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ABSTRACT: Polymers prepared by nitroxide-mediated polymerization undergo single electron oxidation of the
N-alkoxyamine end group upon treatment with ceric ammonium nitrate. This facile reaction proceeds efficiently
under mild conditions to produce monotelechelic polymers. A mechanism for cleavageNsathexyamine is
proposed, and the utility of this process is explored through derivatization with various end groups.

Introduction Scheme 1. Attempted Ketal Deprotection Leading to
Controlled free radical polymerization (CRP) has become a N-Alkoxyamine Degradation
method of choice for the production of designed macromolecular /[ \

constructs. An advantage of CRP over ionic polymerizations is % o

tolerance to moisture and compatibility with many sensitive o Ph
functional groups. The most widely recognized methods of CRP )\ N Ph CAN )\ .

are reversible addition fragmentation transfer (RAFEtom Pr~ Yo~ I CH,CNH,0 pr” oH

transfer radical polymerization (ATRPRand nitroxide-mediated 70 °C

polymerization (NMP)$ These methods not only provide a

means of generating well-defined macromolecular structures but 1 2 3
also offer the opportunity to introduce chain end functionality
for a variety of application&®* For NMP using unimolecular
initiators, chain end functionalization commonly involves the
synthesis of functionalized initiators prior to polymerization.
This functionality can be introduced onto either the initiating
alkyl portion (typically a 1-phenethyl derivative) or the capping
o nitroxide portion of theN-alkoxyamine. The most common
strategies have employed preparation of 1-phenethyl groups
bearing alcohofsor benzyl chloride$§.An interesting example

of the latter is that of Schubert et al., who synthesized a
terpyridine functionalized-alkoxyaminé from the correspond-

ing benzyl chloride. The resulting polymers, bearing a terpy-
ridine at theo terminus, can be utilized as supramolecular
building blocks. Long et al. developed another supramolecular
building block strategy utilizing multiple hydrogen-bonding
uracils built onto thex polymer enck In these systems the Lewis
basic nature of the terpyridine and uracil groups are incompatible
with ATRP due to competing ligand binding of the metal
catalyst. Billion et al. have used an ester derivatized initiator
bearing a silyl group for surface graftifgA few examples
utilize the carboxylic acid-bearing AIBN analogue V-501 to
form carboxylic acidx-terminated polymers in the presence of
free nitroxides?

There are only a few methods that involve the removal of
the N-alkoxyamine cap to introduce functionality as a postpo-
lymerization modification. These methods entail heating the
polymer to achieve nitroxide dissociation and subsequent
trapping of the active radical chain end with various species. Experimental Section
Maleimide derivatives as well as thiuram disulfidé3 have

been used to introduce a variety of different functional groups . .

! - L L nitrate (98%) was purchased from Aldrich. Monomers styrene (St)
through this method. Turro ut|||zeq postpolymerlzgtlon .n|tr0X|de (99%, Acros Organics)-butyl acrylate fBA) (99+%, Acros
exchangé3 as anoth_er means to |ntrpduce functionality. Post- Organics), andtertbutyl acrylate (BA) (98%, Aldrich) were
polymerization functionalization reactions allow for the prepara- gjstilled prior to use. Unless otherwise noted, all other reagents
tion of a family of monodisperse polymer samples differing only \ere used as received. Tetrahydrofuran (THF) was distilled from
in labeled end groups. An important aspect of these works is sodium/benzophenone, and acetonitrile and dichloromethane were
the extent of retention of the-nitroxide after the polymerization  distilled from calcium hydride when anhydrous conditions were

process. This was evaluated by Hawker et al. by surveying
the fidelity of dye labeledN-alkoxyamines?# For polymers
having molecular weights less than 60 000 g/mol, it was found
that greater than 95% ofN-alkoxyamine end groups were
preserved.

Theinvestigation of single electron oxidatiorNs&lkoxyamines
came about during the removal of a ketal protecting group on
a functionalizedN-alkoxyamine (Scheme 1. Many ketal
deprotection methods involve acidic conditions, which at
elevated temperatures might decompose Nhalkoxyamine.
However, the CAN-mediated deprotection procedure of Marko
et al18 is carried out at 70C under mildly acidic conditions.
Thus, N-alkoxyaminel bearing a ketal was treated with ceric
ammonium nitrate (CAN) in aqueous acetonitrile. It was
surprising to see complete disappearance of the initiator within
5 min to produce a relatively clean NMR spectrum of 1-phe-
nylethanol @) and isobutyrophenon&) (Scheme 1). Intrigued
by this facile decomposition under such mild conditions, this
reaction was explored as a method to remove the nitroxide end
cap and to introduce functionality onto the terminus of polymers
prepared via NMP. Previously reported postpolymerization
modifications ofN-alkoxyamine end groups require thermolysis
of the labile C-ON bond. Herein we present a strategy which
utilizes a chemical process that requires little or no heating to
achieve substitution of the-nitroxide.

