2COOR = O1,CMe2COOMe T KO R — KOMe (10)
VCMe2COOR = VeMe2coome T EVR — E0Me (11)

X-ray™! crystallographic analysis of 24dPh, 24s, (RR/
SS)- and (RS/SR)-17 and (RS/SR)-24eMe provided geo-

Table 2. Significant lengths /, distances d, valence angles a and torsion angles 6 for the X-ray structures of 24dPh, 24s, 17 [(RR/SS) and
(RS/SR) diastereoisomers] and (RS/SR)-24eMe and for DFT-calculated structures of 24eMe [(RR/SS) and (RS/SR) diastereoisomers)]

and 2 [(RR/SS) and (RS/SR) diastereoisomers].

24dPh 24s 17 17 24eMe 24eMe 24eMe 2 2
(RRISS) (RS/SR) (RS/SR) (RSISR) (RR/SS®  (RS/ISR)*  (RR/SS)

11A]
05-C6 1.460 1.463 1.429 1.438 1.433 1.434 1.435 1.435 1.435
N4-05 1.458 1.458 1.467 1.457 1.454 1.450 1.454 1.450 1.454
C3-P2 1.856 1.854 1.851 1.840 1.843 1.883 1.885 1.883 1.885
P2-0O1 1.457 1.466 1.456 1.469 1.460 1.492 1.491 1.492 1.492
O8XC9 1.416 bl 1.399 1.408 1.446 1.437 1.440 1.478 1.481
d[A]
N4-C6 2.497 2.508 2411 2.368 2.409 2.428 2.420 2.429 2.420
01-C7 5.356 5.246 5.161 2.881 3.921 3.972 5.265 3.987 5.271
N
<N405C6> 117.6 118.3 112.7 109.7 113.3 114.7 113.8 114.7 113.7
<C3N405> 106.1 109.1 106.1 108.5 107.8 105.6 107.0 108.5 107.0
<C708R> 118.3 109.5 118.1 116.3 116.3 115.5 1154 122.1 122.1
01[°]
<05C6CT708> 35.1k 38.3[l 39.8 28.0 28.6 25.2 40.5 259 38.1
<N405C6H> 6.7 7.9 9.2 454 72.7 75.7 6.5 76.6 5.9
<C605N4n, g > -13.1 —15.5 —6.6 20.9 13.5 12.7 -5.8 12.4 54
<OI1P2C3N4> 95.0 93.1 87.7 64.9 81.10 82.8 92.0 83.0 92.2
<C7C605N4> 117.0 115.3 111.3 162.6 169.8 169.0 113.6 169.1 114.4

[a] DFT-calculated geometric parameters. [b] Hydrogen atom instead of alkyl group. [c] <O5C6C7010> values. The anti conformation
for the O5C6C7010 sequence is preferred, see text. [d] <C60O5N4n, \,> = <C605N4C12> —120°.

1758

WWW.eurjoc.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Org. Chem. 2006, 1755-1768



Alkoxyamine C-ON Bond Homolysis: Stereoelectronic Effects

FULL PAPER

metric data such as bond lengths /, interatomic distances d,
valence angles a and torsion angles 6 (Table 2), which, in
general, are related to the effects ruling the C—-ON bond
homolysis of alkoxyamines (vide infra). It also provided in-
formation concerning the conformation of each molecule in
the crystal state which are expected to be similar to the
conformations in solution (Figure 3). Unfortunately, de-

{a) (L]

U]

Figure 3. X-ray structures of (a) 24dPh, (b) 24s, (c) (RR/SS)-17, (d)
(RS/SR)-17 and (e) (RR/SS)-24eMe, and calculated structures of
(f) (RS/ISR)-24eMe), (2) (RR/SS)-24eMe, (h) (RR/SS)-2 and (i)
(RS/ISR)-2.
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spite many attempts, it was not possible to grow crystals of
the (RR/SS) diastereoisomers of 24eMe and 2. Thus, DFT
calculations at the B3LYP/6-31G(d) level of theory were
performed to determine the geometric parameters of the
most stable conformers of the two diasterecoisomers of
24eMe and 2 (Figure 3). The calculated geometric param-
eters for the (RR/SS) diastereoisomer of 24eMe agree well
with the X-ray data (Table 2) and, thus, the data obtained
by DFT calculations for the (RR/SS) diastereoisomers of
24eMe and 2 and for the (RS/SR) diastereoisomer of 2 are
assumed to be as reliable as those obtained by X-ray analy-
sis. Furthermore, the calculated conformational structures
of the (RR/SS) diastereoisomers of 24eMe and 2, and of
the (RS/SR) diastereoisomer of 2 are very similar to those
determined by X-ray analysis of the (RR/SS) diastereoiso-
mer of 17 and the (RS/SR) diastereoisomers of 17 and
24eMe, respectively. The X-ray data and calculations show
that the nitrogen lone pair and the alkyl fragment of the
alkoxyamines adopt the expected syn conformation (Fig-
ure 3 and Figure 4).0% This conformation minimizes the re-
pelling interactions between the nitrogen and oxygen lone
pairs and the steric demand and although the alkyl frag-
ment is in the same hemisphere as the bulky /Bu group it
nearly eclipses the nitrogen lone pair (Figure 4). Owing to
the absence of electrostatic interactions between the P=0
and C=0 groups (vide infra) in 24dPh, 24s and the (RR/SS)
diastereoisomers of 24eMe, 2 and 17 (Figure 4, Table 2), the
alkyl group is slightly shifted to a position opposite the /Bu
group, whereas for the (RS/SR) diastereoisomers of 24eMe,
2 and 17, in which P=0---C=0 electrostatic interactions are
likely to occur, the alkyl group is strongly shifted towards
the ¢Bu group: 13.5°, 12.4° and 20.9° for the
<C605N4n, N4> angle from the nitrogen lone pair, respec-
tively (Table 2 and Figure 3). Such electrostatic interactions
overbalance the repulsive electrostatic interaction between
the n, lone pair of the oxygen atom O5 and the n, lone
pair of the nitrogen atom. Note that for 24dPh and 24s one
of the methyl groups (shifted by a few degrees towards the
tBu group, Table 2, Figure 3 and Figure 5) nearly eclipses
the nitrogen lone pair, which relieves the steric hindrance
and moves the ester or acid group towards the least steri-
cally and electrically demanding position. The same is ob-
served for the hydrogen atom on C6 in the (RR/SS) dia-
stereoisomers of 17, 24eMe and 2, whereas the staggered
form is preferred for their (RS/SR) diastereoisomers (Fig-
ure 3 and Figure 5, and <N4O5C6H> in Table 2) because
of the electrostatic interaction mentioned above.

