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ABSTRACT: A high-resolution’H NMR method was developed and applied to the determination of the
dissociation rate constantig(values) of seven stable free radical polymerization (SFRP) model compounds,
including three pairs of styrene dimer alkoxyamines, using oxygen as the alkyl radical scavenger. The efficiency
and completeness of oxygen irreversible trapping were tested by taking advantage of the diastereoisomerism of
the dimer alkoxyamines. The effects of alkoxyamine stereochemistry on-t#@NCbond dissociation kinetics

were also demonstrated. ThHed NMR method was validated by comparifkgvalues obtained by this method

with ESR and HPLC results previously reported for 2,2,6,6-tetramethyl-1-(1-phenylethoxy)piperidine, a commonly
studied alkoxyamine. In contrast to ESR methods?ithBIMR procedure allows for the simultaneous determination

of multiple ky values in a single experiment.

Introduction Scheme 1. Kinetic Scheme for the SFRP Process
Over the past two decades, three major living radical . k

polymerization (LRP) processebave been developed for the P,—T — pD + T

synthesis of structurally well-defined polymers with predeter- ke

: . : " +M
mined molecular weights and narrow polydispersities: stable

free radical polymerization (SFRP), also known as nitroxide-
mediated polymerization (NMPY;5> atom transfer radical po-
lymerization (ATRP)37 and reversible addition fragmentation
chain transfer (RAFT) polymerizatidiil Of particular interest

to us is the “classical” SFRP process, i.e., polymerization carried
out in the presence of an initiating species, monomer, and a
stable free radical trap.

The main kinetic scheme of the SFRP process involves
monomer (M), a dynamic equilibrium between a dormant
polymeric alkoxyamine (P-T) and a transient propagating alkyl
radical ("), and a persistent (nitroxide) radical*f;Tas shown
in Scheme 1.

The rate constant&y andk., for the dissociation/activation
of the dormant chains into radicals and for the reverse
deactivation/coupling reaction, respectively, influence the degree
of livingness of the polymerization, the molecular weight control
of the resulting polymer, and the monomer conversion rate. To
obtain living, well-controlled polymerization reactions, these rate
constants must favorably interrelate with the propagation rate
constant k), the termination rate constank)( the initial

initiator/alkoxyamine concentration and the rate of any ad- " . . ) -
ditional radical generation reactions. In principle, knowiedge disappearance rate without consideration of the thermal stability

of these rate constants and the factors controlling them enablef the liberated nitroxideHowever, at present this approach
a preassessment of the potential success of a given Sprpas been limited to phosphorus-containing alkoxyamines. To

process. Comprehensive kinetic analyses of the SFRP/NMPOVercome this limitation and extend the advantages of the NMR
process have been carried out by both Fischer &t18land technique to a broader range of alkoxyamines, we have
Goto and Fukuda® investigated the use ofH NMR to examine G-ON bond

Methods for measuringq can be classified into five main dissociation rates. Values &f were determined by monitoring

groups according to the instrumentation employed: HPLE, the rate of alkoxyamine disappearance upon h_eating in the
ESR16-18 GPC/SEC-2! alkoxyamine fluorescence quench- Préesence of molecular oxygen as the transient radical scavenger.
ing,22 and3P NMR 23 Any measurement of the true alkoxyamine As part of a larger study of the chain-length and nitroxide
structure dependence of SFRP activation/deactivation and
* Corresponding author: Ph 905-828-5228; Fax 905-828-5425; e-mail t€rmination processes, three pairs of styrene dimer alkoxyamines
mgeorges@utm.utoronto.ca. were synthesized and employed as models to mimic the polymer

decay rate requires a prompt, complete, and irreversible
scavenging of the transient radical to avoid prolongation of the
alkoxyamine lifetime due to the persistent radical effédn

the absence of an efficient radical scavenger the experimentally
determined value oky will be underestimated. In the HPLC
method utilized by Scaiano et #land by Moad and Rizzaréo
transient alkyl radicals were trapped with an excess of a
nitroxide structurally different from the nitroxide moiety of the
original alkoxyamine. Quantitative ESR spectroscdgicalues
were determined by monitoring the liberation of nitroxide radical
in the presence of carbon-centered radical scavengers such as
oxygen or galvinoxyks-18 In the GPC method, transient radicals
were scavenged by propagation in the presence of monomer;
kqy values were obtained directly by GPC curve-resolution
method&° or, indirectly, by a polydispersity evolution meth&d.

