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ABSTRACT: Reaction of ethylbenzene, 4-bromo-, 4-(ethoxycarbonyl)-, and 4-methoxyethylbenzenes with
di-tert-butyl diperoxyoxalate at 35 °C in the presence of stable nitroxide radicals gave alkoxyamines in
50-91% yields. Lithiation of the 4-bromophenylalkoxyamine and subsequent treatment with DMF gave
4-formylphenylalkoxyamine in 95% yield, and the reduction of the 4-formylphenylalkoxyamine with NaBH4

yielded 4-(hydroxymethyl)phenylalkoxyamine in 89% yield. Anionic polymerization of butadiene (BD)
with sec-BuLi and subsequent termination with 4-formylphenylalkoxyamine gave an end-functionalized
poly(butadiene) [poly(BD)]. “Living” radical polymerization of styrene (St) initiated by the functionalized
poly(BD) at 120 °C gave a poly(BD)-block-poly(St) with a Mw/Mn of 1.30. Anionic polymerization of
hexamethylcyclotrisiloxane (D3) with 4-lithiophenylalkoxyamine gave poly(D3) with an alkoxyamine moiety
at a polymer end. “Living” radical polymerization of St initiated by the functionalized poly(D3) gave poly-
(D3)-block-poly(St) with Mw/Mn’s of 1.73-1.80.

Introduction
Since the initial report by Georges et al. in 1993 on

the stable free radical (SFR)-mediated “living” radical
polymerization of styrene (St),1 much attention has been
paid to this controlled polymerization process. SFR-
mediated “living” radical polymerization has also been
utilized to make a variety of well-defined block and graft
copolymers, including star and dendritic polymers,
which are difficult to make by other methods.2-6 Ni-
troxides including 2,2,6,6-tetramethylpiperidinyl-1-oxyl
(1a, TEMPO), 2,2,5,5-tetramethylpyrrolidinyl-1-oxyl (1b),
and di-tert-butyl nitroxide (1c) are typical SFR that

simply do not react with double bonds under standard
conditions1,7-9 After the pioneering works by Rizzardo
et al.,10 subsequent developments in this area have
shown that the key initiators are alkoxyamines having
a weak C-O bond.11 Syntheses of alkoxyamines have
widely been studied, and many procedures based on the
radicaltrappingtechnique9,12-17ornucleophilicmethod13,18

have been developed. Alkoxyamines carrying a func-
tional group such as aldehyde and ester can be used for
preparation of controlled macromolecular architectures
by combination of “living” free radical polymerization
and other types of polymerization (e.g., anionic and
cationic) using functionalized alkoxyamines. Hawker et
al. reported the synthesis of a functionalized alkoxyamine
2 by hydrolysis of the benzoyloxy-styrene-TEMPO

adduct, and a variety of controlled macromolecular
architectures have been prepared using 2.3,4,6 However,
it is difficult to synthesize alkoxyamines with a variety
of functional groups from 2. It is therefore important to
establish convenient and widely applicable synthetic
routes for functionalized alkoxyamines. We have found
that the reaction of ethylbenzenes with di-tert-butyl
diperoxyoxalate (4) in the presence of nitroxides at 35
°C gives alkoxyamines including 4-bromo (3d), 4-ethoxy-
carbonyl (3e), and 4-methoxy derivatives (3f) in good
to excellent yields. Of particular interest is 3d, from
which a variety of functionalized alkoxyamines can be
derived via the corresponding lithio or Grignard reagent.
After our preliminary publication on the preparation of
functionalized alkoxyamines,19 other procedures have
been reported.20,21

Using functionalized alkoxyamines as a tool for
syntheses of well-controlled polymer architectures, poly-
(butadiene) [poly(BD)]-block-poly(styrene) [poly(St)] and
poly(hexamethylcyclotrisiloxane) [poly(D3)]-block-poly-
(St) copolymers have been prepared. For the preparation
of former copolymer the procedure of Priddy and Ko-
batake was traced:22,23 anionic polymerization of BD
with sec-butyllithium, termination of the poly(butadi-
enyl)lithium with 3h, and “living” radical polymeriza-
tion of St with the end-functionalized poly(BD). On the
other hand, the latter copolymer was prepared by
anionic polymerization of D3 with 4-lithiophenyl-
alkoxyamine and subsequent “living” radical polymer-
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ization of St with the end-functionalized poly(D3).
Herein we wish to report the synthesis of functionalized
alkoxyamines and an approach to well-controlled block
copolymers using such functionalized alkoxyamines.