tBu

& 5

n
(BP0 EICLOF N

R = ePh-p-N{); (17 RSER)

R = dPh. s, ePh-p-50, (17 RESS),
" erBu (2 R5SR) and eMe (RS5H)

erBu (2 RRSS) and eMe (RESS)

Figure 4. Newman projections along the N-O bond for the confor-
mations given by X-ray analysis.
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(EO)(0)P (EtO),(0)P

24dPh ‘R =Me an]d R!=Ph 17(RS/SR)  :R' =Ph-p-NO,

24s :R=Me, R'=H 24eMe (RS/SR) : R' = Me
17 (RR/SS)  :R=THand R’ = Ph-p-NO, 2 (RS/SR) ‘R Bu

24¢Me (RR/SS) : R = Hand R! = Me
2 (RR/SS) :R=Hand R! = Bu

Figure 5. Newman projections along the C6--*N atoms for the con-
formations given by X-ray analysis.

Because of steric hindrance and electrostatic interactions,
the ester groups of the (RS/SR) diastereoisomers of 24eMe,
2 and 17 are turned towards the phosphoryl group whereas
in the other alkoxyamines they are opposite both the /Bu
and phophoryl groups (Figure3 and Figure5, and
<C7C605N4> in Table 2). Note that for 24dPh and 24s,
which both carry a tertiary alkyl fragment, the relief of ste-
ric hindrance forces the cleaved O—C bond and the carbonyl
group into the anti conformation whereas for the other
molecules the syn conformation is preferred (Figure 3 and
Table 2). For the alkoxyamine carrying an aromatic group,
values of the <C708C9> angle of the ester function close
to 120° (Table 2) show that the n, lone pair of the oxygen
atom is conjugated to the carbonyl function while the ng
lone pair is conjugated to the aromatic ring (shortening of
the O8-C9 bond length, Table 2). In addition, the carbonyl
function is nearly orthogonal (5° < 6 < 14°) to the aromatic
ring and, therefore, there is no conjugation between the car-
bonyl function and the aromatic ring (Figure 6).

iBu
}\ /{ i
(EIOHOIP nE )\ A
(EL0)(OIP N

Me

Me COOR'

24dPh R =Meand R' = Ph COOR'
245 cR=Meand R' = H
17 (RR/SS) ‘R=Hand R' = Ph-p-NO, 17 (RSSR) : B! = Ph-p-NO,
24eMe (RR/SS) - R = Hand R' = Me 24eMe (RSSR) : R' = Me
2 (RR/SS) R=Hand R'=1Bu 1 (RS/SR) R! = Bu
X
24dPh; X = H

17 X =NO,

Figure 6. Newman projections for the conformations of the alkyl
groups, based on X-ray analysis.

Discussion

Methyl Effect

A few years ago, for the two triples (a, b, ¢ and d7Bu,
erBu, frBu) and a few pairs of TEMPO-based alkoxy-
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amines,”¥ it was shown that the introduction of one methyl
group into the leaving radical on average decreased the
value of E, by 17x4 kJ/mol. We recently showed that ob-
servations with TEMPO-alkoxyamines cannot be extended
to SGl-based alkoxyamines, for example, the alkyl ester
group exerts a steric effect in the SG1 series but not in the
TEMPO series.[37-33:34 Nevertheless, for the three triples (g,
h, i, dMe, eMe, fMe and s, t, u) a considerable methyl steric
effect is evident, for example, E, decreases by about 40 kJ/
mol from fR to dR in both the TEMPO (R = 7Bu) and SG1
(R = Me) series. It is important to note that the R group
has no effect on the value of k4 for the TEMPO-based al-
koxyamines and only the methyl ester is considered for
SGl-based alkoxyamines.?”! Similarly, in the series g, h, i
and s, t, u, by replacing a hydrogen atom by a methyl group,
E, decreases by 16.8 and 19.5 kJ/mol from the tertiary to
secondary alkyl fragments, respectively, and by 13.1 and
18.8 kJ/mol from the secondary to primary alkyl fragments,
respectively. That is, on average, the introduction of one
methyl group into the leaving radical reduces E, by 17 kJ/
mol for the SGI1 alkoxyamines. Thus, an increment of
—(17£5) kJ/mol for the introduction is estimated for all tri-
ples and pairs available with any nitroxyl fragment. In fact,
out of the 22 values of AE, available, only three are outside
the error limits, that is, AE, is more than 10 kJ/mol.

Because the ablility to predict the activation energies and
thus the values of kq is of great interest, the predictive scale
proposed by Marque et al.”* was extended to new released
alkyl radicals. Because b-based alkoxyamines are the most
studied, the b group was chosen as a benchmark and all
alkyl fragments available, whatever the nitroxyl moiety, were
scaled to it (Figure 7). For example, changing from b to
q changes the activation energy of TEMPO derivatives by
+12.9 kJ/mol, of SGI1 derivatives by +14.5kJ/mol, of
TIPNO derivatives®! by +16.6 kJ/mol (molecules 7a and
7b in ref.?”)) and by +15.0 kJ/mol (molecules 8b and 8¢ in
ref.?”ly and of DBNO derivatives®®' by +15.5 kJ/mol. When
several AE, values were available, the average is reported in
Figure 7.

1 g a dR s j b
-535 -17.7 -164 -12.8 -129 -65 0
h n m eR k t i
+0.1  +1.2 +48 +63 +6.5 +6.6 +108
[ q u fR p [} r

+13.0 +14.8 +252 +26.2 +34.6 +44.0 +60.6 kJ/mol

Figure 7. Incremental scale for various alkyl fragment with group
b as benchmark.