General Materials and Methods. Ammonium ceruim(1V)
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required. Flash chromatography was performed using EM Scienceconcentrated. Excess chloroacetonitrile was removed in vacuo (100
Silica Gel 60. Analytical TLC was performed using commercial mTorr) while heating at 50C. The product was purified by flash
Whatman plates coated with silica gel (0.25 nm thick). column chromatography [4:1 hexanes:EtCAQ:1 hexanes:EtOAc
Analytical Techniques.NMR spectra were recorded at 250 MHz ~ — EtOAc — 10:1 EtOAc:MeOH], affordingN-(1-phenethyl)-1-
(Bruker ACF dual probe 250 MHz, 62.5 MH2C NMR) or 500 chloroacetamidé as a slightly yellow crystalline solid (93.4 mg,
MHz (Varian 500 MHz, 125 MHZ3C NMR) as noted in CDGI 18%). TLC: 1:1 hexanes:EtOAc, U\p-anisaldehydeR: = 0.56.
Mass spectra were obtained on an electrospray ionization time-of- IR (CDCls): 3415 (N-H), 2930 (C-H), 1671 (G=0), 1524 cm*
flight (ESI-TOF) mass spectrometer (Mariner Biospectrometry (N—H). *H NMR (500 MHz, CDC}): 6 = 7.33 (m, aromatic, 5
workstation from Applied Biosciences). FTIR spectra were recorded H), 5.15 (m, CHCH(NH)Ph, 1 H), 4.05 (dJ = 14.0 Hz, CIGH,C-
on a Perkin-Elmer 1600 FTIR spectrometer. ©Y¥s absorption (0), 2 H), 1.54 (dJ = 6.5 Hz, GH3CH, 3 H).13C NMR (125 MHz,
spectra were recorded on a Cary 50 Varian spectrophotometer. GeCDCLy): d = 165.2 (s, CHC(O)NH, 1 C), 142.4 (sipsoAr, 1 C),
permeation chromatography (GPC) was performed using a Waters130.1 (s,0-Ar, 2 C), 127.8 (sp-Ar, 1 C), 126.2 (sm-Ar, 2 C),
apparatus equipped with five Styragel columns (300 4.6 mm, 5 49.4 (s, CHCH(NH)Ph), 42.8 (OCH,C(0)), 21.8 CH3CH(NH)-
um bead size), HR 0.5 (pore size 50 A;0000 Da), HR 1 (pore ~ Ph). HRMS:m/z[M + 1]* calcd for GoH1,CINO: 197.0607; found
size 100 A, 106-5000 Da), HR 2 (pore size 500 A, 56@0 000 197.0600.
Da), HR 4 (pore size 10000 A, 5000 000 Da), and HR5E 3-(1-Phenylethoxy)propyne (19).To a solution of 2,2,5-
(linear bed, mixed pore sizes, 2068106 Da). THF was used as  trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexad (200 mg,
the eluent at a flow rate of 0.35 mL/min at ambient temperature. A 0.61 mmol) in freshly distilled propargyl alcohol (1.78 mL, 31
refractive index detector was used, and the molecular weights weremmol) was added a solution of CAN (1.003 g, 1.83 mmol) in 8
calibrated against seven polystyrene standards ranging from 2000mL of dry acetonitrile. The reaction mixture was stirred at room
to 156 000 Da. temperature for 30 min and then poured into 30 mL of water. The
General Procedure for the Oxidation of N-Alkoxyamines with aqueous phase was extracted three times with 15 mL of dichlo-
CAN. 2,2,5-Trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexane romethane. The combined organic layers were washed twice with
(4)'" (100 mg, 0.31 mmol) was dissolved in 3 mL of acetonitrile 15 mL of saturated NaHC£ and once with 15 mL of brine. The
and heated to 76C. A solution of CAN (422 mg, 0.77 mmol) in  organic phase was dried over Mg&diltered, and concentrated.
2 mL of acetonitrile and a minimum amount of water to dissolve The crude product was purified by flash column chromatography
the solid (-~200uL) was added all at once. Upon addition of CAN, eluting with hexanes to afford 64 mg (66% yield) of a colorless
the color of the reaction mixture changed immediately from yellow oil. TLC: 4:1 Hex:EtOAc, UV, p-anisaldehydeR; = 0.61. IR
to dark orange and then over the course of 2 min changed to a pale(neat): 3307 (&C—H), 2250 (G=C), 1091 (C-0).H NMR (500
yellow color. After 5 min the reaction was cooled to room MHz, CDCk): ¢ = 7.37 (m, aromatics, 5H), 4.67 (4,= 6.5 Hz,
temperature and poured into 10 mL of water, and the aqueous layerCH;CH(OCH,C=CH)Ph, 1 H), 4.10 (ddJ = 2.5 Hz,J = 15.5,
was extracted three times with 8 mL of dichloromethane. The OCH,C=CH 1 H), 3.89 (ddJ = 2.5 Hz,J = 15.5 Hz, O®,C=
combined organic layer was washed with 10 mL of saturated CH 1 H), 2.42 (t,J = 2.5 Hz, G=CH, 1 H), 1.50 (d,J = 6 Hz,

