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Click [3 + 2] and Diels-Alder [4 + 2] Reactions

Hakan Durmaz, Aydan Dag, Ozcan Altintas, Tuba Erdogan, Gurkan Hizal,* and
Umit Tunca*

Department of Chemistry, Istanbul Technical barsity, Maslak 34469 Istanbul, Turkey
Receied August 10, 2006; Riesed Manuscript Receéd Naember 6, 2006

ABSTRACT: We report a one-pot synthesis of ABC triblock copolymers of poly(ethylene glyd®EG-)
polystyrene- (PS—) poly(methyl methacrylate) (PMMA), and pobttaprolactone) (PCL—) PS-PMMA by
combining in situ click [3+ 2] and Diels-Alder [4 + 2] reactions. For this purpose, furan-protected maleimide
end-functionalized PMMA, PS with-anthracene an@-azide end-functionality, and PEG or PCL with an alkyne
end-functional group were reacted MN-dimehtylformamide (DMF) for 36 h at 128C in order to give the
corresponding triblock copolymers. All polymeric precursors with narrow molecular weight distribution and well-
defined chain-end functionalities were achieved from living polymerization methods, except PEG. The obtained
polymers were characterized By NMR (250 MHz), gel permeation chromatography (GPC), and differential
scanning calorimetry (DSC) measurements.

Introduction The second strategy involves the fact that the Didlkler
reaction, a [4+ 2] system, is a cycloaddition between a

In recent years, the use of the controlled/living radical ; . ) )
y 9 conjugated diene (as#electron system) and a dienophile (a

olymerization (CRP) techniques for the synthesis of well- ) .
polymerization ( ) 'qu y ! W 2n-electron system3® Recently, Diels-Alder reaction has

defined narrow polydispersity polymers has rapidly increased ; .
because of the variety of applicable monomers and more tolerantamaded much attention based on the macromolecular chemistry,

experimental conditions than the living ionic polymerization particularly in providing _n?W materiafs 42 )
routes require. The reversible addition fragmentation chain \We report here an efficient way for the preparation of ABC
transfer (RAFT) polymerizatiohthe nitroxide-mediated free  type triblock copolymers in one-pot via a combination of Diels
radical polymerizatioh(NMP), and the metal mediated controlled/ Alder and click reactions. Polystyrene (PS) (A), poly(methyl
living radical polymerization, often called atom transfer radical Methacrylate) (PMMA) (B), and poly(ethylene glycol) (PEG)
polymerizatiod> (ATRP), are versatile methods for the ©F Poly(e-caprolactone) (PCL) (C segment) with low molecular
controlled/living radical polymerizations. However, the latter Weight distributions and proper end-functional groups for Diels
two cases turned out to be more extensive. One of the Alder and click reactions were prepared using living polymer-
advantages of CRP methods compared to conventional freeiZation systems, except PEG that was commercially available.
radical polymerization is the control of the molecular weight ) i
and chain end-functionality. A wide range of functionality may EXperimental Section
be introduced into a polymer chain using a hetero-functional  \aterials. Styrene (St, 99%, Merck), methyl methacrylate
initiator if one of the functional groups remains intact during (MMA, 99%, Aldrich) were passed through basic alumina column
the polymerization. This provided the synthesis of well-defined to remove inhibitor and then distilled from Calith vacuum prior
block copolymers by a sequential two-step or one-pot polym- to use. Propargyl alcohol (99%, AldrichiN,N'-dicyclohexylcar-
erization method without any chemical transformation or bodiimide (DCC, 99%, Aldrich), 4-dimethylaminopyridine (DMAP,
protection of initiating sites. Using this strategy, a number of Sﬁ]‘?x ﬂg;‘feh)(' Sa?ﬁj?f)yng:Eﬂ;:ﬂn(ﬁfgﬁag”g ?“)Ssaﬁ?l’df’ligﬂ)l) %Sg‘r'
S ’ b, ’
(tj):]?fglr(er? pr))(c))lly)//rrr? eetzszagsxemggﬁgnizﬁsp agiccihl;ys E%rFEIEI)’«I/InF? 22” of (99.9%, Aldrich), and CuCl _(99.9%, AI_dric_h) were used as received.
ATRP-living ring-opening polymerizalltion (ROPY1L NMF;— N.N,N',N",N"'-Pentamethyldiethylenetriamine (PMDETA, 99%, Al-
801213 LS S A drich) was distilled over NaOH prior to use-Caprolactone -
ROP?91213and ATRP-living cationic polymerizatiori: CL, 99%, Aldrich) was distilled from Capin vacuum. Poly-
There are alternative routes for the preparation of block (ethylene glycol) monomethyl ether (Me-PEKS, = 2000, Fluka)
copolymers. Recently, Sharpless and co-workers used Cu(l) aswvas dried by azeotropic distillation with anhydrous toluene.
a catalyst in conjunction with a base in Huisgen's 1,3-dipolar Tetrahydrofuran (THF, 99.8%, J.T. Baker) was dried and distilled
cycloadditions!s [3 + 2] system, between azides and alkynes from benzophenoneNa. N,N-Dimethylformamide (DMF, 99.8%,
or nitriles, and termed them click reactiols’ Later, click Aldrich) was dried and distilled under vacuum over GabBlichlo-