Bond Dissociation (BDE) and Radical Stabilization
Energies (RSE)

It has recently been shown for TEMPO-based alkoxy-
amines that the E, values are correlated to the BDE(C-H)
of the released alkyl radical.”*?"1 On the other hand,!3! for
SGl-based alkoxyamines two correlations were observed,
one for the primary and secondary nonpolar alkyl groups
and another for the primary and secondary polar alkyl
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groups. Furthermore, two other correlations were expected:
one for the nonpolar and one for the polar tertiary alkyl
groups.[3334 Because tertiary groups 24q and 24s are shifted
by about 20 kJ/mol from the nonpolar and polar lines, it
was expected that the polar tertiary alkyl groups would ex-
hibit a linear correlation with a slope similar to that of sec-
ondary and primary polar alkyl radicals [Equation (12)].
However, the slope observed [Equation (13)] is clearly dif-
ferent from what was expected (Figure 8). Because the mul-
tiparameter approach accounts well for tertiary alkyl radi-
cals (vide infra), such a result is certainly due to large er-
rorsi*l in the BDE values (Table 1), for example, assuming
values of 370, 373 and 376 kJ/mol for the BDE(C-H)s of
g-H, dR-H and s-H, respectively (values given when the er-
rors are accounted for, Table 1), the slope is in fact very
similar to the expected value (not shown). Figure 8 reveals
the importance of having accurate values of BDE(C-H) and
the limits of this approach to provide accurate estimates of
kq. Note that the E, value for 24u lies close to the polar
line. Thus, the deviating data for 24fMe is probably due to
the experimental conditions.[>?

E, (kJ/mol) = —177.8(+60.4) + 0.80(+0.15) x BDE (12)
R>=0.746; s = 5.2; N = 11
E, (kJ/mol) = 40.7(+25.7) + 0.18(+0.07) x BDE (13)

R>=0878;s=13; N=3

160 4

E /kJmol”

" 1404

100

T L) L} T
360 380 400 20
BDE(C-H) /Amol"  ———

Figure 8. E, versus BDE(C-H) for SG1-based alkoxyamines. Filled
symbols: primary and secondary alkoxyamines; empty symbols:
tertiary alkoxyamines; squares: nonpolar alkoxyamines; circles: po-
lar alkoxyamines.

In a recent report of TEMPO-based alkoxyamines, a plot
of E, versus RSE highlighted the importance of the stabiliz-
ing effect of the released alkyl radical, whereas, the data for
secondary and primary SG1-based alkoxyamines in such a
plot is widely scattered (Figure 9).331 However, the good
correlation observed for the E, values of tertiary alkyl radi-
cals with RSE [Equation (14)] led us to re-analyze Figure 9.
In fact, good correlations between E, and RSE with similar
slopes are observed only when i, fR, u and o [Equation (15)]
and h, eR, t and p [Equation (16)] as primary and secondary
alkyl radicals, respectively, are considered. Thus, SG1-based
alkoxyamines with b, k, m, ¢ and n are outliers. Figure 9
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exemplifies the importance of both radical stabilization
(three linear correlations) and the steric demand (outliers)
of the alkyl fragment.

E, (kJ/mol) = 139.4(£2.4) + 2.4(+0.2) x RSE (14)
R2=0982; s =25 N=4;¢=99.14%

E, (kJ/mol) = 170.2(£5.6) + 2.0(+0.5)x RSE (15)
R?=0.884: 5 =57, N =4; t=94.00%.

E, (kJ/mol) = 162.3(£2.6) + 2.7(+0.2) x RSE (16)

R>=10.968; s =2.6; N=7;1t=99.99%

0
165
< 1504
=)
£
=
w” 1354 k "
| .m
b® 0
120
105 T T T T
-50 -40 -30 -20

RSE (kJ mol "y ———

Figure 9. E, versus RSE for SG1-based alkoxyamines. Squares: pri-
mary alkoxyamines; circles: secondary alkoxyamines; triangles: ter-
tiary alkoxyamines.

Multiparameter Approach

We have recently shown that Equation (17) accounts for
the stabilizing, steric and polar effects involved in the ho-
molysis of the C-ON bonds of primary and secondary alkyl
fragments of SGl-based alkoxyamines and of 24q and
245331 As expected, 24u, 24g and 24dMe lie on a straight
line [see Figure 10 and Equation (S1) in the Supporting In-
formation].

log kg = ~14.04(20.83) + 14.30(£1.41)0 x5 +
21.44(£1.91)ay + 6.89(£0.72)v
R2 = 094, s = 048, F]g,gg_gg% =175

(17

Recently, for the series 1-22 (Figure 1), we have shown
that long-range polar and reverse steric effects occur.3>4%]
The polar effect was described as a normal polar effect with
the slower isomer [(RR/SS)] and as an enhanced polar effect
(upward deviation) with the faster isomer [(RS/SR)]. Con-
versely, the faster isomer might display a normal polar effect
and the slower one a retarded polar effect (downward devia-
tion). Therefore, the linear regression [Equation (18) and
Figure 11] observed for the primary alkoxyamines 24c, 24i,
24k, 24p, 24m and 24u, the nonpolar secondary alkoxy-
amines 24b and 24o, the tertiary alkoxyamines 24q, 24s,
24dMe and 24g and the secondary polar alkoxyamines 24t
and 24w accounts for merely the normal polar effect as-
suming that the primary and tertiary fragments adopt the
1761
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04
.14
24

34

log(k, /s") —m=

44

T T 1
6.0 7.5 9.0 10.5 12.0
13.90-0RS+21.08<Gl+6.18~u —

)
13.5

Figure 10. Log k4 for C-ON bond homolysis in SG1-based alkoxy-
amines versus a linear combination of molecular descriptors (ogs,
o1 and v). Circles denote tertiary alkyl and new SG1-based alkoxy-
amines.

same conformation. When 24dsBu and 24dPh are also in-
cluded in Figure 11, they lie on the straight line [Equa-
tion (18)], confirming that the normal polar effect occurs.
Hence, for 24eMe, 24h and 24t, which exhibit two isomers,
the isomer that is closer to the straight line should exhibit
the normal polar effect (Figure 11). The upward deviation
observed for the faster isomers highlights the enhanced po-
lar effect (Figure 11). For the series 1-22, Figure 12 shows
that the (RR/SS) isomers (the slower ones) of 24eR are
closer (normal polar effect) to the correlation [Equa-
tion (18)] and that the enhanced polar effect is emphasized
by the upward deviation of the (RS/SR) isomer of 24eR.
Clear evidence and explanations about the polar effect have
been given in previous papers.[33-33-48]