NaHCG; (to precipitate excess cerium) followed by 10 mL of brine.
The organic phase was dried over MgSfitered, and concentrated
to afford 107.3 mg of crude material. Analysis of ¢ NMR and

CH3CH, 3 H).13C NMR (125 MHz, CDC}): 6 = 142.5 (s,ipso
Ar, 1 C), 128.7 (sp-Ar, 2 C), 127.9 (sp-Ar, 1 C), 126.6 (sm-Arr,
2 C), 80.1 (s, CHC=CH, 1 C), 76.8 (s, CECH(Ph)CH, 1 C),

the low-resolution mass spectra of the crude product showed severalF4.1 (s, CHC=CH, 1 C), 55.6 (s, @H,C=CH, 1 C), 23.9 (s,
constituents (percent composition determined by integration): 34% CH3;CH(Ph)CH).
1-phenylethanol ), 4.91 ppm (g, 1 H), (fragments in MS not 2,2,5-Trimethyl-3-(ethyl-2-oxypropionate)-4-phenyl-3-azahex-
observed); 33%i-tert-butyl-a-isopropyle-phenylnitrone 10), 3.89 ane (23).Following the general procedure of Matyjaszewski et‘al.,
ppm (m, 1 H),m/z [M + 1]* 220.2; 24% isobutyrophenon8)( a 50 mL Schlenck flask was charged with 2,2,5-trimethyl-4-phenyl-
3.56 ppm (m, 1 H)yWz [M + 1]* 149.1; 5%N-(1-phenethyl)- 3-azahexane-3-nitroxide (1.00 g, 4.54 mmol), ethyl-2-bromopro-
acetamide &), 5.13 ppm (g, 1 H)mwz [M + 1]+ 164.1; and 2% pionate (684 mg, 3.78 mmol), 4;tert-butyl-2,2-bipyridine (40
N-(1,1-dimethylethyl)acetamidel®), 1.91 ppm (s, 3 H)mz [M mg, 0.15 mmol), copper triflate (14 mg, 0.04 mmol), copper metal
+ 1]+ 116.1. (45 um powder, 260 mg, 3.97 mmol), and 20 mL of benzene. The
One-Pot Oxidation of N-Alkoxyamines with CAN and Sub- solution was degassed by three freepamp—thaw cycles under
sequent Oxidation of 1-Phenylethanol with CAN/TEMPO.2,2,5- argon. The solution was stirred and heated to°@5for 20 h.
Trimethyl-3-(1-phenylethoxy)-4-phenyl-3-azahexadg (60 mg, Volatiles were removed in vacuo, and the resulting material was
0.18 mmol) and 6 mg (0.04 mmol) of 2,2,6,6-tetramethylpiperidine- purified by flash column chromatography (neutral alumina adsor-
1-oxyl (TEMPO) were dissolved in 3 mL of acetonitrile and heated bent, 95:5 hexanes:dichloromethane) to afford 990 mg (82% yield)
to 70 °C. A solution of CAN (246 mg, 0.37 mmol) in 1 mL of  of a colorless oil as a 7:3 mixture of diastereomers. A small amount
acetonitrile was added in one portion. After 1 h, the reaction mixture of a single diastereomer was also isolated and used for spectral
was poured into 10 mL of water, and the aqueous layer was characterization. TLC: 8:1 hexanes:EtOAc, UW¥fanisaldehyde,
extracted three times with 8 mL of dichloromethane. The combined R = 0.33. IR (neat): 2978 (EH), 1748 (G=0), 1453 cm* (N—
organic layer was washed with 10 mL of saturated NaH@ad 0). 'H NMR (500 MHz, CDC}): 6 = 7.25 (m, aromatics, 5 H),
10 mL of brine. The organic phase was dried over MgSiered, 4.55 (q,J = 6.5 Hz, NOCGH(CH3)C(0O), 1 H), 4.19 (qJ = 7 Hz,
and concentrated to obtain 38 mg of an orange oil. Analysis of the OCH,CHs, 2 H), 3.39 (d,J = 10.5 Hz, CH(CH).CHPH, 1 H),
IH NMR spectrum of the crude product showed two major 2.18 (m, CHCH(CH)CH;s, 1 H), 1.57 (dJ = 7 Hz, NOCH(C(O))-
constituents (percent composition determined by integration): CHs, 3 H), 1.34 (t,J = 7 Hz, CH.CHjs, 3 H), 1.23 (d,J = 6 Hz,
acetophenon&s, 2.61 ppm (g, 3 H, 52%), and isobutyrophenone (CH3),CH, 3 H), 0.94 (s, (€i3)C, 9H), 0.53 (d,J = 6.5 Hz, (GH3),-