Results and Discussion
Synthesis of Alkoxyamines by Reaction of Di-

tert-butyl Diperoxyoxalate with Ethylbenzene in
the Presence of Nitroxide Radicals. The preparation
of 3a is outlined in Scheme 1. Perester 4 decomposes
at a moderate rate in hydrocarbon solvents such as
benzene at room temperature to give two tert-butoxyl
radicals.24 Since the homolytic decomposition is very
clean, 4 has served as a good source of tert-butoxyl
radicals under mild conditions. Furthermore, since this
perester can be stored in a freezer (-20 °C) for at least
1 year without decomposition, it is not necessary to
prepare it each time in the preparation of alkoxyamines.

The reaction of ethylbenzene with 4 in the presence
of TEMPO was carried out at 35 °C in benzene under
nitrogen using 1.0 equiv of 4 for TEMPO and using
ethylbenzene as the solvent. After 3 h, the characteristic
red color due to TEMPO disappeared, and the solution
showed a pale yellow color. An excess of ethylbenzene
was removed, and the residue was chromatographed on
silica gel to give almost pure 3a in 90% yield (based on
TEMPO). In the same manner the reaction of ethylben-
zene with 4 in the presence of 1b or 1c was carried out,
and alkoxyamines 3b and 3c were obtained in 89 and
90% yields, respectively, as a colorless oil after column
chromatography.

Synthesis of Functionalized Alkoxyamines. Al-
koxyamines 3d, 3e, and 3f were prepared in benzene
using small amounts of the corresponding ethylbenzenes
to avoid wasting the expensive ethylbenzenes. In addi-
tion, since the ethylbenzenes have high boiling points,25

it is difficult to remove them at room temperature if they
are used in a large amount as the solvent. When the
reaction of 4-ethylbromobenzene with 4 was carried out
in benzene (10 mL) using 8.0 equiv of the ethylbenzene
(16.9 mmol) and 1.6 equiv of 4 (∼3.4 mmol) for TEMPO
(2.11 mmol), 3d was obtained in 88% yield (based on
TEMPO) after column chromatography. When 4.0, 2.0,
and 1.0 equiv of the ethylbenzene were employed (the
amounts of 4 and TEMPO are constant), the yields were
reduced to 77, 56, and 36%, respectively. Reaction of
4.0 equiv of ethyl 4-ethylbenzoate with 1.6 equiv of 4 in
the presence of 1.0 equiv of TEMPO gave 3e in 50%
yield, and reaction of 4.0 equiv of 4-ethylanisole with
1.6 equiv of 4 in the presence of 1.0 equiv of TEMPO
gave 3f in 91% yield. Accordingly, it can be said that
the reaction of 4 with ethylbenzenes carrying an electron-
donating group gives alkoxyamines in high yields.

Although preparation of 3d was previously carried out
by heating a mixture of di-tert-butyl peroxide and
TEMPO in ethylbenzene at 125 °C, the product was

obtained as a colorless oil in a low yield (32%).13 No
crystallization of the product suggests that it is con-
taminated with impurities.

According to Scheme 2, functionalized alkoxyamines
3h and 3i were prepared from 3d. Treatment of 3d with
t-BuLi in ether at -78 °C and subsequent reaction with
DMF afforded 3h in 95% yield. The high yield of 3h
suggests that the alkoxyamine group is stable to strong
bases such as alkyllithiums.22 Reduction of 3h with
NaBH4 in MeOH-THF afforded 3i in 89% yield, and
reduction with LiAlH4 in anhydrous THF at room
temperature gave 3i in 82% yield.