Bertin et al?® have reported the use #P NMR spectroscopy
to determineky for S-phosphorylated alkoxyamines in the
presence of various alkyl radical scavengers or nitroxide
reductants. The NMR method is particularly attractive because
it allows the measurement kf§ by monitoring the alkoxyamine
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Chart 1. SFRP Model Compounds without further purification. ST, 2,2,6,6-tetramethyl-1-(1-phen-
R ylethoxy)piperidine, was purchased from Binrad Industries Inc. and
Q BSST R:-H recrystallized from ethanol before use. Hexamethyldisiloxane

BSST-OH R:-OH (HMDS) andp-xylened;o (99+ at. % D) were also purchased from

N BSST=0 R:=0 Aldrich and used as received. Oxygen (U.&P9%) was provided
@_{3 © by BOC Canada.

> Q Synthesis. BST [2-phenyl-2-(2,2,6,6-tetramethylpiperidin-1-

yloxy)ethyl benzoate] was synthesized from BPO, styrene, and

TEMPO by a low-temperature procedure previously developed in

0 our laboratory (to be published elsewhere). BSST was synthesized
@—( by reacting BST with 5 equiv of styrene in chlorobenzene for 6 h

N o N at 120°C. The two BSST diastereoisomers were separated from
o o the reaction mixture and from each other by silica gel column
chromatography. One isomer (arbitrarily labeled d1) crystallized,;

ST BST the other (d2) remained an oil. The purity of each diastereoisomer,

. . . L N as measured b{H NMR, was >98%. BSSFO and BSSTOH
chain behavior of the €ON bond dissociation kinetics. These are synthesized in chlorobenzene solution by an exchange reaction

models (shown in Chart 1) consist of a benzoyloxy (B) initiating petween BSST and 5 equiv of 4-0xo-TEMPO or 4-hydroxy-
end, two styryl (S) units, and a TEMPO, 4-0x0-TEMPO, or TEMPO, respectively. The two BSSTO isomers were also
4-hydroxy-TEMPO nitroxide cap. The models are thus identified successfully separated by column chromatography, but under a
as BSST, BSSF0, and BSSTOH, respectively. To validate  variety of conditions, the BSSTOH diastereomers could not be
the accuracy of outH NMR method, we also determined the resolved. As with BSST, one BSST™ isomer crystallized (d1)
kinetic parameters of a common benchmark alkoxyamine model,and the other (d2) remained an oil. All the alkoxyamine dimer
PhEt-TEMPO (herein referred to as $F)and compared our madelgcwﬁlﬁ;%wy C_harlaJCt_(tf;lTﬁ%\?X 55%% MIJIHtNMRtar)ld 125

; ; : z arian Uni -500 spectrometer) using a
;%Sefttrso‘é"::p;gose previously reported using HPEGNd ESR - "0 L 2 0 1- and 2-D (gCOSY, NOESY/EXSY, gHSQC and

. I . gHMBC) technique$? 'H NMR characterization spectra of the
The rationale for the utilization of the BSS alkoxyamines was BSST, BSSEO, and BSSTOH diastereomers are available as

_twofold. In _comparis_on with ST the _additional styryl u_nit_ Supporting Information. BSST-d1 and BSSD-d1 were also
introduced in the dimer model provides a more realistic characterized by single-crystal X-ray diffraction. More complete
environment for the chain-end benzylic radical involved in the details of the alkoxyamine syntheses and characterization will be
reversible C-ON bond homolysis. This model is expected to included in a future publication.
better emulate the real polymer chain kinetic behavior in the — NMR Sample Preparation. (1) Diastereoisomer Intercamrsion
C—ON bond dissociation reaction. Scaiano et al. have proposedExperimentsDiastereoisomer interconversion samples were pre-
1,3-diphenyl-1-propane (“penultimate” model initiator) as a Pared by dissolving 1.4 10~ mmol of the alkoxyamine in 0.7
chain end mimic; however, as the authors noted, the ideal modelML Of p-xylenedioin a S mm J.Young valve-equipped NMR tube
would require an additional substituent at G830ur dimer ~ (°32-JY-7, Wilmad LabGlass). The solutions were degassed by four
L . . liquid nitrogen freeze pump-thaw cycles, and the valve was closed
models meet this ideal requirement. Moreover, the styrene dimer