; ; thane (CKCl,, 99%, J. T. Baker) was dried and distilled over
chemistry strategy was successfully applied to macromolecular"©M€
chemistry, offering polymeric materials varying from the block and ROs. Other solvents were purchased from J. T. Baker and used

s 32 without further purification.
copolymer&® to the complex macromoleculdrs? structures. Inst tation. ThelH NMR (250 MH 49C NMR (62.89
Click reactions permit €C bond (or C-N) formation in a nstrumentation. the ( z)an (62.

ntitative vield without side reactions and a requirement for MHz) spectra were recorded on a Bruker NMR spectrometer in
quantitative yield without side reactions and a requirement 1o CDCl;. Gel permeation chromatography (GPC) measurements were
an additional purification step.

obtained from an Agilent instrument (model 1100) consisting of a
pump, a refractive index detector, and four Waters Styragel high-
* Corresponding authors. E-mail: (U.T.) tuncau@itu.edu.tr; (G.H.) resolution HR columns (HR 5E, HR 4E, HR 3, and HR 2) (4.8

hizal@itu.edu.tr. mm internal diameter, 300 mm length, packed witlnd particles).
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Scheme 1. Model Diels-Alder Reaction between Succinic Acid
Anthracen-9-yl Methy! Ester Prop-2-ynyl Ester (2) and
Maleimide End-Functionalized PEG (PEG-MI 4) in
N,N-Dimethylformamide (DMF) for 36 h at 120 °C

Chart 1. Starting Compounds Used in this Work: Succinic
Acid Monoanthracen-9-yl Methyl Ester (1),
4-(2{[(3-Acetyl-7-oxabicyclo[2.2.1]hept-5-en-2-yl)carbonyl]
amino} ethoxy)-4-oxobutanoic Acid (3),
2-Bromo-2-methylpropionic Acid
2-(3,5-Diox0-10-0xa-4-azatricyclo[5.2.1.02,6]dec-8-en-4-yl) Ethyl
Ester (6), and 9-Anthyrylmethyl 2-bromo-2-methyl Propanoate
®
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The effective molecular weight ranges were 26@000000, 56-
100000, 506-30000, and 50620000, respectively. THF was used

120 °C,
o o
Br 4
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8 9 MOJ
,{,O\/h OMO\/\N 0 X + O\S
° o
as eluent at a flow rate of 0.3 mL/min at 30. Toluene was as an 5
internal standard. Data analyses were performed with Polymer

Laboratories Caliber Software Calibration with linear PS standards 1.0

[0} Q
O
DMF, +0¢\]~")MO\ANM
o
o]

(Polymer Laboratories) was used to estimate the molecular weights - PMMAMIQ)

of PS, PCL, PEG, and all triblock copolymers, whereas linear —— ANT-PS-N; 9)
PMMA standards (Polymer Laboratories) were only used for the (1F: 25 I R— PEG-MI (10)
molecular weight determination of the PMMA homopolymer. The --=--PMMA-PS-PEG(12)

conversions for all polymerizations were determined gravimetrically.
Elemental analyses (C, H, and N) were obtained from a FlashEA
1112 (Thermo Electron Corporation). UV spectra were recorded
on a Perkin-Elmer Lambda 2 spectrophotometer in@QH FT—