An alternating method for preparation of 3h is
hydrogen abstraction from 4-formylethylbenzene and
subsequent trapping by 1a (Scheme 3). A mixture of 3.0
equiv of 4-formylethylbenzene, 1.6 equiv of 4, and 1.0
equiv of TEMPO in benzene was stirred at 35 °C for 3
h under nitrogen. TLC inspection showed two spots; one
was due to 4-formylethylbenzene, and the other was due
to a product. Chromatography of the reaction mixture
gave the product 5 in 60% yield. In the 1H NMR
spectrum the presence of TEMPO moiety was shown by
two singlets at 1.12 and 1.272 ppm due to the four
methyl groups at the 2- and 6-positions of the piperidine
ring. No disappearance of the quartet due to CH3CH2
at 2.72 ppm indicated no reaction of the ethyl group.
On the other hand, disappearance of the singlet due to
the formyl proton at 10.00 ppm showed that the tert-
butoxyl radicals abstracted preferentially the formyl
hydrogen. On the basis of the 1H NMR results, the
structure was determined to be 5. It was previously
reported that the formyl hydrogen is 8.6 times more
reactive than the phenetyl R-hydrogens for hydrogen
abstraction by tert-butylperoxyl radicals.26 Taking this
fact into account, the above result seems to be quite
reasonable.

Bulk Polymerization of St by Functionalized
Alkoxyamines. Bulk polymerization of St initiated by

Scheme 1 Scheme 2

Scheme 3
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alkoxyamines 3d-f and 3h (20 mM) was carried out at
120 °C. The number-average molecular weights (Mn)
and polydispersities (Mw/Mn) were determined by size
exclusion chromatography (SEC) using polystyrene
standards as the reference. In all cases first-order plots
were observed for St, up to high conversion, and Mn
values were increased linearly with conversion (see,
Figure 1). Furthermore, Mw/Mn values were decreased
with conversion and became below 1.2 at 50% conver-
sion. On the basis of the observations, it is concluded
that bulk polymerization of St initiated with the func-
tionalized alkoxyamines proceeds in the “living” manner
and that the functional groups give no effect for ho-
molysis of the C-O bond.

Synthesis of Poly(BD)-block-poly(St) Copolymer.
Using 3h as a tool for syntheses of well-controlled block
copolymers, poly(BD)-block-poly(St) copolymer was syn-
thesized according to Scheme 4. Previously, Priddy and
Kobatake et al. reported a synthesis of end-fuctionalized
poly(BD)s by treatment of poly(butadienyl)lithium (6)
with alkoxyamines carrying an epoxide or alkyl halide
group.22,23 However, epoxide and alkyl halide groups are
less reactive for nucleopheric attack by carbanions than
formyl groups.

Anionic polymerization of BD was carried out in
toluene using sec-butyllithium. After 24 h at room
temperature, the poly(butadienyl)lithium obtained was
allowed to react with 3h at room temperature. The
mixture was then allowed to stand for 24 h and poured
into methanol to give an end-functionalized poly(BD) 7
as a light yellow viscous oil in ∼100% yield.

The 1H NMR spectrum of 7 is shown in Figure 2. The
1,4-unit content estimated from Figure 2 was 89%,22,27

which is a typical value (∼90%) for poly(BD) prepared
in hydrocarbon solvents.

Upon recording at high gain, the two methine protons,
-CH(Me)- (a) and -CH(OH)- (b), were detected in δ
) 4.72-4.79 and 4.31-4.67 ppm, respectively, as mul-
tiplets. By comparing the relative intensity of the peaks
due to -CH(Me)- with those of the olefinic protons in
the 1,2- and 1,4-structures, the Mn value of 7 was
estimated to be 5660.28 On the other hand, the Mn value
determined by SEC using poly(St) standards was 7980,
which was much higher than that determined by 1H
NMR. Since SEC tends to give a higher Mn value for
poly(BD), the Mn value was also measured by vapor
pressure osmometry (BPO) using toluene as the solvent
and benzil as the reference, and a value of 5970 was
obtained. This magnitude agrees with that determined
by 1H NMR, and the end-functionality for the poly(BD)
obtained was indicated to be ∼100%.

Bulk polymerization of St with 7 was carried out at
120 °C for 20 h, giving block copolymer 8 in 46% yield.

Figure 1. Mn vs conversion and Mw/Mn vs conversion plots
for the functionalized alkoxiamine-mediated bulk poly-
merization of St at 120 °C: 3d (O, b); 3e (4, 2); 3f (0, 9); 3h
(], [).