<
i

24

log(k, /sy —

44

6

-8

6 8 10 12 14
15.07:6,+20.00-6 +6.99-v ——s

Figure 11. Log k4 for C-ON bond homolysis in SG1-based alkoxy-
amines versus a linear combination of molecular descriptors (ogs,
o1 and v). (H): alkoxyamines of Equation (18); (@®): alkoxyamines
exhibiting long-range polar and steric effects; ((J): polar secondary
alkyl groups.
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1.5

-2.04

-2.54

-3.04

log(k, /5"y —

3.5

. ! T T
10.0 105 1.0 15 12.0
15.06.6,:20.006.+6.960 —a

Figure 12. Log k4 for C-ON bond homolysis in SG1-based alkoxy-
amines versus a linear combination of molecular descriptors (ogs,
oy and v). (M): alkoxyamines of Equation (18); (CJ): polar second-
ary alkyl and the penultimate fragments; (%): the (RR/SS) isomer
of 24eR; (A): the (RS/SR) isomer of 24eR.

log kg = —14.33(£0.54) + 15.06(+1.17)0gs +
20.00(+1.86), + 6.96(+0.43)
R*> = 098, s = 041, F14’99‘99% =152

(18)

Note that the combination of Equations (3), (5) and (18)
accounts for the stabilizing, polar and steric effects of the v
fragment. Therefore, the multiparameter approach [taking
into account 43 alkoxyamines, see Equation (S2) and Fig-
ure S1 in the Supporting Information] is versatile enough
to predict the rate constant ky when the penultimate effect
is involved (Figure 11).53!

X-ray Analysis and DFT Study

In their seminal paper, Moad and Rizzardo!!'! pointed
out that the lengthening of the cleaved C-ON bond and the
opening of the <N4O5C6> angle are not the most suitable
geometric parameters to correlate to the reactivity of alkoxy-
amines, whereas the increase in the C6---N4 distance en-
compasses both parameters and is more directly related to
the ease of C-ON bond homolysis. Thus, on going from
24eMe to 24s, a 100-300-fold increase in k4 is observed
whereas, unsurprisingly, a small A/ of 0.03 A is measured.
On the other hand, a clear increase of about 0.1 A for Ad
(N4---C6, Figure 3 and Table 2) and of about 5° for Aa
(<N405C6>, Figure 3 and Table 2) is observed. The same
behavior can be observed for alkoxyamines with aromatic
groups. These two parameters are probes for steric hin-
drance, that is, an increase in a and d values with increasing
steric hindrance is observed together with an increase in
the value of k4 when replacing the hydrogen atom on the
secondary alkyl fragment (eR) by the methyl group in the
tertiary alkyl fragment (s or dPh). Also note that C3-P2
lengths increase by 0.011 A on going from 24eMe to 24s.
However, these four geometric parameters [/(O5-C6), /(P2—
C3), d(N4---C6) and a(<N40O5C6>)] do not entirely ac-
count for the reactivity observed; that is, on going from 24s

Eur. J. Org. Chem. 2006, 1755-1768
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to 24dPh a 10-fold increase in ky is observed whereas no
significant changes in the geometric parameters are ob-
served, that is, A/ = ~0.003 and 0.002 A, Ad = -0.011 A and
Aa = -0.7°. Consequently, the correlations between geomet-
ric parameters and ky values are poor and neither provide
a clear insight into the effects involved in C—-ON bond ho-
molysis nor predict accurate values of k.

We recently mentioned that the enhanced polar effect
may be due either to a peculiar conformation or to a
through-space interaction between the P=0 and C=0 func-
tions.[*8] Therefore, the preferred conformations in alkoxy-
amines provided by X-ray data and calculations should help
to discriminate between the structural effects involved in the
homolysis step. For 24dPh, 24s and the (RR/SS) diastereo-
isomers of 17, 2 and 24eMe, the X-ray data and calculations
(Figure 3 and Table 2) show that the distance between Ol
and C7 is longer than 5 A, that is, more than the sum of
their van der Waals radii (ro = 1.65 A and rc = 1.85 A),[43
that the carbonyl function is insulated from the effect of
the phosphoryl group by the presence of a methyl group in
between and that the P=0O function is turned away (open
<OIP2C3N4> angle in Table 2) from the carbonyl func-
tion. Therefore, any electrostatic interactions between the
partial negative charge & on Ol and the partial positive
charge 6" on C7 are discarded. Note that the only signifi-
cant differences (Table 2) between the (RR/SS) diastereoiso-
mers of 2 and 24eMe are the 0.04 A lengthening of [(O8—
C9) and the 6.7° valence angle opening <C708C9>, which
underlines a larger steric strain in 2 than in 24eMe, which
hampers the conformational changes required for homoly-
sis to occur (vide infra). For the (RS/SR) diastereoisomers
of 17, 2 and 24eMe, the X-ray data and calculations (Fig-
ure 3 and Table 2) show that the distances between Ol and
C7 are 2.881, 3.987 and 3.972 A, respectively, that is,
smaller than or close to the sum of their van der Waals ra-
dii, that no methyl group insulates the carbonyl function
from the phosphoryl group and that the P=O function is
turned toward (close <O1P2C3N4> angle in Table 2) the
carbonyl function. Therefore, electrostatic interactions may
occur between the partial negative charge 6 on Ol and
the partial positive charge 8% on C7 (Figure 13). If such
interactions were strong, they should modify the partial
charges on P2, O1, C6, C7 and O10 and one would expect
an increase in the partial positive charge on C7, which

would increase the electronegativity y of C6 and thus in-
crease the value of kyg. The NBO charges obtained after
DFT calculations on the two diastercoisomers of 24eMe
and 2 at the B3P86/6-311++G(d,p)//B3LYP/6-31G(d) level
of theory show no difference in the partial charges of the
two diastereoisomers (Table ). Therefore, such an electro-
static interaction does not account for the difference in the
values of ky between the two diastereoisomers of 24eMe
and 17 which carries a strongly electron-withdrawing group
(C¢Hs-p-NOy) as ester substituent.[*] However, this electro-
static interaction is likely to play a role in the adoption of
the preferred conformation.

tBuMs < Bu s tBU’ N
t u 0%

R0 Ior! S

B> . g “ps OOR1 ,P/O

17 (RR/SS) = Ph-p-NO, 17(RS/SR)  :R! =Ph-p-NO,

24eMe (RR/SS) : R = Me 24eMe (RS/SR) : R! = Me

2 (RR/SS) :R!'=Bu 2 (RS/SR) :R!=Bu

Figure 13. Conformational requirements for electrostatic interac-
tions.