3, 3.56 ppm (m, 1 H, 48%).
N-(1-Phenethyl)chloroacetamide (15).2,2,5-Trimethyl-3-(1-

CH, 3 H).13C NMR (125 MHz, CDC}): 6 = 174.0 (s, CKC(0)O,
1 C), 142.1 (sipso-Ar, 1 C), 131.1 (sp-Ar, 2 C), 128.4 (sm-Ar,

phenylethoxy)-4-phenyl-3-azahexane (879 mg, 2.7 mmol) in 30 mL 2 C), 126.6 (sp-Ar, 1 C), 81.6 (s, @H(C(0))CH;, 1 C), 72.6 (s,

of chloroacetonitrile was heated to 70. A solution of CAN (3.70

g, 6.75 mmol) in 30 mL of chloroacetonitrile and 40 mL of 10 M
nitric acid was added. The reaction mixture was stirred atG0
for 30 min and then poured into 100 mL of water. The organic

NCH(Ph)CH(CH)2, 1 C), 72.1 (s,C(CHg)s, 1 C), 60.5 (s,
CHsCH;0, 1 C), 32.1 (SCH(CHs),CH, 1 C), 28.0 (s, GTH3)s, 3
C), 21.9 (CHCH3),CH, 1 C), 21.3 (CHCH3).CH, 1 C), 19.0 (s,
OCH(C(O)CHs, 1 C), 14.3 (s, OCHCHs. HRMS mVz [M + 1]+

phase was separated, and the remaining aqueous layer was extractexicd for GgHziNOs: 321.2304; found 321.2297.

three times with 50 mL of dichloromethane. The combined organic

layer was washed with 80 mL of saturated NaHG®@d 80 mL of
brine. The organic layer was dried over Mg§&G@iltered, and