Ik ) . di . .~ under vacuum. The sample tubes were immersed for a prescribed
alkoxyamines are intermediates in the SFRP process UsiNGiime interval in a preheated VWR 1130-1S constant temperature

benzoyl peroxide (BPO), or the unimer BST, as the initiator. j| path maintained at 100C (temperature stability=0.05 °C),
Another notable feature of this model is that because eachquenched in icewater and then analyzed at an NMR probe
molecule contains two stereogenic centers, each dimer existsemperature of 20°C. The heatquench-measure cycle was

as a pair of diastereoisomers. Separation of the diastereocisomersepeated until thermodynamic equilibrium was reached.

by column chromatography provided materials that enabled a  (2) ks MeasurementsSamples were prepared as described above
unique opportunity to study the effect of propagating radical except that the sample concentration was 10 mM and HMBE (
stereochemistry on the-@N bond dissociation kinetics. In  mmol) was added as an internal integration standard. After
addition, the fast equilibrium between the diastereoisomers wasd€92ssing, each sample was saturated with oxygen gas by bubbling
exploited in the G-ON bond dissociation kinetic studies as a 2 through the solution for 40 min, after which the NMR tubes

be of ¢ . ffici fthe alkvl radicals f d were sealed under 1 atm obMeasurements were made at five
probe ol oxygen trapping etliciency of the alkyl radicals forme temperatures (80, 90, 100, 110, 120) using the heatquench-

in the reaction. The oxygen trapping efficiency and its com- measure procedure. Typically, spectra were recorded unti9886
pleteness could be detected with any of the pure diastereoisomerss the original alkoxyamine was consumed.
in situ by monitoring the appearance of the counterpart — Quantitative Data Acquisition. QuantitativelH spectra were
diastereoisomer during the-«€ON bond dissociation reaction.  measured on a Varian INOVA-500 spectrometer at a controlled
The appearance of the counterpart diastereocisomer wouldtemperature of 2& 0.1°C. Spectra were acquired with a spectral
indicate inefficient alkyl radical trapping. width of 10 ppm, 4.Qs (z/4) pulse width 3 s acquisition time, 4
There are two additional distinguishing features associated S delay time, and digital filtering. Depending on the S/N of the
with the'H NMR methodology: First, provided the examination ~SPectra, 16:64 scans were recorded. Spilattice relaxation times
temperature is properly chosen, this method is applicable to all :z?éiarggr??&ig ?g:ct)rr]: gzglfsﬁgfr iﬁ?ecrzgtl?gslgaiﬁpgi%rgf?/\s.egglgal
a_llkoxyammes_ 90.”ta"?'”5* nu_cle| W'.th high spectrum resolu- s. The acquisition timefa3 s together with ther/4 pulse width
tion and sensitivity (signal/noise ratio). Second, because of the

- : and 4 s delay ensured full FID relaxation without truncation.
efficiency of oxygen quenching, the method allows for the  \uR Data Processing All postacquisition data processing was

possibility of independently monitoring the-ON bond dis-  performed with the MestReC NMR software packat@he raw
sociation rates of several species (e.g., two diastereoisomersfid was zero-filled to 64K data points, Fourier transformed,
at the same time in one experiment. manually phased, and baseline corrected using a third-order
. ) Bernstein polynomial function. Peak intensities (integrated areas)
Experimental Section were measured using the MestReC iterative line-fitting procedure
Materials. All reagents and solvents used in the synthesis of in order to minimize subjective influences on the manual integration
the styrene dimer models were purchased from Aldrich and used of peaks of interest CDV
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Figure 1. Single-crystal X-ray diffraction structure of the BSST-d1
(SS enantiomer. The arrow indicates the methyl group whbse

. g A : BSST-eq
resonance was monitored in the kinetic experiments.