Scheme 4

Scheme 5

Figure 2. 1H NMR spectrum of 7 in CDCl3.
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The 1H NMR spectrum of 8 is shown in Figure 3. The
peaks due to -CH2-CHPh- are observed at δ ) 1.43
and 1.86 ppm, and peaks due to the aromatic protons
are observed in 6.37-7.08 ppm. On the other hand,
peaks due to the BD units are observed at δ ) 2.03,
2.07, 4.92-5.00, 5.37-5.42, and 5.54-5.62 ppm. From
the ratio of the relative intensity of the peaks due to
the olefinic protons in the BD units to that of the peaks
due to -CH2-CHPh-, the ratio of the BD units to the
St units was estimated to be 1.63, which was in good
agreement with that (1.58) calculated from the Mn
values of 7 and 8.

The SEC elution curves of 7 and 8 are shown in
Figure 4. A narrow peak of 7 with a small Mw/Mn value
of 1.11 is observed at log MW (MW: molecular weight)
) 3.9 (Mn ) 7980). On the other hand, a peak of 8 is
observed at log MW ) 4.4 (Mn ) 24300), indicating that
polymerization of St was initiated with 7. The peak of
the block copolymer is still narrow (Mw/Mn ) 1.30) but
has a shoulder at log MW ) 4.7 (MW ) 55 000). This
shoulder is not attributable to poly(St) formed by
autopolymerization because its Mn (∼105) is much
higher than 55 000. We assume that the shoulder is due
to a poly(BD)-block-poly(St)-block-poly(BD) copolymer
formed by coupling reaction between poly(BD)-block-
poly(St). propagating radicals.

Poly(D3)-block-poly(St) Copolymers. An alterna-
tive method for preparation of block copolymers is the
use of multifunctionalized alkoxyamine initiators. Since
4-lithiophenylalkoxyamine (3g) has a carbanion site,
along with the alkoxyamine group, it functions as not
only a radical initiator but also an anionic initiator.
Although multifunctionalized alkoxyamines were re-

cently reported,29,30 alkoxyamines possessing both an-
ionic and “living” radical initiating sites have not yet
been reported.

In the present study poly(D3)-block-poly(St) copolymer
was prepared by anionic polymerization of D3 with 3g
and subsequent “living” radical polymerization of St
with the resulting end-functionalized poly(D3). Poly-
(siloxane)-block-poly(St) copolymers were previously
prepared by anionic polymerization of St and subse-
quent anionic polymerization of D3

31,32 or by nitroxide-
mediated “living” radical polymerization of St initiated
with an azo macroinitiator containing dimethylsiloxane
units.33

As described above, 3d can be easily converted to 3g
in a high yield by reaction with tert-butyllithium.
However, use of an excess of tert-butyllithium may leave
unreacted tert-butyllithium which may initiate D3 to
give unfunctionalized poly(D3). On the other hand, use
of a smaller amount of tert-butyllithium leaves unre-
acted 3d which may disturb the anionic polymerization
of D3. Accordingly, lithiation of 3d was accomplished
by treating 3d with lithium metal in anhydrous THF
at 80 °C. An almost quantitative conversion of 3d to 3g
was confirmed by the 1H NMR spectrum of 3a obtained
by quenching 3g in THF with aqueous NH4Cl.

Anionic polymerization of D3 by 3g was carried out
in cyclohexane at 80 °C. After 4 h, the mixture was
poured into methanol, and an end-functionalized poly-
(D3) 9 was obtained as a colorless oil in 67% yield. The
1H NMR spectrum is shown in Figure 5. A strong singlet
due to the dimethylsilyl groups is observed at δ ) 0.07
ppm, and a weak singlet due to -OMe at a terminal
end is observed at 3.48 ppm. The -OMe group is formed
by the reaction of the terminal -Si(Me2)OH with MeOH
used as the precipitant. Upon recording at high gain
many peaks due to the phenylalkoxyamine group were
observed at 0.72-1.44, 1.52, and 1.55 (d, J ) 6.8 Hz),
4.81 and 4.85 (d, J ) 6.8 Hz), and 7.26 and 7.50 ppm
(d, J ) 7.4 Hz). The Mn and Mw/Mn values determined
by SEC were 7600 and 1.33, respectively.

Bulk polymerization of St initiated with 9 was carried
out at 120 °C for 16 h. At ∼8 h (∼20% conversion) the
polymerization mixture became heterogeneous, and the
copolymer formed began to separate.

Figure 3. 1H NMR spectrum of 8 in CDCl3. BD and St refer
to the BD and St units, respectively.