A detailed analysis of the conformations shows that the
anti conformation for the O5-C6-C7-0O10 sequence is
adopted in 24dPh and 24s whereas the syn conformation is
preferred for 24eMe, 2 and 17 (Figure 14). Note that the
(RR/SS) and (RS/SR) diastereoisomers of 24eMe, 2 and 17
do not exhibit the same syn conformation (<O5C6C708>
in Table 2), that is, the O5-C6 and C7-O8 moieties are stag-
gered by roughly 30 and 40° in the (RS/SR) and (RR/SS)
diastereoisomers, respectively (Figure 14). NBO analysis
(Table 3) of the diastereoisomers of 24eMe and 2 shows
strong n,—T interactions (£ = 200.0 kJ/mol) between the
n, lone pair of O8 and the m system of the carbonyl func-
tion for both alkoxyamines, as expected from the X-ray
data. Furthermore, NBO analysis (Table 3) shows n,—c*
overlapping (E = 2.6 kJ/mol) between the ng lone pair of
08 and the o* orbital of the cleaved O-C bond of the (RS/
SR) diastercoisomers of both 24eMe (Figure 15) and 2
while this type of overlapping (E < 2 kJ/mol) is not ob-
served for the (RR/SS) diastereoisomer of 24eMe and is
weak (E = 2 kJ/mol) for the (RR/SS) diastereoisomer of 2
(Figure 14). Thus, for the (RS/SR) diastereoisomer, popu-

Table 3. NBO charges and interaction energies for the (RR/SS) and (SR/RS) diastereoisomers of 24eMe and 2.[4]

24eMe 2
(RSISR) (RRISS) (RSISR) (RRISS)
NBO charges!®! (0] —-1.08 —-1.08 —-1.08 —-1.08
P2 2.33 2.33 2.33 2.33
05 -0.48 -0.48 -0.48 -0.48
C6 0.04 0.04 0.04 0.04
C7 0.81 0.80 0.82 0.82
010 -0.60 -0.61 -0.61 -0.62
Interaction energies!®! Ng.08—>6%C6-05 2.6 <2.0 3.0 2.2
Ny 05—TC7-010 199.8 203.1 206.2 210.3

[a] Structures of the (RR/SS) and (RS/SR) diastereoisomers of SG1 24eMe and 2 were calculated at the B3LYP/6-31G(d) level of theory.
The single point energies were then calculated at the B3P86/6-311++G(d,p) level of theory. [b] Given in a.u. [c] In kJ/mol.
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lating the o* orbital of the O6-C7 bond with electrons from
the O8 lone pair weakens the O6-C7 bond and conse-
quently increases the value of k4. This type of overlapping
does not stabilize the transition state (TS) because, here, the
favoured orbital overlappings are between the n, lone pair
of the O8 atom and the m bond of the carbonyl function,
and between the o* orbital of the cleaved C—O bond and
the © bond of the carbonyl function, excluding any n;—c*
overlapping (n, is nearly orthogonal to c*, Figure 16) as
described in Figure 14. On the other hand, the increase of
about 15 and 12° in the <O5C6C708> torsion angle in
the (RR/SS) diastereoisomers of 24eMe and 2, respectively
(Table 2), suppresses this ng—oc* orbital overlapping and
the normal polar effect is observed, as in the case of 24s and
24dPh in which the anti conformation forbids such ng—c*
overlapping. Moreover, such ng—c* orbital overlapping is
dependent on the electron-donating capacity of the oxygen
lone pair, that is, the presence of a strongly electron-with-
drawing group such as a halogen atom or a p-nitroaromatic
group on the ester moiety should reduce the capacity of the
oxygen atom to share its lone pair and then weaken the
n,—c* orbital overlapping. Hence, the enhanced polar ef-
fect decreases with increasing polarity of the ester frag-
ments, as observed with the aromatic and halogenated de-
rivatives 10-17 and 18-22, respectively, that is, a smaller
slope for the polar effect is observed with the (RS/SR) dia-
stereoisomers of 10-22 than for the (RR/SS) diastereoiso-
mers of 10-22.133

o]
O e
* Me
L]
M
A
o " o
Ny = M
Ma H
Me
:';N =
RESS 5-CiK RS/SR S-trans

Figure 14. Conformational requirements for the no—>6*g ¢ inter-
action.

The absence of the enhanced polar effect for aromatic,
vinyl and keto groups is probably caused by conformations
that forbid m—oc* interactions and its absence for alkyl
groups is evidently caused by the absence of both 7 systems
and heteroatoms for which n—c* and n,—c* interactions
may occur, respectively.

It should be mentioned that the ny—m interaction is
stronger for the (RR/SS) than for the (RS/SR) diastereoiso-
mers of both 2 and 24eMe (Table 3). Thus, it can be as-
sumed that the stronger the interaction is, the more stabi-
lized the (RR/SS) diastereoisomer is, and thus the lower kqy
is. However, the absence of changes in <C708C9> and
los_co indicates that such an interaction does not affect
1764
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Figure 15. NBO plots for the nsos—>0%0s ¢ interaction in the
(RS/SR) diastereoisomer of 24eMe.

0

Figure 16. Orbital overlapping requirements for the TS of C-ON
bond homolysis.

the value of k4 and thus should be disregarded as an explana-
tion for the differences in the reactivity of the (RR/SS) and
(RS/SR) diastereoisomers.