IR spectra were recorded on a Perkin-Elmerf#R Spectrum One 044
spectrometer. Differential scanning calorimetry (DSC) measure- I
ments were performed on a Diamond DSC (Perkin-Elmer) at a {1
heating rate of 10°C/min under nitrogen atmosphere. DSC \
instrument was calibrated using indium for temperature and enthalpy ) \
changes. All data were collected from a second heating cycle and LA

0.6 4

Absorbance

the glass transitionTg) and melting temperaturesT{) were
calculated as a midpoint and a peak apex of thermograms,
respectively.

Syntheses and PolymerizationsSuccinic acid monoanthra-
cen-9-yl methyl estetd 1, 4-(2{[(3-acetyl-7-oxabicyclo[2.2.1]
hept-5-en-2-yl)carbonyllami@thoxy)-4-oxobutanoic acitf, 3,

[5.2.1.02,6]dec-8-en-4-yl) ethyl est®rg, and 9-anthyrylmethyl
2-bromo-2-methyl propanoaté 8, were synthesized according to
previously reported procedures (see Chart 1). All polymerizations
were performed under inert atmosphere with Schlenk techniques.
Synthesis of Succinic Acid Anthracen-9-yl Methyl Ester Prop-

A (nm)

450

Figure 1. UV spectra of maleimide end-functionalized PMMA
(PMMA—-MI) ([7] = 3.8 x 1074, PS-a-anthracenev-azide (B] =
2-bromo-2-methylpropionic acid 2-(3,5-dioxo-10-oxa-4-azatricyclo- 9.8 x 10°°), alkyne end-functionalized PEG (PE@lkyne) ([10] =
1.3 x 1074, and poly(methyl methacrylatepolystyrene-poly(ethylene
glycol) (PMMA—PS-PEG) triblock copolymer 2] = 3.1 x 107%)
in CHzclg.

2-ynyl Ester (2). Propargylalcohol (0.545 g, 9.74 mmol, 1.5 equiv) OCH:CH,C=0), 2.44 (tJ = 2.4 Hz, 1H, Gi=CCH;0). 3C NMR
and DMAP (0.396 g, 3.25 mmol, 0.5 equiv) were dissolved in 30 (CDCl, 6): 172.07 (G=0), 171.24 (€=0), 131.44 (Ar-C), 131.11
(Ar—C), 129.21 (Ar-C), 129.07 (A-C), 126.65 (Ar-C), 126.05
this solution. After the reaction was stirred for 5 min at room (Ar—C), 125.08 (Ar-C), 123.92 (Ar-C), 74.79 CH=CCH0),
temperature, DCC (2.00 g, 9.74 mmol, 1.5 equiv) dissolved in 15 59.22 (Ar-CH,), 52.06 (CH=CCH,0), 29.11 CH,C=00), 29.01
mL of CH,Cl, was added. The reaction mixture was stirred (CH2C=00). Anal. Calcd for GHi1s0. C, 76.29; H, 5.24.
overnight at room temperature. After the urea byproduct was filtered Found: C, 76.25; H, 5.23.
Preparation of Maleimide End-Functionalized PEG (PEG-
extracted with CHCl, and water. The aqueous phase was again Ml) (4). Me-PEG M, = 2000) (1.0 g, 0.50 mmol) was dissolved

in 10 mL of CHCl,. 3 (0.46 g, 1.5 mmol) and DMAP (0.060 g,
Na&SQO;. The solution was concentrated and the crude product was 1.5 mmol) were added to the reaction mixture. DCC (0.92 g, 4.5
purified by column chromatography over silica gel eluting with  mmol) in 5 mL of CHCI, was added and the reaction mixture was
ethylacetate/hexane (1:2) to give the product as a yellow solid stirred overnight at room temperature. It was filtered and evaporated,
and the remaining product was purified by column chromatography
over silica gel eluting first with ChCl,/ethylacetate (1:1) and then
with methanol/CHCI, (1:10). The recovered polymer was dissolved
in tetrahydrofuran (THF) and precipitated in cold diethyl ether to
give 4 as a white solid. The polymer was dried for 24 h in a vacuum