Scheme 2. BSST Diastereoisomer Interconversion
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Kinetic Data Analysis. The reaction kinetics were followed
using the ratio of the lowest frequency methyl peak (ca. 0.5 ppm)
on the TEMPO moiety of the alkoxyamirf@sto the internal
standard HMDS. First-order exponential line fitting was performed
with Origin 7.0 for the dimeric alkoxyamine interconversion
kinetics. For the alkoxyamine G0N bond dissociation kinetics, ppm
kq values were obtained from the slope of the least-squares linearFigure 2. Partial 500 MHz'H NMR spectra from BSST diastereo-
regression line of I(ly) vs time, wherdy is the initial alkoxyamine ~ isomer interconversion kinetic studies at 1 (top: BSST-d2 aty;
concentration and is the concentration measured after any Middle: BSST-d1, BSST-d2 at equilibrium; bottom: BSST-dloat
prescribed reaction time.
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et al20 If the equilibrium experiment starts with one isomer,
e.g. d1, upon heating it will experience a first-order exponential
decay (eq 1) while the other isomer, d2, will grow according to
a first-order exponential growth (eq 2).

Results and Discussion

Absolute Configuration of the Styrene Dimer Alkoxy-
amines.The two pairs of diastereoisomers belonging to BSST

and BSSFO were separaj[ed sqccessfully with column .chrq- B [d1] gk 1Ky [dl]okczkdleikap&

matography. The crystalline diastereomers were arbitrarily [d1] = Q)
i : + +

labeled as d1 isomers (BSST-d1 and BS®Fd1) and the oily Kotkaz + Kekar  Keakaz + Kook

viscous diastereomers as d2 (BSST-d2 and BSS32). The .

absolute stereoconfigurations of the two d1 isomers were d21 = [d1]oke K1 _ [d1]okeokgs€ ™ 2

determined to be a racemic mixture &, and §,9 enanti- [d2] = Kok + Keokyy  KoqKgo 1 KooKyy @)

omers by X-ray crystallography. The d2 isomers are therefore

a mixture of R,9 and G,R enantiomers. The single-crystal
structure of the BSST-d1S(S enantiomer is shown in Figure
1. Itis of interest to note that even though the configuration of
the two stereocenters are bdfhthe two phenyl groups are

The dissociation rate constants are denoteagnd kg, for

d1 and d2, respectively, ang; andk, are the corresponding
cross-coupling rate constants. A set of equations analogous to
egs 1 and 2 can be written to describe the decay of isomer d2

located on the opposite side of the zigzag backbone chain ofand growth of d1. For both cases, the rate of isomerization is
the molecule. The solution conformation of BSST-d1 is similar given byk,p, Where

to that of the X-ray structure, based on an analysis of backbone
vicinal 'tH—'H coupling constants. Another notable feature of  keakgp T Kk
the dimer models is that, due to the aromatic ring-current kapp_ Koy + Keo
shielding effect of the phenyl ring of the terminal styrene

monomer unit, one of the four methyl peaks (indicated by the For an infinitely long time, one obtains an equilibrium between
arrow in Figure 1) is well separated from the other three in the the diastereomers where the equilibrium constiigy, is equal

IH NMR spectrum. Generally, this lowest frequency methyl to
peak was employed for quantitative kinetic data analysis,
although any reasonably well-resolved peak(s) of the alkoxyamine
could be used.

®3)

_[d1]e  KeiKag

\ _ _ o o [d2],  keky

Diastereoisomeric Interconversion Kinetics of the Styrene
Dimer Alkoxyamines. Before performing the €ON bond GivenKegand the individuaky values, thek: ratio (kea/ke2) for
dissociation kinetic measurements, the diastereoisomeric inter-the two isomers can be calculated.
conversion of the dimer models was studied. As expected, in  Since the correspondintH nuclei of the diastereoisomers
the absence of an alkyl radical scavenger the d1 and d2 isomershave different chemical shifts, they can be readily distinguished
undergo an exchange reaction with each other upon heating within the NMR spectra. Experimentally, the rate of interconversion
a rate coefficienkqpp of diastereoisomers can be determined by measuring the integral

The kinetic scheme for the interconversion of the diastere- ratio of any two corresponding pairs of d1 and d2 peaks. Figure
oisomers of BSST is shown in Scheme 2. Kinetic equations 2 shows partial NMR spectra taken during the course of BSST-
describing this process have been developed by Ananchenkadl and BSST-d2 interconversion at 10C. The kineticCDV