Ethyl-2-(2,2,6,6-tetramethyl-1-piperidinyloxy)propionate (25).
The same procedure used in the synthes®2afas followed, with
TEMPO in place of TIPNO to afford 6.15 g (87% yield) OfC?DV
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colorless oail. IR (neat): 2977 (€H), 1749 (G=0), cnt! 1454
(N—0O). *H NMR (500 MHz, CDC}): ¢ = 4.28 (q,J = 6.8 Hz,
NOCH(C(O))CH;, 1 H), 4.16 (q,d = 7.5 Hz, OCGH,CHjs, 2 H),
1.44 (m, G4,CH,CH,, 6 H), 1.37 (d,J = 6.8 Hz, CHCH3, 3 H),
1.25 (t,J = 7.5 Hz, OCHCH3;, 3 H), 1.18 (s, C(El3),, 3 H) 1.12
(s, C(H3)2, 6 H), 1.04 (s, C(El3),, 3 H). 13C NMR (125 MHz,
CDCl): 6 =174.3 (s, @(O)CH, 1 C), 81.9 (s, GH(C(O))CH;,
1 C), 60.4 (s, @H,CHs, 1 C), 60.0 (s, KC(CH3),.CH,, 1 C), 59.5
(s, NC(CH3),CHy, 1 C), 40.4 (s, ChICH,C(CHg),, 1 C), 40.2 (s,
CH,CH,C(CHg),, 1 C), 33.7 (s, GCH3)2, 1 C), 33.1 (s, GCHa)y,
1 C), 20.3 (sCH3CH(O)C(O), 1 C), 18.3 (s, @Hs3),, 2 C), 17.2
(s, CHCH.CH,, 1 C), 14.2 (s, OCKCHj3, 1 C).
Ethyl-2-nitrooxypropionate (24). Ethyl 2-(2,2,6,6-tetrameth-
ylpiperidinyloxy)propionate Z1) (500 mg, 1.94 mmol) was sub-
jected to the general oxidation procedure with CAN (4.25 g, 7.76
mmol). The crude mixture was purified by flash column chroma-
tography (20:1 hexanes:EtOAc) to provide 145 mg (46% yield) of
a slightly yellow oil. For spectral comparison, the authentic nitrate
was prepared by refluxing ethyl-2-bromopropionate (500 mg, 2.8
mmol) and silver nitrate (951 mg, 5.6 mmol) in 8 mL of dry
acetonitrile. Silver bromide was removed by filtration and the
solvent removed in vacuo; 351 mg (77% vyield) of a colorless oil
was obtained. IR (neat): 2984 {&), 1752 (G=0), 1646 cm?
(N=0). 'H NMR (500 MHz, CDC}): 6 = 5.23 (q,J = 7.5 Hz,
CH3CH(ONG,)C(0), 1 H), 4.27 (9J = 7.5 Hz, OCGH,CHs, 2 H),
1.56 (d,J= 7.5 Hz, HsCH, 3 H), 1.31 (tJ = 7.5 Hz, OCHCH3,
3 H). 13C NMR (125 MHz, CDC}): ¢ = 169.1 (s, CK(0)O, 1
C), 76.0 (s, CHCH(ONG,)C(O), 1 C), 62.2 (s, OCKCHjs, 1 C),
14.8 (s,CH3sCH(ONG,)C(0), 1 C), 14.1 (s, OCKCHs, 1 C).
Alcohol Functionalized Polystyrene (PS-A)Polystyrene made
by nitroxide-mediated polymerization initiated with 2,2,5-trimethyl-
3-(1-phenylethoxy)-4-phenyl-3-azahexar (M,: 6574 g/mol,
polydispersity indexN1,/M,) = 1.12, 150 mg, 0.011 mmol) was
dissolved in 4 mL of tetrahydrofuran and heated to reflux. A
solution of CAN (126 mg, 0.23 mmol), dissolved in 1 mL of
tetrahydrofuran and 406L of water was added to the polystyrene
solution and stirred at reflux for 20 h. The reaction mixture was
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(96%) of a white flaky polymer. GPCM,, = 6234, polydispersity
index Myw/M;)) = 1.12.

Pyrene Functionalized Polystyrene (PS-Py)1-Pyrenebutyric
acid (32 mg, 0.11 mmol), dicyclohexylcarbodiimide (34 mg, 0.165
mmol), and dimethylaminopyridine (1 mg, 0.011 mmol) were
dissolved in 2 mL of freshly distilled anhydrous dichloromethane.
To this was added a solution containing alcohol functionalized
polystyrene PS-A (70 mg, 0.011 mmol) dissolved in 5 mL of
anhydrous dichloromethane. The reaction mixture was stirred for
18 h under inert atmosphere and then filtered through celite. The
filter cake was washed twice with 8 mL of dichloromethane
and then concentrated. The crude material was redissolved in a
minimum amount of tetrahydrofuran and precipitated with ice cold
methanol. The methanol layer was decanted, and the resulting
material was dried under vacuum. The polymer was then redissolved
in a minimum amount of THF, and the precipitation process
repeated four times to afford 74 mg (100% vyield) of white
flaky polymer. UV—vis spectroscopyd(= 345 nm,e = 38 507,
CHCl) indicated 86% incorporation of pyrene onto the end of
the polymer chain. GPC:M, = 6249, polydispersity index
(My/Mp) = 1.12.

4-Pyren-1-yl-butyric Acid 1-Phenethyl Ester (26).1-Pyrenebu-
tyric acid (300 mg, 1.04 mmol), dicyclohexylcarbodiimide (321
mg, 1.56 mmol), and (dimethylamino)pyridine (12 mg, 0.10 mmol)
were dissolved in 15 mL of freshly distilled anhydrous dichlo-
romethane and stirred at room temperature under inert atmosphere
for 20 min. To this solution was added 1-phenylethanol (152 mg,
1.24 mmol), and the reaction mixture was stirred at room temper-
ature until the starting acid was no longer observed by TLC (18
h). The reaction mixture was then filtered through celite, and the
filter cake washed twice with 5 mL of dichloromethane. The filtrate
was concentrated and purified by flash column chromatography
(1:1 hexanes:dichloromethane) to give 333 mg of 8#i. NMR
analysis revealed 23% to be 1,3-dicyclohexylurea as determined
by integration, resulting in a 63% yield of the desired product.
TLC: dichloromethane, UVA = 344 nm),p-anisaldehydeR; =
0.76. IR (CDC}): 2935 (C-H), 1724 cn? (C=0).H NMR (500