mL of dry CH,Cl,. 1 (2.00 g, 6.49 mmol, 1 equiv) was added to

off, the solvent was removed, and the remaining product was

extracted with CHCl, and combined organic phase was dried with

(yield = 1.9 g, 85%). Mp= 77—78°C.H NMR (CDCl;, d): 8.51
(s, 1H, AH of anthracene), 8.31 (d] = 8.8 Hz, 2H, AH of
anthracene), 8.03 (d,= 8.3 Hz, 2H, AH of anthracene), 7.60
7.45 (m, 4H, AH of anthracene), 6.16 (s, 2HHz—anthracene),
461 (d,J = 2.4 Hz, 2H, CH=CCH,0), 2.67 (s, 4H, &
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Scheme 2. One-Pot Synthesis of Poly(ethylene glyceRolystyrene-Poly(methyl methacrylate) (PEG-PS—PMMA) Triblock
Copolymer 12 in the Presence of CuBM,N,N’',N"",N"-Pentamethyldiethylenetriamine (PMDETA) in N,N-Dimethylformamide (DMF) at
120°C
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oven at 25°C. Mn,theoz 2300; Mn,NMR = 2600; Mn,GPC: 3200
(relative to linear PS)M,/M, = 1.03 (yield= 0.95 g, 82%).H
NMR (CDCl;, ) 6.50 (s, 2H, G®i=CH), 5.25 (s, 2H, €l as bridge-
head protons), 4.23 (m, 4H,H;OC=0, and NCHCH,OC=0),
3.78-3.51 (m, O®,CH, repeating unit of PEG, €ONCH,, and
CH,—PEG repeating unit), 3.36 (s, 3H, PEG-B%}, 2.87 (s, G-

CH, as bridge protons), 2.622.56 (m, 4H, G=OCH,CH,C=0).
Model Diels—Alder Reaction between 2 and PEG-MI (4).
PEG-MI 4 (0.50 g, 0.19 mmol, 1 equiv) was added to 0.200 g of
2 (0.578 mmol, 3 equiv) in 10 mL of DMF. The mixture was

bubbled with nitrogen for 30 min and stirred at 120 for 36 h.
The solvent was removed and the resulting prodGcivas
precipitated in cold diethylether. This procedure was repeated two
times. (Yield= 0.5 g, 90%.)M theo = 2600; My nvr = 2800;
Mn,cec = 3700 (relative to linear PSW,/M, = 1.02.'H NMR
(CDCl;, 0) 7.40-7.14 (m, 8H, AH), 5.48 (dd, 2H, G,0C=0),
4.76 (s, 1H, ®, bridge-head proton), 4.59 (d, 2H, &CCH,0),
4.23 (t, 2H, PEG-OCH,CH,0C=0), 3.90 (t, 2H, NCHCH,OC=
0), 3.78-3.46 (m, CHCH,0 of PEG), 3.36 (s, 3H, Bs-OCH,-
CHy), 3.34 (m, 4H, NG=OCH—CH bridge protons and Ni&,CH,-
0C=0), 2.8-2.5 (m, 8H, G=OCH,CH,C=0), 2.47 (t, 1H, GI=
CCH0).