Homolysis Pathway

By virtue of the Hammond postulate, for an endothermic
reaction (late TS) the structure of the activated complex at
the transition state (TS) strongly resembles the structures of
the products, that is, the structures of the nitroxyl and alkyl
radicals. Recent X-ray studiesP*3! on SGIl-type nitroxyl
radicals A" and B" (Figure 17) have shown that the alkyl
groups flanking the nitroxyl function adopt the eclipsed-
conformation and that the nitroxyl function is in a stag-
gered conformation with both alkyl groups (Figure 18, a).
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Consequently, the same conformation is expected in the TS
with the nitrogen atom flattened. Furthermore, homolysis
requires n, N—6%o ¢ and 6*g_—=Tcoor interactions lead-
ing to the expected arrangement in the TS displayed in Fig-
ure 18 (b). On the other hand, all the X-ray structures dis-
played in this work (Figure 3) show only one methyl group
attached to the C6 atom facing the alkyl fragment. This

e

/o
& I

P[O]{OCHEPh}E

Figure 17. Eclipsed/staggered conformation of two SGl-type ni-
troxyl radicals.

! {Bu ﬂ;u
Me
4— I'\."Iq_| ®— (a)
H k 4 e&
Me
PONOEL
P{O)OEL); celipsed/staggered N k2

it

—R W}

Me: @ R ()
H

Od”
Me

H §$ PO)DEL)z
Me .
(EtO);(0}P Ts2
H
‘R?-RN
h"lel Me
)
‘j fBu @
F'{DJIOEHz e R
N\. e

st dleclipsed é)
aggered/eclipse [EtD]z(OJP

fBu
IBUQ #{‘ (2 _R
2 e i)
Me ‘3
P(O)NOER);
H
'RZRN
% W
'0 Me

Figure 18. Newman projections, conformational requirements, or-
bital overlappings and structures of (a) the nitroxyl radical SG1,
(b) TS2, (c) the alkoxyamine and (d) the intermediate.

(E1D}z[O}P

intermediate

means that in contrast to the nitroxyl radical, the nitroxyl
fragment prefers the staggered/eclipsed conformation, as
displayed in Figure 18c. Furthermore, the ester group of the
alkyl fragment adopts a conformation in which the 7 orbital
is turned 90° from the position required in the TS, as dis-
played in Figure 18 (c). Thus, this leaves us with two pos-
sible pathways for C-ON bond homolysis. The first com-
monly accepted pathway exhibits one TS. In this case, ho-
molysis involves a strong activation entropy AS* effect com-
posed of at least four events: nitrogen flattening, transition
from sp? to sp? hybridization for C6, restricted C6-C7 bond
rotation (long-range steric effect), restricted C12-N bond
rotation (the structure of the intermediate displayed in Fig-
ure 18 (d) is not the most stable although it resembles very
much the TS), and probably a few other minor rotations.
The clear difference between the conformations of the ni-
troxyl fragment (Figure 18, c¢) and the nitroxyl radical (Fig-
ure 18, a) leads us to invoke a pathway for homolysis that
involves an intermediate (Figure 18, d) and two TSs (Fig-
ure 19). Hence, homolysis of the C-ON bond would pro-
ceed (Scheme 3) starting from the alkoxyamine in the syn
conformation (Figure 3, Figure 4 and Figure 18, c) towards
the intermediate displayed in Figure 18 (d), and then
through TS2, which exhibits the requirements mentioned
earlier (Figure 18, b), to yield the nitroxyl and alkyl radi-
cals. Preliminary results®®>7 support a change of mecha-
nism that would involve the intermediate displayed in Fig-
ure 18 (d). For a deeper insight into the homolysis path-
ways, kinetic studies®®! and calculations are underway.
However, the pathway involving two TSs might hold only
for alkoxyamines related to the SG1 family.

R’R’NO* +R'*

energy
A

syn R'RNOR!
L reaction coordinates

Figure 19. Homolysis pathway involving an intermediate.

-—R
—~—

tBu tBu Me% ” O —_,'\AelBu O
3!@ [ —— :ﬁ ) — Me J) 0 =—= . _g *MEW_R
Mellm.. o E——— R 8
EtO);(O)P

t2 % 2 H
2T Me
2
P(O)(OEt (E10),(0)P P(O)(OEY),
YR cont(»rmanon intermediate TS2 SG1 alkyl radical
Scheme 3.
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Conclusions

Rate constants kg for the homolysis of the C-ON bond
of alkoxyamines can be estimated either roughly with the
scale given in Figure 7 or accurately with Equations (17)
and (S1). Furthermore, stabilizing, normal polar, steric and
penultimate effects are very well accounted for by Equa-
tions (17) and (S1). In addition to the steric, reverse steric,
stabilizing and polar effects, the stereoelectronic effect, that
is, ng—c* orbital overlapping, also affects C-ON bond ho-
molysis, that is, k4 increases. The combination of Equa-
tions (17) and (8) developed by Marque®*”? should become
a powerful tool in the design of new alkoxyamines as well
as in the analysis of k4 values.

Experimental Section

Solvents for synthesis, copper bromide, copper metal,
N,N,N',N',N''-pentamethyldiethylenetriamine ~ (PMDETA), 2-
bromo-2-methylpropionic acid methyl ester, 2-bromo-2-methylpro-
pionyl bromide and bromoacetic acid were purchased from Aldrich
and used as received. TEMPO was purchased from ACROS and
sublimed. fert-butylbenzene was purchased from Aldrich and puri-
fied by conventional procedures.*”! Nitroxyl radical SG1 was
kindly provided by ARKEMA. NMR experiments were performed
with a 300 Avance Bruker spectrometer ('H: 300 MHz; '3C:
75.48 MHz; 3'P: 121.59 MHz) at the “Spectropole in Marseille”.
Chemical shifts were measured relative to TMS (internal reference)
for '"H NMR, to CDCl; (internal reference) for '*C NMR and to
85% H3PO, (external reference) for 3'P NMR spectroscopy. Ele-
mental analyses were performed at the “Service Commun de Micro
Analyse, Université Aix-Marseille 3”. Reactions were monitored by
TLC (60 F 240 silica gel plates; eluent: ethyl acetate/pentane 1:1),
UV and phosphomolybdic acid being used as indicators. Alkoxy-
amines were purified by chromatography (60 silica gel, 70-230
mesh, Merck; eluent: ethyl acetate/pentane, 3:1). 2-Bromo-2-meth-
ylpropionic acid phenyl ester® and 2-bromo-2-methylpropioni-
trilel®! were prepared from 2-bromo-2-methylpropionyl bromide
and acrylonitrile, respectively, as described in the literature. 24u was
prepared by hydrolizing 24fMe according to the procedure pre-
viously described.?¢]