concentrated in vacuo, and the polymer precipitated by the addition MHz, CDCl): 6 = 8.29-7.8 (m, aromatics, 10 H), 7.42 (m,

of 30 mL of ice cold methanol. The methanol layer was decanted

aromatics, 5 H), 6.01 (¢ = 6.5 Hz, CHCH(OC(O))Ph, 1 H),

and the resulting material was dried under vacuum. The polymer 3.40 (m, ArGH,CH,, 2 H), 2.52 (m, CHCH,CH,, 2 H), 2.24 (m,

was then redissolved in a minimum amount of THF, and the

CH,CH,C(0)0, 2 H), 1.61 (dJ = 6.5 Hz, CHGH3, 3 H). 13C NMR

precipitation process repeated three more times to provide 141 mg(125 MHz, CDC}): 6 = 172.9 (s, CHC(0)O, 1 C), 141.9 (dpso

Scheme 2. Proposed Mechanism of Oxidative Degradation of am-Hydrogen N-Alkoxyamine
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Scheme 3. Trapping Phenethyl Cation with Chloroacetonitrile as the Reaction Solvent
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Scheme 4. Oxidative Cleavage dfi-Alkoxyamines and Subsequent Oxidation of 1-Phenylethanol to Acetophenone via the Oxomonium
Salt of TEMPO
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Scheme 5. Trapping Benzylic Cation Intermediate To Form led to the formation of 1-phenethyl methyl ethef).(Also
Propargyl Ether observed under methanolic conditions was isobutyrophenone
3, nitrone10, and a very small amount of unhydrolyzed oxime
>L o = 13. The formation of the methyl eth&rand the Ritter product
__CAN \( / 8 provide evidence that the mechanism proceeds through ionic
(37*;3%“ b cleavage to form a benzylic cation. The other intermediate

HO. formed from ionic cleavage is nitroxide radical The fate of
Ph 4 \/ 19 (66%) the nitroxide under these oxidation conditions was examined
by treating TIPNO6 with CAN in aqueous acetonitrile.

pyrene, 1 C), 135.9 (dpso-Ar, 1 C), [131.6, 131.0, 130.1, 128.9, Following aqueous workup isobutyrophendhand nitronel0
128.7,128.1,127.6, 127.5. 126.9, 126.3, 126.0, 125.2, 125.1, 125.1Were the sole products observed. The nitrone derives from a
125.0, 124.9, 123.5] (s, aromatics, 20 C), 72.5 (§HIPh)CH, 1 two-step process in which the nitroxide is first oxidized by CAN
C), 35.1 (s, pyren@H,CHy, 1 C), 34.3 (s, CHCH,C(0), 1 C), 27.0 to oxomonium sal®. The oxomonium isomerizes to the nitrone
(s, CHCH,CH,, 1 C), 22.4 (s,CHsCH(Ph)O, 1 C). HRMS1/z by deprotonation of the benzylic hydrogen. This nitrone is only

[M + 1]* calcd for GgHp40,: 392.1776; found 392.1770. marginally stablé! decomposing further to give isobutyrophe-
none oximel3. Hydrolysis of an oxime to a ketone is known
Results and Discussion to occur under the acidic aqueous conditions of the CAN
Mechanism of Single Electron Oxidation oN-Alkoxyamines. reaction?? Further evidence of nitrone decomposition is the
The ability to chemoselectively oxidize the-alkoxyamine  isolation of amidel2, which arises from trapping dért-butyl

terminus of po|ymers prepared by NMP prov|des the Opportun|ty cation with acetonitrile in a second Ritter reaction. Nitrdite
to m0d|fy the “||V|ng chain end once po|ymer growth is was observed in Iarger quantltles when the reaction was

complete. In order to probe this reactidftalkoxyamine4 was conducted at room temperature.

oxidized as a small molecule model of &kalkoxyamine- Addition of Functionality through Trapping of the Ben-
capped polystyrene. A proposed mechanism is shown in Schemezylic Cation. The observed Ritter produtand the methanol
2. Since CAN is a common one-electron oxidéhthe initial trapping experiment to form ethér provide strong evidence

step is likely formation of radical catioh Resonance structure that radical catiorb fragments to give a benzyl cation. With