Synthesis of Maleimide End-Functionalized PMMA, PMMA—MI
(7). PMMA—MI (7) was prepared by ATRP of MMA. In a 50 mL
Schlenk tube, MMA (5.00 mL, 46.7 mmol), toluene (5 mL),
PMDETA (0.196 mL, 0.940 mmol), CuCI (0.093 g, 0.94 mmol),
and6 (0.336 g, 0.940 mmol) were added, and the reaction mixture
was degassed by three freezrimp-thaw cycles and left in argon.
The tube was then placed in an oil bath thermostated atCGi0
for 3.5 h. Tributyltinhydride (2.73 g, 9.40 mmol) was added to
the reaction mixture and stirred further for 30 min. The polymer-
ization mixture was then diluted with THF, passed through a
basic alumina column to remove the catalyst, and precipitated in
hexane. The polymer was dried for 24 h in a vacuum oven at
25°C. [M]d/[l]o = 50; [l]o:[CuCl]o:[PMDETA]o, = 1:1:1; conver-
sion = 16%; Mn theo = 1100; Mynmr = 2700; My,gpec = 2600
(relative to linear PMMA);M,,/M,, = 1.21.*"H NMR (CDCls, 6)
6.5 (CH=CH, oxatricyclo vinyl), 5.3 (CH, bridgehead), 4.1
(NCH,CH,OC=0), 3.8 (NCH,CH,O0C=0), 3.6-3.5 (OCH; of
PMMA), 2.9 (CH—CH, bridge), 0.6-2.0 (aliphatic protons).

Preparation of PS with a-Anthracene and m-Azide (9). PS-
o-anthracenes-bromide was prepared by ATRP of St. In a 50 mL

of Schlenk tube, St (15.0 mL, 130 mmol), PMDETA (0.136 mL,
0.655 mmol), CuBr (0.0939 g, 0.655 mmol), a®¢0.234 g, 0.655
mmol) were added, and the reaction mixture was degassed by three
freeze-pump-thaw cycles and left in vacuum. The tube was then
placed in a thermostated oil bath at 170 for 45 min. The dark-
green polymerization mixture was diluted with THF, passed through
a basic alumina column to remove the catalyst, and precipitated in
methanol. The polymer was dried for 24 h in a vacuum oven at
50°C. [M]d/[l] o = 200; [l]o:[CuBr]o:[PMDETA], = 1:1:1; conver-
sion = 27%; M theo = 5900; M,nwr = 6600; Mp,gpe = 6100
(relative to linear PS)M,,/M,, = 1.09.

Previously obtained PSa-anthracenes-bromide (2 g, 0.3
mmol) was dissolved in DMF (20 mL) and Nak0.39 g, 6.0 mmol)
was added. After the reaction mixture was stirred overnight at room
temperature, CkCl, and water were added and the organic layer
was extracted three times with water and dried oveiS®. The
excess of CHCl, was evaporated under reduced pressure and the
obtained product was precipitated into an excess amount of
methanol. PSa-anthracenes-azide9 was dried for 24 h in a
vacuum oven at 25C. Yield = 1.9 g, 95% M theo= 5850;Mn nvr
= 6600;M,,cpc = 6100 (relative to linear PSM,,/M, = 1.09.H
NMR (CDCls, 0) 8.4 (ArH of anthracene), 8.3 (Af of anthracene),

7.9 (AH of anthracene), 7.5 (A&t of anthracene), 6:57.5 (ArH
of PS), 5.8 (&l,—anthracene), 3.9 (d&(Ph)—Ns3), 0.6-2.2 (aliphatic
protons).

Preparation of Alkyne End-Functionalized PEG, PEG—Alkyne
(10). Me-PEG M, = 2000) (2 g, 1 mmol) was dissolved in 25 mL
of CH,Cl,. 4-Pentynoic acid (0.294 g, 3.00 mmol), DMAP (0.12
g, 1.0 mmol) and DCC (0.62 g, 3.0 mmol) in 5 mL of dichlo-
romethane were added to the solution in that order. The
reaction mixture was stirred overnight at room temperature. It
was filtered and evaporated, and the remaining product was purified
by column chromatography over silica gel eluting first with £H
Cly/ethylacetate (1:1), and then with methanol/ CH (1:10).
Polymer was dissolved in THF precipitated in cold diethyl ether.
The polymer was dried for 24 h in a vacuum oven af@5M theo
= 2100; My nmr = 2300; Mp,gpc = 3000 (relative to linear PS);
Mw/Mp = 1.04.1H NMR (CDClg, 6) 4.25 (t, 2H, PEG-OCH,CH,-
0C=0), 3.89-3.54 (m, 8H, PEG OCH,CH,OC=0, —OCH,CH,—
of PEG CHO—, and (H,CH,—0), 3.36 (s, 3H, Ei3—OCH,CHy,).
2.56-2.48 (m, 4H, CE=CCH,CH,C=0), 1.97 (t, 1H, GZiI=CCH,-
CH,C=0).