(4)
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20 4 dimeric alkoxyamine diastereoisomers. From the Arrhenius plot,
] BSST In kg vs 11T, the energy of activatiok, and the preexponential
. 4 BSST-d1 factor A were obtained from the slope and the intercept of the
= = BSST-d2 line, respectively. The results are summarized in Table 2.
g ] - - - Heating Time Correction for the Heat—Quench—Measure
= 12 Cycle. All kinetic experiments were performed using a heat
g ] guench-measure cycle; i.e., samples were heated in an oil bath
IS & BSST-d2 : .
o 4] o BSST-d1 for the prescribed time and quenched td®before measure-
2 ment at 20°C. The heating time equilibration delatd;) was
e considered at the highest temperature (229 at which the
e half-lives of the dimer models are in the range of 8 min.
] To evaluate the value df,r, eight identical 10 mM samples
- were prepared, heated for equally spaced prescribed times at
0 10000 20000 30000 40000 50000 60000 70000 120°C, and quenched; sample number one was heated for 75
20 4 s, sample number two for 150 s, and so on. The least-squares
4 BSST=0 linear regression line, liyl) vs time, was plotted. The eight-
16 A BSST=0-d1 point regression line is displayed in Figure 4 with the linear fit
< BSST=0-d2 equation In(p/l) = —0.0173+ 9.83 x 1074 x t. As expected,
£ ] - - this line does not pass through the origin. The heating delay
= 121 time (tcor) Was calculated from thg-axis intercept, which is
E o BSST=0.d2 equal tg 17..6 S. .
s 8- o BSST=0-d1 Heating times for the BSS alkoxyamines at 120 were
@] - . adjusted byn x 17.6 s, wheren denotes the number of heat
5, guench cycles. Correcting heating times at 1C®r lower was
47 deemed unnecessary since the difference inkghealues for
e T=100°C BSST-d1 at 110C, with and without time correction, was less
o4 : : . : : : : than 1.7%.
0 10000 20000 30000 40000 50000 60000 70000 A very important aspect of the heafjuench-measure
t(s) procedure is that after quenching thld NMR spectra are
Figure 3. Diastereomer interconversion kinetic plots for BSST (top) recorded at a probe temperature of2) a temperature at which
and BSS¥O (bottom) at 100°C. the conformation of the alkoxyamine is essentially locked due
Table 1. Diastereoisomer Interconversion at 100C: Kinetic Data to restricted G-ON bond rotatiorf* Hence, the low-frequency
Summary methyl peaks of the nitroxide moiety are well resolved due to
Keq= ke slov_v exchange, ena_bl_ing quantitation of the peak intensities with
dimer [d1]e/[02]0 ka1 ke Kapp(S™Y) R2 a high level of precision.
BSST-d1 decay 213 251 085 1.6510% 0.9999 Pure Oxygen Trapping Efficiency and Sufficiency. To
BSST-d2 growth determine the truéy values of the unimolecular-©ON bond
BSST-d2 decay 214 251 0.85 1.5910“4 0.9998 dissociation, a trapping agent is required to capture the liberated
ggg;‘g_grlogggay )15 231 003 16010 0.9695 alkyl radical efficiently and irreversibly. In this work pure
BSST=0-d2 growth oxygen was us_ed as the trapping reagent for. the alkyl radlca!s
BSST=0-d2 decay 2.15 231 0.93 1.6010% 0.9998 because trapping of a carbon-centered radical by oxygen is
BSST=0-d1 growth efficient and competes effectively with the trapping reaction
BSST-OH-eq 2.12 210 1.01 with TEMPO32 Considering that the alkoxyamine concentration

parameters were quantified by monitoring the ratio of the peak in these studies is low (0.01 mol'b), efficient oxygen trapping,
intensities of the lowest frequency methyl peaks of the corre- at least in the initial stages of the<®N bond dissociation
sponding diastereoisomers, i.e., the peaks at 0.387 ppm forreaction, could be assumed on the basis of the published
BSST-d1 and 0.474 ppm for BSST-d2 in this particular case. Solubility of oxygen in the structurally similar solvent toluene
Figure 3 shows kinetic plots of the BSST and BSST (ca. 8.64x 1073 mol L™, 1 atm at ambient temperaturé).
diastereoisomer interconversions in the absence of an alkylSince our kinetic experiments were carried out at elevated
radical scavenger. The high value of the corresponding expo-temperatures (86120°C) in p-xylenetho, we believed that the
nential line-fitting parameters? (summarized in Table 1)  OXygen quenching efficiency needed to be demonstréted.