5 is shown for mechanistic simplicity, although the resonance the goal of introducing useful functionality onto thi-
structure in which the radical cation resides on the nitrogen is alkoxyamine terminus of polymers produced by NMP, three
more representational of the electronic distribution. Cleavage different strategies were explored. The first was another Ritter
of the oxygen-carbon bond of this intermediate can occur reaction using chloroacetonitrile as the reaction solvent during
through either homolytic cleavage to directly form an oxomo- oxidative cleavage oft (Scheme 3). The benzylic cation is
nium species and a benzyl radical or, alternatively, ionic trapped by the nitrile and the unstable intermediatke is
cleavage to form a stable nitroxide radical and a benzyl cation. hydrolyzed to the acetamide. Thechloroacetamide5 was
Both pathways would lead to the formation of the observed isolated in low yield following flash column chromatography.
products?2 and3. Also observed in a small amount in the crude Hydrolysis of thea-chloroacetamide can be carried out under
reaction mixture wad\-(1-phenethyl)acetamides), which is very mild conditions using thiourea via a ligation mechant3m.
presumably produced by trapping of the benzylic cation with This provides a method to terminally functionalize the end of
the reaction solvent in a Ritter reaction. To explore this further, polystyrene chains with a monosubstituted amine for use in
the reaction solvent was changed to anhydrous methanol, whichfurther chemical transformations. CDV
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Figure 1. Gel permeation chromatographs of polymer samples containing a central bis-nitroxide and cleaved products. In each case the original
polymer sample is on the left, and the cleaved polymer is shifted to the right, showing a decrease in molecular weight.rAuBb¢rylate),
21a(0.003 mmol, 50 mg), is cleaved with CAN (0.03 mmol, 17 mg) in wet acetonitrile to 2@&e(B) Polytert-butyl acrylate)21b (0.003 mmol,

50 mg), is cleaved with CAN (0.03 mmol, 17 mg) in wet acetonitrile to gi@b. (C) Polystyrene21c (0.007 mmol, 50 mg), gives incomplete
cleavage with CAN (0.07 mmol, 38 mg) in wet acetonitrile to gi2e (D) Polystyrene21c¢(0.007 mmol, 50 mg), in a mixture of 2.5:1 benzonitrile:
acetonitrile is cleaved with CAN (0.07 mmol, 38 mg) to give sol2Bc

Next, a one pot oxidation of the product benzylic alcohol This cycloaddition has gained increasing attention as the
using catalytic 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMP®O)  conditions are efficient, high yielding, and tolerant to a variety
and CAN® was explored as a route to introduce a ketone onto of solvents and functional groups, and the product 1,2,3-triazole
the polymer terminus. Ketone end groups are valuable as theyis very stable?® Following CAN oxidation, the benzylic cation
can be chemoselectively converted to the corresponding hydra-was trapped by propargyl alcohol to form propargyl eth@r
zones or oximes as a method for attaching a wide selection ofisolated in 66% yield.
useful reporter molecules or affinity labéEThe TEMPO-based Oxidative Cleavage of Polymer Samples with CANTo
N-alkoxyamine 16 was utilized as a small molecule model test this methodology on polymer samples, it was advantageous
(Scheme 4) to explore this strategy. As expected, 1-phenyl- o select substrates in which a significant change in molecular
ethanol 2), produced from the initial oxidation df6, is further weight would be observed upon cleavage. Polymers prepared
oxidized to acetophenon&8 via oxomonium saltl7. The by the bis-nitroxide-based bidirectional initiatd® developed
oxomonium salt of TEMPO does not contain any hydrogen in these lab% provides an ideal substrate. Polymers grown using
atomsoa to the nitrogen and therefore cannot isomerize to a this “outside-in” approach result in samples in which the
nitrone as with oxomonium sal® derived from TIPNO. N-alkoxyamine resides in the middle of the polymer. Upon
Taking advantage of this catalytic reaction, CAN oxidation oxidative cleavage, the molecular weight should decrease by
of TIPNO-basedN-alkoxyamine4 was carried out with the  half: a change that would be clearly observed by gel permeation
addition of 0.2 eqUiV of TEMPO. FO”OWing OXidation, ac- Chromatography (GPC) Samp|es Composed of Indiy(tw
etophenone was isolated in a mixture with isobutyrophenone acrylate) p1a), poly(tert-butyl acrylate) 21b), and polystyrene
(Scheme 4§/ (2109 prepared from bidirectional initiatc20 were subjected