General Procedure (GP): PMDETA (4.3 mL, 20.4 mmol) was
added to a degassed solution of CuBr (1.47 g, 10.2 mmol) and cop-
per (0.65g, 10.2 mmol) in benzene, and nitrogen was bubbled
through the solution for 10 min. A degassed benzene solution of
SGI1 (2.0 g, 6.8 mmol) and alkyl bromide (1.5 equiv.) was transfer-
red to the mixture which was then stirred for 1 h at room temp.
under nitrogen. Diethyl ether (30 mL) was added and the solid fil-
tered off. The organic layer was washed with water until colorless
and then dried with MgSO,. The solvent was removed to yield an
oil which was purified by silica gel column chromatography when
needed.

Methyl  2-Methyl-2-| N-tert-butyl-/N-(1-diethoxyphosphoryl-2,2-di-
methylpropyl)aminoxy|propionate (24dMe): Compound 24dMe
(2.15 g, 5.44 mmol, 80%) was obtained as a white solid after al-
lowing 2-bromo-2-methylpropionic acid methyl ester (1.85g,
10.2 mmol) and SG1 (2 g, 6.8 mmol) in benzene (20 mL) to react
with CuBr (1.47 g, 10.2mmol), Cu® (0.65g, 10.2mmol) and
PMDETA (3.52 g, 20.4 mmol) in benzene (20 mL) for 0.5h at
room temp. After drying under high vacuum (6% 1072 mbar) no
further purification of 24dMe was needed. '"H NMR: J = 4.39-4.28
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(m, 2 H, CH,), 4.10-3.90 (m, 2 H, CH,), 3.70 (s, 3 H, OCH3), 3.28
(d, 2 p = 27Hz, 1 H, CHP), 1.67 (s, 3 H, CH,), 1.6 (s, 3 H,
CHs), 1.38-1.27 (m, 6 H, CHs), 1.17 (s, 9 H, Bu), 1.10 (s, 9 H,
/Bu) ppm. 3C NMR: é = 175.72 (C=0), 83.57 (OC), 70.23 [d, 'Jc.p
= 136.6 Hz, CHJ, 62.23 (CN), 61.84 (d, 2Jc.p = 6.04 Hz, CH,),
59.08 (d, 2Jc.p = 7.54 Hz, CH,), 51.85 (s, OCHs), 36.04 (d, 2Jc.p =
6.0 Hz, PCC), 29.93 [d, 3Jcp = 5.28 Hz, PCC(CH;);], 28.25
[NC(CH,)s], 27.34 (CHs), 23.14 (CHs), 16.66 (d, Jep = 3.39 Hz,
CH,CHs;), 16.28 (d, 3Jcp = 6.04 Hz, CH,CH;) ppm. *'P NMR: ¢
= 25.55 ppm. CisHssNOGP (395.47): C 54.67, H 9.69, N 3.54;
found C 54.80, H 9.75, N 3.54.

2-Methyl-2-[ N-tert-butyl- N-(1-diethoxyphosphoryl-2,2-dimethylpro-
pyl)aminoxy|propionitrile (24g): Compound 24g (1.45 g, 4.04 mmol,
609%) was obtained as a pale yellow solid after allowing 2-bromo-
2-methylpropionitrile (1.51 g, 10.2 mmol), SG1 (2 g, 6.8 mmol) in
benzene (20 mL) and CuBr (1.47 g, 10.2mmol), Cu’ (0.65g,
10.2 mmol) and PMDETA (3.52 g, 20.4 mmol) in benzene (20 mL)
to react for 0.5 h at room temp. Eluent: pentane/ethyl acetate, 3:1.
'H NMR: 6 = 4.27-3.88 (m, 4 H, CH,), 3.37 (d, 2Jyp = 27 Hz, 1
H, CHP), 1.89 (s, 3 H, Me), 1.71 (s, 3 H, Me), 1.31 (t, 3Jpun =
6 Hz, 3 H, CH3), 1.30 (t, 3Jyu = 6 Hz, 3 H, CH3), 1.25 (s, 9 H,
{Bu), 1.24 (s, 9 H, /Bu) ppm. *C NMR: J = 120.8 (C=N), 77.2
(0C), 69.0 (d, 'Jcp = 138.1 Hz, CHP), 62.3 (CN), 60.95 (d, 2Jcp
= 6.8 Hz, CH,), 58.57 (d, 2Jcp = 7.6 Hz, CH,), 35.45 (d, 2Jcp =
53Hz, PCC), 29.8 [d, 3Jcp = 7.55Hz, PCC(CH,);], 28.5
[NC(CH3)3], 28.3 (CH3), 27.8 (CHj), 16.03 (d, 3Jcp = 5.3 Hz,
CH,CH3), 15.62 (d, *Jcp = 6.0 Hz, CH,CH3) ppm. 3'P NMR: § =
24.09 ppm. C;;H3sN,O,4P (362.44): C 56.33, H 9.73, N 7.73; found
C 55.94, H 9.61, N 7.95.