indicates the reliability of the calculatég,, values. As implied One of the unique features of thd NMR method (in contrast
by eq 3,kappandky of a single diastereoisomer are of the same to ESR) is that the equilibrium between alkoxyamine diastereo-
order of magnitude, provided that the values lgf of the isomers can be employed as a probe to test the oxygen trapping

diastereoisomers are not significantly different due to the radical efficiency of the transient alkyl radical. The effectiveness of
nature of the nitroxide trapping. THe ratios for each pair of oxygen trapping of an alkoxyamine for up to two half-lives at
diastereoisomers are shown in Table 1 and are seen to be similarl20°C, a typical SFRP operating temperature, was experimen-
Therefore, the precise measurement ofklygvalues provides tally proven in a unique fashion by taking advantage of the
valuable information on the ease of isomer exchange and goodequilibrium that exists between the dimer diastereomers. The
preassessment dfy values with efficient irreversible alkyl ~ dimer interconversion experiments reported above provide a
radical trapping. theoretical foundation for testing the trapping efficiency. Heating
C—ON Bond Dissociation Rate Constantky Measure- a pure diastereomer in the absence of a radical trap will result
ments. The dependence of the«ON bond dissociation rate  in the formation of an equilibrium concentration of the two

constant,ky, on temperature was measured for three pairs of diastereoisomers, readily detected’byNMR. However, in aCDV
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Table 2. Dimer Model Arrhenius Parameters with kq Values (Experimental and Calculated) at 120°C

dimer Ea (kJ/mol} A(sThHp R2 kq (s71) at 120°C2 ky(calc) (s) at 120°C* ty2(s) at 120°CH
BSST-d1 139.2+ 3.1 3.1x 1015 0.9985 (9.70+ 0.50) x 104 9.76x 1074 710
BSST-d2 131224 5.5x 1014 0.9990 (1.96+ 0.06) x 1073 2.00x 1073 347
BSST=O0O-d1 143.4+ 1.5 7.4x 1015 0.9998 (6.44+0.11)x 104 6.44x 1074 1076
BSST=0-d2 133.7+ 3.0 7.4x 104 0.9996 (1.2 0.05)x 1073 1.25x 1073 555
BSST-OH-d1 138.% 1.6 2.1x 1015 0.9990 (7.33:0.36) x 1074 7.24% 1074 957
BSST-OH-d2 135.A4 2.0 1.5x 10' 0.9990 (1.37#0.07)x 1073 1.38x 1073 502

aThe error limits shown are standard errors of estimateEfaandky from the linear least-squares fits for each paramétg&he standard error for IA
ranges from 0.5 for BSSFO-d1 to 1.0 for BSST-d1¢ Calculated from the Arrhenius equatioky = A exp(—E4/RT). 9 Calculated fronky(calc) at 120°C.

d1
0.6
BSST-eq

0.5 T=120°C

0.4 4 d2
3 03
: L _

0.2 4

O0s 214 s 428 s 702s 1096 s 1670 s
0.1 4 Figure 6. Sequence of partial 500 MHH NMR spectra taken for an
equilibrated BSST sample for simultaneous measurement of BSST-d1
0.0 and BSST-dXq values at 120C. The experimental 128C half-life

0 100 200 300 400 500 600 of BSST-d1 is 715 s, and that of BSST-d2 is 354 s.
t(s)

Figure 4. Heating time delayt{.r) determination based on equal-

time interval BSST-d1 dissociation kinetics at 120.

ensuring adequate mixing (gas/liquid equilibration) before each
heating period. Figure 5 also demonstrates that any line-
broadening effects caused by low concentrations of the two
d1 paramagnetic species in solution, oxygen and nitroxide, are not
d1 an issue as far as peak resolution is concerned, and thus high-
d1 quality peak area quantitation is achievable. Generally, by
comparing a degassed sample with gacBarged sample, the
line-broadening effect of Qs ca. 0.3 Hz. At 100% conversion,
the concentration of released nitroxide is ca. 10 mM; the line
broadening caused by this concentration of nitroxide is only