Figure 4. SEC elution curves of 7 (a) and 8 (b).

Figure 5. 1H NMR spectrum of 9 in CDCl3.
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The 1H NMR spectrum of poly(D3)-block-poly(St)
copolymer 10 is shown in Figure 6. A singlet due to the
dimethylsilyl groups is observed at δ ) 0.07 ppm, and
a broad singlet due to -CH2-CHPh-, a broad singlet
due to -CH2-CHPh-, and multiplets due to the
aromatic protons are observed at δ ) 1.43, 1.84, and
6.33-7.25 ppm, respectively. The ratios of the D3 units
to the St units determined from the ratios of the relative
intensity of the peaks due to the -Si(CH3)2- to that of
the peaks due to -CH2-CHPh- were 5.40 (17% con-
version) and 8.33 (21% conversion), which were in good
agreement with those determined from the molecular
weights (5.43 and 8.00 at 17 and 21% conversions,
respectively).

The SEC elution curves of 9 and 10 are shown in
Figure 7. While the Mn value of 9 is 7600 (peak a), the
Mn values of the block copolymers obtained at 17% (peak
b) and 21% conversions (peak c) are 26 300 (Mw/Mn )
1.73) and 35 100 (1.80), respectively, indicating that
polymerization of St was initiated with the functional-
ized poly(D3). However, the copolymer obtained at 53%
conversion gave a bimodal SEC elution curve. The Mn
for the lower molecular weight component is almost the
same as that of the copolymer at 21% conversion, and
that of the higher molecular weight component is equal
to that (1.1 × 105) of poly(St) formed by autopolymer-
ization. We assume that the nitroxide-mediated living
radical polymerization of St no longer occurs above
∼21% conversion of St. Above 21% conversion autopo-

lymerization of St only occurs, giving uncontrolled poly-
(St) with a high MW.

Experimental Section

IR spectra were obtained on a JASCO FT/IR-230 spectro-
photometer. 1H NMR spectra were recorded with a JEOL
R-400 spectrometer using TMS as the internal standard. SEC
was performed on a Tosoh 8020 series equipped with TSK-gel
columns G5000HHR, GMultiporeHXL-M, and GMHHR-L us-
ing polystyrene standards as the references and using THF
as the eluant. Vapor pressure osmometry was carried out with
a Knauer vapor pressure osmometer (model 1100) using
toluene as the solvent and benzil as the reference. Column
chromatographic purification was carried out on silica gel (Fuji
Silysia Co., Ltd., BW-127ZH). 2,2,6,6-Tetramethylpiperidinyl-
1-oxyl (TEMPO), di-tert-butyl nitroxide, ethylbenzene, 4-eth-
ylbromobenzene, and 4-ethylanisole were commercially avail-
able and used without any further purification. 2,2,5,5-
Tetramethylpyrrolidinyl-1-oxyl was prepared according to the
reported methods and purified by column chromatography on
silica gel before use.34 Di-tert-butyl diperoxyoxalate was ob-
tained by the reported method and stored at -25 °C.24

General Procedure for Preparation of Alkoxyamines
3a-c. A solution of a nitroxide radical (3.14 mmol), 4 (∼0.77
g, ∼3.3 mmol) (caution! do not scrape the crystals), in ethyl-
benzene (20 mL) was stirred at 35 °C under a nitrogen
atmosphere until the characteristic red color of nitroxide
disappeared (ca. 3 h). The reaction mixture was then concen-
trated to ca. 1 mL by evaporation under reduced pressure at
room temperature, and the residue was chromatographed on
silica gel using 1:10 ethyl acetate-hexane to give almost pure
compounds of 3a-c as a colorless oil. Crystallization of 3a from
pentane or ethanol and subsequent cooling to -20 °C gave
colorless needles.

N-(r-Methylbenzyloxy)-2,2,6,6-tetramethylpiperi-
dine (3a):12,13 Yield 90%; mp 44-45 °C (lit.12 44.5-45 °C).

N-(r-Methylbenzyloxy)-2,2,5,5-tetramethylpyrroli-
dine (3b): Yield 89%; colorless oil. 1H NMR (CDCl3): δ 0.64
(s, Me, 3 H), 1.03 (s, Me, 3 H), 1.17 (s, CH3, 3 H), 1.26 (s, CH3,
3 H), 1.49 (d, J ) 6.8 Hz, CH-CH3, 3 H), 1.40-1.63 (br m,
(CH2)2, 4 H), 4.66 (q, J ) 6.8 Hz, CH-CH3, 1 H), 7.22-7.35 (m,
aromatic, 5 H).