Finally, addition of propargyl alcohol as a nucleophile to trap to the CAN oxidative conditions (Scheme 6). Figure 1 shows
the benzylic cation under anhydrous conditions was investigatedthe GPC chromatographs of polymer samples before and after
(Scheme 5). The addition of an alkyne to a polymer terminus cleavage. Initial attempts at cleaving polystyréie did not
provides a useful handle for Huisgen 1,3-dipolar cycloadditions. go to complete conversion due to the moderate squbiIit%:BfV
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Scheme 6. Cleavage of Bidirectional Polymers with CAN
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22a R =COx-Bu,R' = ONO,
22b R =CO,-Bu, R' = ONO,
22¢ R=Ph,R'=0OH

Table 1. Summary of Molecular Weights and Polydispersities of Polymers 2tac before and after Cleavage with CAN

polymer substrate R Mr2 (g/mol) PDP polymer after cleavage 'R M2 (g/mol) PDI
21a COzn-butyl 17127 1.21 22a ONO,; 10293 1.24
21b COgtert-butyl 22599 1.22 22b ONO; 13928 131
21c Ph 7209 1.23 22¢c OH 4654 1.21

aNumber-average molecular weight, measured by gel permeation chromatography {@BIgjlispersity indexNlw/Mn), measured from GPC.

Scheme 7. Oxidative Cleavage of a Small Molecule Polyacrylate 24
End-Group Model & = 44550x
0.9991
j\ I O,NO 15 &= 38507x
N~ ph _ CAN N Y R? = 0.9988
| CH;CN
o Ha o Ph CO,Et "
3 24 = 14
CO,Et 3
23 2
05
0,NO
N CAN N .
| R I COEt
0 o 0 : - : - |
b 24 0.0E+00 1.0E-05 2.0E-05 3.0E-05 4.0E-05 5.0E-05
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25 Figure 2. Comparison of the molar extinction coefficients of pyrene-

labeled polystyreneRS-Py; A) vs the phenethyl ester of 1-pyrenebutyric
polystyrene in acetonitrile. Changing the solvent to a 2.5:1 gig Q6p¢§/ byrenéts-Py 4) P Y b b4

mixture of benzonitrile and acetonitrile increased the solubility,
resulting in complete cleavage of the polymer sample. Poly-
dispersities of polymer samples obtained after cleavage remainedvhich was oxidized further to oxomonium salt7. The

virtually unchanged. oxomonium salt was removed upon aqueous workup, and nitrate
Model Study for Oxidation at the Polyacrylate Terminus. ester24 was isolated in 46% yield. Addition of pure nitrate
Given the success in cleaving polyacrylate sam@léa and ester24 to the crude NMR samples obtained from decomposi-

21b, a small molecule model bearing an ester group was tion of initiator 23 showed an increase in the suspected
synthesized to explore the decomposition fate of the polyacrylate resonances.

terminus. The mechanism for decomposition of an ester- Terminal Functionalization of Polystyrene following Cleav-
terminatedN-alkoxyamine differs from that shown in Scheme age with CAN. The small molecule model indicates that the
2, since formation of a carbocation adjacent to a carbonyl group oxidative cleavage of polystyrene proceeds by trapping of a
is unlikely. Model compoun@3was prepared with TIPNO and  benzylic cation at the polymer terminus with water to form
ethyl-2-bromopropionate under atom transfer radical coupling benzylic alcohoPS-A To demonstrate the utility of this method,
conditions!® Treatment with CAN produced a complex mixture derivatization of the secondary benzyl alcohol Rfs-A was

of components in which the only clearly observed product was performed by esterification with 1-pyrenebutyric acid to give
isobutyrophenon8 (Scheme 7). Isobutyrophenone was previ- the pyrene-terminated polystyrerieS-Py (Scheme 8). For
ously obtained from the decomposition of nitroxigléScheme spectral comparison, the analogous 1-phenethyl ester of pyreneb-

2), implying that either nitroxideés or oxomonium salt9 is utyric acid was prepared. To quantify the amount of derivati-
produced during the reaction. To explore this furthisk, zation on the end of the polystyreffesamples of increasing
alkoxyamine25 was synthesized and subjected to the same concentration were prepared for boBS-Py and 26. The
conditions. Oxidative cleavage 025 produced TEMPO, absorbance of each sample was measurégat= 345 nm to

Ccbv



9016 O’Bryan and Braslau Macromolecules, Vol. 39, No. 26, 2006

Scheme 8. Terminal Functionalization and Pyrene Labeling of Polystyrene
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