0.5 Hz.
d2 C—ON Bond Dissociation Rate Constanky Measurements
for Two Diastereoisomers Monitored Simultaneously.As
. illustrated in Figure 6, a set of methyl peaks for an equilibrium
05 04 03 05 04 03 05 04 03 mixture of a pair of diastereocisomers are sufficiently separated
Figure 5. Partial 500 MHz'H NMR spectra demonstrating the that their decay over time can be used to deterrhinealues
insufficiency of oxygen in air for benzyl radical trapping in the ON simultaneously in one experiment. To determine the validity of

bond homolysis of BSST-d1 (10 mNb;xylenedo, 120°C). Left: to . ) . . .
sample; middle: pure oxygen trapping after 282 s; right: air trapping this approach, BSST-eq was first studied. Kiealues obtained

after 282 s. from the equilibrium mixture of diastereoisomers were compared

with the individualky values obtained from the experiments for
saturated oxygen environment no equilibration should occur each separated isomer at the same temperature. The differences
since as soon as the alkyl radical is released by the homolysisin ki values for these experiments were less than 1.2% and 2.8%
of the C-ON bond, it should be immediately trapped quanti- for BSST-d1 and BSST-d2, respectively. The ability to extract

tatively and irreversibly by oxygen. If this is not the case, then ks values from a solution of isomeric diastereoisomers is
the diastereomeric isomer should appear. If no diastereomericiMportant when the two diastereoisomers cannot be separated,

isomer is detected, then the rate of disappearance of the startingS iS the case for BSST-OH-eq. Applying this procedure to
diastereoisomer will give a true value fy. SST-OH-eq gave the Arrhenius parameters knpdalues at

Figure 5 compares twtH NMR spectra taken at 282 s, less 120 °C for BSST-OH-d1 and BSST-OH-d2 summarized in

than half of one half-life of the €ON bond dissociation  Table 2.

reaction of BSST-d1 at 120C in the presence of air or pure Kinetic Data Analysis and Reproducibility. Given that the
oxygen. The inefficiency of air trapping is readily detected by C—ON bond dissociation reaction follows first-order kinetics,
the appearance of the characteristic low-frequency methyl peakthe rate constari; can be abstracted from the slope of the least-
for BSST-d2 at 0.474 ppm (right spectrum). With pure oxygen squares linear-regression line according to the equatiér=n
(middle spectrum), the peak due to BSST-d2 is greatly attenu- In Iy — k4qt. To check the necessity of adding weights to every
ated <5% of the peak area with air). That the d2 peak is log-transformed line, we randomly selected one dimer model,
observed at all can be attributed to the low solubility of oxygen BSST=0-d2 dissociation at 80C and obtained twéy values:

in p-xylene at elevated temperatures and a lack of mixing during (1) ky= 1.18 x 105 s~1from weighted least-squares line fitting;
the heating cycle. These effects can be minimized by reducing (2) ks = 1.17 x 105 s~ from normal least-squares linear fitting.
the concentration of alkoxyamine {3% mM is feasible) and On the basis of the fact that the difference between them(gDV
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0.0
0.0 N
] T=110°C 024
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. . ( ) ) Figure 8. C—ON bond homolysis kinetic plots for BSS¥0-d2 at
Figure 7. C—ON bond homolysis kinetic plots for BSST-d1, BSST- 80, 90, 100, 110, and 12. Data sets shown for 80 and 9CQ are

d2, BSSFO—d1, and BSS¥0-d2 at 110°C. truncated at 18 000 s for clarity.
values is 0.8%, it was concluded that the unweighted least- ‘5_
squares linear regression is adequate to provide religble 64 s BSST-d2
values. . A BSST=0-d2
. 7 e BSST-d1
To test the reproducibility and robustness of #ive NMR ] v BSST=0-d1
method, we selected one BSS alkoxyamine, BSST-d1, and 84

repeated thdy; measurements seven times at PZDunder a
variety of conditions (i.e sample source, solution concentration,
heating-interval spacing). For this set of samples the average
kq value was 9.70< 1074 s~1 with a standard deviation of 0.19
x 1074 s71 (relative standard deviation, 2.0%). 1]
Comments on the Kinetic Data: kq, E5 and A. Figure 7 124
demonstrates that the two isomers of each alkoxyamine dimer 1
have different G-ON dissociation rate constants and that the

In (ks (s)

T T T T T

kg value of the d2 isomer is larger than that of the d1 isomer. 250 255 260 265 270 275 280 285

In the temperature range 8220°C, for the three pairs of dimer T (K") x 10°

models kq Qf d_2 is approximately twice that OT d1. In addition, Figure 9. Arrhenius plots for the €ON bond dissociation of BSST-
as shown in Figure 7, thiey value of BSST-d1 is larger thda d1, BSST-d2, BSSFO—d1, and BSSFO—d2 (temperatures: 80, 90,

for BSST=0-d1. A similar result is observed when comparing 100, 110, and 126C).