Phenyl  2-Methyl-2-| N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-di-
methylpropyl)aminoxy|propionate (24dPh): Compound 24dPh
(1.09 g, 2.38 mmol, 35%) was obtained as a white solid after al-
lowing 2-bromo-2-methylpropionic acid phenyl ester (2.48 g,
10.2 mmol), SG1 (2 g, 6.8 mmol) in benzene (20 mL) and CuBr
(1.47 g, 10.2mmol), Cu® (0.65g, 10.2mmol) and PMDETA
(3.52 g, 20.4 mmol) in benzene (20 mL) to react for 0.5 h at room
temp. After drying under high vacuum (6 X 10-2 mbar) the residue
was precipitated in pentane at —18 °C. '"H NMR: § = 7.48-7.28 (m,
2 H, CH,y), 7.30-7.22 (m, 1 H, CH,y), 7.13-7.00 (m, 2 H,
CH,,y1), 4.48-4.25 (m, 2 H, CH,), 4.14-3.87 (m, 2 H, CH,), 3.32
(d, 2Jgp = 24 Hz, 1 H, CHP), 1.85 (s, 3 H, CH3), 1.78 (s, 3 H,
CHs), 1.46 (t, *Juu = 6 Hz, 3 H), 1.30 (t, 3Jy.q = 6 Hz, 3 H), 1.23
(s, 9 H, tBu), 1.19 (s, 9 H, rBu) ppm. '3C NMR: J = 175.31 (C=0),
150.76 (Cyry1-0), 129.38 (CH,yy1), 125.72 (CH,yy), 121.16 (CHypy),
83.76 (OC), 70.03 (d, 'Jcp = 138.1 Hz, CHP), 62.26 (CN), 61.79
(d, 2Jcp = 6.03 Hz, CH,), 58.58 (d, 2Jcp = 8.30 Hz, CH,), 35.94
(d, 2Jcp = 6.8 Hz, PCC), 29.99 [d, 3Jcp = 6.03 Hz, PCC(CH;);],
28.41 [NC(CH;)3], 28.18 (CHj), 22.22 (CHj), 16.58 (d, 3Jcp =
6.04 Hz, CH,CH,), 16.16 (d, 2Jcp = 6.79 Hz, CH,CH;) ppm. 3'P
NMR: 6 = 25.38 ppm. Cy3H4oNOGP (457.54): C 60.38, H 8.81, N
3.06; found C 60.56, H 8.45, N 3.10.

2-| N-tert-Butyl-/V-(1-diethoxyphosphoryl-2,2-dimethylpropyl)amin-
oxylacetic Acid (24u): Alkoxyamine 24u was obtained as white solid
(50% yield). '"H NMR: & = 4.70 (d, 2Jy.;1 = 18 Hz, CHs), 4.63 (d,
2Jun = 15Hz, CH,), 4.32-3.97 (m, 4 H, CH,), 3.25 (d, 2Jyu =
24 Hz, 1 H, CHP), 1.34 (dt, 3Jy.11 = 6 Hz, “Jp = 3 Hz, 6 H, CH3),
1.17 (s, 9 H, /Bu), 1.14 (s, 9 H, {Bu) ppm. *C NMR: § = 170.53
(C=0), 77.01 (OC), 68.60 (d, 'Jp = 138.9 Hz, CH), 62.88 (s, CN),
62.41 (d, 2Jcp = 7.55 Hz, CH,), 60.62 (d, 2Jcp = 8.30 Hz, CH,),
3576 (d, 2Jcp = 528 Hz, PCC), 29.59 [d, 3Jcp = 6.04 Hz,
PCC(CHs);], 28.06 [s, NC(CHs);], 16.34 (3Jcp = 528 Hz,
CH,CH,)3, 16.11 (Jcp = 6.79 Hz, CH,CH;); ppm. *'P NMR: &
= 28.54 ppm.
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2,2-Dimethyl-4-| N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-dimeth-
ylpropyl)aminoxy]-4-n-butoxycarbonylpentanoic Acid (24v): Alkoxy-
amine 24s (2 g, 5.25 mmol) and n-butyl acrylate (0.67 g, 5.25 mmol)
were dissolved in terz-butyl alcohol (/BuOH) (1 M solution). Then
the solution was deoxygenated by nitrogen bubbling and heated for
6 h at 80 °C whilst stirring. The reaction mixture was then concen-
trated under reduced pressure and the residue was taken up in pen-
tane to afford after filtration 24v (1.74 g, 3.42 mmol, 65%) as a
white solid. One diastereoisomer was obtained as a white crystal.
'H NMR: ¢ = 10.00 (br., 1 H, OH), 4.54-4.49 (m, 1 H, CHO),
4.27-3.90 (m, 6 H, 3 CH,), 3.29 (d, 2Jup = 24 Hz, 1 H, CHP),
2.58-2.52 (m, 1 H, CH,), 2.24-2.16 (m, 1 H, CH,), 1.64-1.57 (m,
2 H, CH,), 1.43-146 (m, 2 H, CH,), 1.32-1.23 (m, 6 H, 2
OCH,CH;), 1.22 (s, 6 H, 2 CH3), 1.16 [s, 9 H, C(CH3);], 1.08 [s, 9
H, C(CH3);], 0.93 (t, 3Ju = 9 Hz, 3 H, CH;) ppm. '*C NMR: §
= 181.53 (COOH), 172.70 (C=0), 83.48 (CHO), 69.50 (d, 'Jcp =
139.6 Hz, CHP), 64.19 (OCH,), 62.00 (d, %Jcp = 6.04 Hz,
OCH,CH3), 61.49 (CN), 58.88 (d, 2Jcp = 7.55 Hz, OCH,CH,),
40.91 (CCH,), 40.04 [C(CH3),], 35.47 (d, 2Jcp = 5.28 Hz, PCQ),
30.11 (CHa), 29.61 [d, 3Jcp = 5.28 Hz, PCC(CH,)3], 27.79 (CHs),
22.94 (CHj3), 19.00 (CH,), 16.24 (d, 2Jcp = 6.79 Hz, CH,CH3),
16.02 (d, 2Jcp = 6.79 Hz, CH,CH3), 13.51 (CH;) ppm. 3'P NMR:
0 = 24.48 ppm. MS (ESI): 509.9 [M + HJ*, calcd. 509.3; 526.9 [M
+ NH,]", caled. 527.3; 532.2 [M + Na]*, caled. 532.3; 548.1 [M +
K]*, caled. 548.3.

Computational Method: All calculations were performed with the
Gaussian 03 molecular orbital package.[®”) Geometry optimizations
were carried out without constraints at the B3LYP/6-31G(d) level
of theory. Vibrational frequencies were calculated at the B3LYP/6-
31G(d) level to determine the nature of the located stationary
points. Frequency calculations were performed to confirm that the
geometry was a minimum (0 imaginary frequency). The single-
point energies were then calculated at the B3P86/6-311++G(d,p)
level of theory.

The optimized preferred conformations of the model compounds
were analysed by the natural bond orbitals method!®® included in
the Gaussian 03 package (NBO, 3.1) in order to determine the
incidence of stereoelectronic effects.
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