N-(r-Methylbenzyloxy)-di-tert-butylamine (3c):9 Yield
90%; colorless oil. 1H NMR (CDCl3): δ 1.04 (s, t-Bu, 9 H), 1.31
(s, t-Bu, 9 H), 1.46 (d, J ) 6.8 Hz, CH-CH3, 3 H), 4.82 (q, J )
6.8 Hz, CH-CH3, 1 H), 7.21-7.33 (m, aromatic, 5H).

General Procedure for Preparation of Alkoxyamines
3d-f. A solution of TEMPO (0.33 g, 2.11 mmol), 4 (∼0.77 g,
∼3.4 mmol), and ethylbenzene (8.45 mmol) in benzene (10 mL)
was stirred at 35 °C under a nitrogen atmosphere until the
characteristic red color due to TEMPO disappeared (ca. 2 h).
The mixture was then concentrated to ca. 1 mL by evaporation
under reduced pressure at room temperature, and the residue
was chromatographed on silica gel using benzene to give pure
compounds of 3d-f. Crystallization from pentane or methanol
gave colorless plates.

N-(r-Methyl-4-bromobenzyloxy)-2,2,6,6-tetramethylpi-
peridine (3d):13 Yield 88%; mp 57-59 °C (methanol). 1H NMR
(CDCl3): δ 0.64 (s, CH3, 3 H), 1.01 (s, CH3, 3 H), 1.15 (s, CH3,
3 H), 1.27 (s, CH3, 3 H), 1.44 (d, J ) 6.8 Hz, CH-CH3, 3 H),
1.35-1.6 (br m, (CH2)3, 6 H), 4.73 (q, J ) 6.8 Hz, CH-CH3, 1
H), 7.19 (d, J ) 8.3 Hz, aromatic, 2 H), 7.43 (d, J ) 8.3 Hz,
aromatic, 2 H). Calcd for C17H26BrNO: C, 60.00; H, 7.70; N,
4.12. Found: C, 59.93; H, 7.68; N, 3.82.

N-[r-Methyl-4-(ethoxycarbonyl)benzyloxy]-2,2,6,6-tet-
ramethylpiperidine (3e): Yield 50%; mp 62-64 °C (pen-
tane). IR (KBr): 1715 (CdO) and 1280 cm-1 (ester). 1H NMR
(CDCl3): δ 0.62 (s, CH3, 3 H), 1.02 (s, CH3, 3 H), 1.17 (s, CH3,
3 H), 1.29 (s, CH3, 3 H), 1.39 (t, J ) 6.8 Hz, CH2CH3, 3 H),
1.48 (d, J ) 6.8 Hz, CH-CH3, 3 H), 1.34-1.58 (br m, (CH2)3,
6 H), 4.37 (q, J ) 6.8 Hz, CH2CH3, 2 H), 4.82 (q, J ) 6.8 Hz,
CH-CH3, 1 H), 7.38 (d, J ) 8.3 Hz, aromatic, 2 H), 7.99 (d, J

Figure 6. 1H NMR spectrum of 10 in CDCl3. St refers to the
St units.

Figure 7. SEC elution curves of 9 (a) and 10 (b-d); b, c, and
d refer to those of the block copolymers obtained at 17, 21,
and 53% conversions of St, respectively.
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) 8.3 Hz, aromatic, 2 H). Calcd for C20H31NO3: C, 71.82; H,
9.34; N, 4.19. Found: C, 72.03; H, 9.22; N, 3.87.

N-(r-Methyl-4-methoxybenzyloxy)-2,2,6,6-tetrameth-
ylpiperidine (3f): Yield 91%; mp 73-74 °C (pentane). 1H
NMR (CDCl3): δ 0.65 (s, CH3, 3 H), 1.01 (s, CH3, 3 H), 1.15 (s,
CH3, 3 H), 1.28 (s, CH3, 3 H), 1.2-1.6 (br m, (CH2)3, 6 H), 1.46
(d, J ) 6.8 Hz, CH-CH3, 3 H), 3.80 (s, OCH3, 3 H), 4.73 (q, J
) 6.8 Hz, CH-CH3, 1 H), 6.85 (d, J ) 8.8 Hz, aromatic, 2 H),
7.24 (d, J ) 8.8 Hz, aromatic, 2 H). Calcd for C18H29NO2: C,
74.18; H, 10.03; N, 4.81. Found: C, 74.32; H, 9.77; N, 4.52.