BSST-d2 with BSS¥0-d2. When the results for BSST-OH

are included, the following trend is observeklj(BSST-d1)> activation energy, the preexponential factor, &ndalues follow
ky(BSST-OH-d1)> ky(BSST=0-—d1) andky(BSST-d2)> kg the same trends as those observed for BSST and 885T
(BSST-OH-d2) >ky(BSST=0-d2). The observation that the however, the differences are much smaller.

homolysis of the 4-substituted hydroxy-alkoxyamine occurs  To validate our'H NMR method for determiningky, we
faster than that of the corresponding ketones (referred to as themeasured, for ST, an alkoxyamine studied previously by other

“keto effect”) has previously been noted by Schulte efal. methodsi*1®Marque et al® reported the following kinetic data
Kinetic plots, In{/lg) vs t, for BSST=0-d2 at five temper- for ST using ESR spectroscopy. Within the temperature range
atures are plotted in Figure 8. 90-150 °C E, = 133.0 kJ mot!, A =25 x 10 s1, and
As shown in Table 2, the frequency facto) (of all the ka@as k)= 5.2 x 10~*s71, whereas within the temperature range

dimer models fall in a rather narrow range, from %4L0 to 75-120°C E; = 128.3 kJ mot!, A = 0.5 x 10 s, and

7.4 x 10 51, These values agree well with results reported Kd@esk)= 4.5 x 10~*s™L. Scaiano et al. reported kinetic values
by Marque et al® for a large series of model compounds, for ST obtained by HPLC method$:E, = 136.9 kJ mot?, A
wherein the preexponential factors cluster around>2.20%. = 0.4 x 10" s7%, andkygesk) = 2.5 x 10°° s7* within the

The difference imA (related to the entropy of activation) between temperature range 93154 °C. Kinetic data from outH NMR
isomers d1 and d2 is clearly shown in Figure 9. For the two Method in the temperature range-2IB0°C areE, = 132.3 kJ
diastereoisomers of BSST and BSST, the A values of the molt, A = 2.1 x 10" s, andkyzezky = 5.5 x 1074 s%.

d1 isomers are 10 times those of the d2 isomers, whereas thelhese values are in good agreement with the above ESR results.
activation energies of the d1 isomers are larger than those ofln addition, the reliability of theH NMR method is demon-

the d2 isomers by 10 kJ/mol. This reveals that the stereochem-strated by the high consistency of the experimentally determined
istry of the alkoxyamine has an effect on the rate of@N kq values with the calculated ones, as shown in Table 2.

bond dissociation. On the basis of the single-crystal structure
of the two dl1 isomers, in which the phenyl groups are on
opposite sides of the main chain, it can be assumed that in the In summary, a quantitativéH NMR method has been

d2 isomers the two phenyl rings are positioned on the samedeveloped to examine thky values of seven SFRP model
side of the chain. This results in increased steric strain and compounds, including three pairs of styrene dimer alkoxyamines.
contributes to the differences in the observed kinetic data. For The efficiency and completeness of irreversible oxygen trapping
the two diastereoisomers of BSST-OH the differences in the of transient alkyl radicals was first tested by taking advanté%ev

Summary
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of the existing equilibrium between the disastereocisomers of
the model BSS alkoxyamines used for this study. In addition,
the successful separation of pairs of diastereoisomers enable
the examination of the effect of alkoxyamine stereochemistry
on the C-ON bond homolysis kinetics. The precision of the
NMR method is high. Systematic errors were considered and
corrected with the experimentally determined heating time
correction {cor) Of the heat-quench-measure cycle. ThéH
NMR method was validated by comparison with the ESR
methods using data for a commonly examined alkoxyamine,
ST. Our'H NMR method provides a general and reliable way
to determinekq values of alkoxyamines and nitroxide-terminated
oligomers. It can be expanded to acrylate- and methacrylate-
based alkoxyamines capped with TEMPO and its derivatives
or other types of nitroxides. It has the added advantage that
multiple kq values can be determined simultaneously in a single
experiment.
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