N-(r-Methyl-4-formylbenzyloxy)-2,2,6,6-tetramethylpi-
peridine (3h): A stirred solution of 1.55 g (4.6 mmol) of 3d
in 40 mL of dry ether under nitrogen was cooled in a dry ice
MeOH bath, and a pentane solution of t-BuLi (1.64 M) (5.8
mL, 9.5 mmol) was added. The resulting mixture was stirred
for 1 h at the same temperature, and dry DMF (2.0 mL, 26
mmol) was added. After the mixture was gradually raised to
0 °C, aqueous NH4Cl was added at 0 °C, and the mixture was
extracted with CH2Cl2. The extract was washed with brine,
dried (MgSO4), evaporated, and chromatographed on silica gel
using 1:4 hexanes-ethyl acetate to give an almost pure
compound of 3h in 95% yield. Crystallization from pentane
gave colorless plates. Mp 92-93 °C. IR (KBr): 1700 cm-1 (Cd
O). 1H NMR (CDCl3): δ 0.63 (s, CH3, 3 H), 1.03 (s, CH3, 3 H),
1.18 (s, CH3, 3 H), 1.30 (s, CH3, 3 H), 1.49 (d, J ) 6.8 Hz, CH-
CH3, 3 H), 1.35-1.6 (br m, (CH2)3, 6 H), 4.85 (q, J ) 6.8 Hz,
CH-CH3, 1 H), 7.48 (d, J ) 8.3 Hz, aromatic, 2 H), 7.84 (d, J
) 8.3 Hz, aromatic, 2 H), 10.00 (s, CHO, 1 H). Calcd for C18H27-
NO2: C, 74.70; H, 9.40; N, 4.84. Found: C, 74.59; H, 9.37; N,
4.60.

Reduction of 3h to 3i with NaBH4. To a stirred solution
of 310 mg (1.07 mmol) of 3h in EtOH (12)-THF (4 mL) was
added 0.20 g (4.3 mmol) of NaBH4 at room temperature. After
the mixture was stirred for 2 h, the usual workup and
subsequent chromatography (silica gel, 1:1 benzene-ethyl
acetate) gave 3i as an colorless oil in 89% yield (0.278 g, 0.953
mmol).

N-[r-Methyl-4-(hydroxymethyl)benzyloxy]-2,2,6,6-tet-
ramethylpiperidine (3i): IR (neat): 3400 cm-1 (OH). 1H
NMR (CDCl3): δ 0.67 (s, CH3, 3 H), 1.02 (s, CH3, 3 H), 1.16 (s,
CH3, 3 H), 1.29 (s, CH3, 3 H), 1.47 (d, J ) 6.8 Hz, CH-CH3, 3
H), 1.35-1.6 (br m, (CH2)3, 6 H), 4.69 (s, CH2OH, 2 H), 4.79
(q, J ) 6.8 Hz, CH-CH3, 1 H), 7.32 (s, aromatic, 4 H).

Reduction of 3h to 3i with LiAlH4. A solution of 304 mg
(1.05 mmol) of 3h in 5 mL of anhydrous THF was added
dropwise to a stirred suspension of 63 mg (1.66 mmol) of
LiAlH4 in 10 mL of anhydrous THF. After the resulting
suspension was stirred for 2 h, the usual workup and subse-
quent chromatography (silica gel, 1:1 ethyl acetate-hexane)
gave 3i in 82% yield (241 mg, 0.86 mmol) as a colorless oil.

Reaction of 4-Formylethylbenzene with 4 in the Pres-
ence of TEMPO. A solution of TEMPO (0.386 g, 2.47 mmol),
4 (∼0.94 g, ∼4.0 mmol), and 4-formylethylbenzene (1.03 g, 7.65
mmol) in benzene (10 mL) was stirred at 35 °C for 3 h under
a nitrogen atmosphere. After the reaction mixture was con-
centrated to ca. 1 mL by evaporation under reduced pressure
at room temperature, the residue was chromatographed on
silica gel using benzene as eluant to give almost pure com-
pounds of 5 in 60% yield as a colorless oil.

N-(4-Ethylphenylcarbonyloxy)-2,2,6,6-tetramethylpi-
peridine (5). IR (neat): 1750 (CdO), 1260 cm-1 (ester). 1H
NMR (CDCl3): δ 1.12 (s, CH3, 6 H), 1.267 (t, J ) 7.3 Hz,
CH2CH3, 3 H), 1.272 (s, CH3, 6 H), 1.4-1.8 (br m, (CH2)3, 6
H), 2.72 (q, J ) 7.3 Hz, CH2CH3, 2 H), 7.29 (d, J ) 8.3 Hz,
aromatic, 2 H), 8.00 (d, J ) 8.3 Hz, aromatic, 2 H).

Polymerization of St with Alkoxyamines 3d-f and 3h.
St (1.0 mL, 0.909 g) and an alkoxyamine (0.020 mmol) were
placed in a glass tube, and the tube was degassed by three
freeze-pump-thaw cycles and sealed off. After the tube was
heated to 120 °C for 15-30 h, the reaction mixture was poured
into a large excess of methanol, and poly(St) precipitated was
collected by filtration and dried in vacuo. Conversion was
determined by weight, and Mn and Mw/Mn were determined
by SEC.

Anionic Polymerization of BD and Termination by 3h.
In one leg of an H-shaped glass tube was placed 0.15 g (0.52
mmol) of 3h, and in the other leg 2 mL of BD and 7.5 mL of
dry toluene were placed. After the tube was charged with
nitrogen, 0.43 mL (0.43 mmol) of sec-butyllithium (1.01 M in
pentane) was added to the toluene solution with a syringe
through a double septum, and the tube was sealed off from
the vacuum system. After 24 h at room temperature, the
toluene solution was mixed with 3h by shaking the tube, and
it was allowed to stand for 24 h at room temperature. The
reaction mixture was then poured into a large excess of
methanol to give 7 as a yellowish oil in ∼100% yield. Mn )
7980 (SEC), 5970 (VPO); Mw/Mn ) 1.11 (SEC).

Polymerization of St with 7. Functionalized poly(BD) 7
(0.262 g) and St (1.35 g, 12.9 mmol) were placed in a glass
tube, the content was degassed by three freeze-pump-thaw
cycles, and the tube was sealed off. It was then heated to 120
°C for 20 h, and the reaction mixture was poured into a large
excess of methanol. The resulting polymeric material was
filtered and dried in a vacuum. Yield 0.88 g (46%); Mn )
24 300; Mw/Mn ) 1.30.

Lithiation of 3d with Lithium Metal. To a solution of
0.50 g (1.5 mmol) of 3d in 2 mL of anhydrous THF was added
41 mg (5.90 g atom) of Li, and the mixture was gently refluxed
for 3 h. After cooling to temperature, aqueous NH4Cl (2.0 mL)
was added, and the mixture was stirred for 1 h at room
temperature. After extraction with ether, drying (MgSO4), and
evaporation, the residue was subjected to 1H NMR measure-
ments using CDCl3 as the solvent.

Anionic Polymerization of D3 with 3g. A solution of 10.0
g (45.0 mmol) of D3 in 8.0 mL of dry cyclohexane was refluxed
over CaH2 for 3 h, and 4.0 mL of the supernatant was taken
with a syringe and placed in a two-necked round flask charged
with nitrogen. A solution of 3g in anhydrous THF (ca. 2 mL)
was added to the cyclohexane solution with a syringe through
a double septum. The mixture was heated to 80 °C for 4 h
under nitrogen with stirring and poured into a large excess of
methanol to give poly(D3) as an colorless biscous oil in 67%
yield. Mn ) 7600, Mw/Mn ) 1.33.

Polymerization of St with 9. The poly(D3) macroinitiator
9 (30 mg) and St (0.28 g, 2.7 mmol) were placed in a glass
tube, the content was degassed by three freeze-pump-thaw
cycles, and the tube was sealed off. It was then heated to 120
°C for 4, 8, and16 h, and the reaction mixture was poured into
a large excess of methanol. The resulting polymeric material
was filtered and dried in vacuo.
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