194 Durmaz et al. Macromolecules, Vol. 40, No. 2, 2007

PAINLA

. . | Iy il T .
349.88 3221.00 215 23380 4.21 302.66

Ly s s sy L B L B L B e IS L

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 ppm

Figure 2. 'H NMR spectrum of poly(methyl methacrylateolystyrene-poly(ethylene glycol) (PEGPS-PMMA) triblock copolymer12
in CDC|3

Preparation of Alkyne End-Functionalized PCL, PCL—Alkyne ::f:flﬂ’ Ef;;g]‘y ne
(11). The PClL-alkynellwas prepared by ROP efCL (5.0 mL, Mo/My= 109 MulMh=103
0.047 mol) in bulk using tin(ll) 2-ethylhexanoate as a catalyst Flow marker
and propargy! alcohol (0.056 mL, 0.94 mmol) as an initiator at \ f
110°C for 28 h., The degassed monomer, catalyst, and initiator ~pMMA-PS-PEG PMMA-MI /
were added to a previously flamed Schlenk tube equipped with a M= 8200 M= 2600
magnetic stirring bar in the order mentioned. The tube was M, /=110 Myidy= 121

degassed with three freezpump—thaw cycles, left under argon,
and placed in a thermostated oil bath. After the polymerization,
the mixture was diluted with THF and precipitated into an excess
amount of methanol. It was isolated by filtration and dried at room
temperature in a vacuum oven for 24 h gl o = 50; conversion

= 66%; My theo = 3850; M, nmr = 4200; Mp,cpc = 8000 (relative

to linear PS)M,,/M,, = 1.06.*"H NMR (CDCls, 9): 4.6 (2H, CH=
C—CH0), 4.0 (2H, G4,0C=0 of PCL), 3.6 (2H, ®i,OH, end
group of PCL), 2.3 (2H, €&0CH, of PCL), 1.2-1.8 (6H, CH;

of PCL).

One-Pot Synthesis of PEG-PS—PMMA Triblock Copoly-
mer (12). PMMA—MI (7) (0.067 g, 0.025 mmol), PSo- T T T '
anthracenes-azide Q) (0.15 g, 0.022 mmol), and PEGlkyne . ) .
(10) (0.058 g, 0.025 mmol) were dissolved in nitrogen-purged DMF Retention Time (min.)

(5 mL) in a Schlenk tube. CuBr (0.004 g, 0.03 mmol) and PMDETA Figure 3. Evolution of the gel permeation chromatography (GPC)
(0.006 mL, 0.03 mmol) were added, and the reaction mixture was traces: maleimide end-functionalized PMMA (PMMMI (7)), PS
and stirred at 126C for 36 h. Polymer solution was passed through g)r-:g&?gorg»én?jllE))gI];(r:gtﬂjrrgcet;ﬁgglﬁgt%pfyigréEgﬁcl)ll())//(r:e?h)%g)r?e
alumina column to remove copper salt, precipitated into methanol AT .

and dried in a vacuum oven at 2&. Yield = 0.22 g (85%), glycol) (PMMA—PS-PEG) triblock copolymea.2.

Mn theo = 11 600; My nvr = 10 300; Mp,cpc = 8200 (relative to

linear PS);M,/M; = 1.10.*H NMR (CDCl, 6) 6.3-7.5 (Ar—H by three freeze pump-thaw cycles and left in argon and stirred
of PS)t,) 5d2_4t? (ca/cloadduct-azoc=o and 0—|(Ph)—trc|jazo|e), 4'7f at 120°C for 36 h. Polymer solution was passed through alumina
(CH, bridge-head proton), 4.2 EDOCH,CH,0, end group o column to remove copper salt, precipitated into methanol and
PEG), 3.9 (E&2OOCH,CH;N), 3.7—3.6 (OH,CH,0, repeating unit dried in vacuum oven at 25C. Yield = 0.27 g (90%)M _

of PEG), 3.6-3.5 (OCH3 of PMMA), 3.4 (OCHs3 end group of ‘ ' rntheo

/

2.6 (triazole-®1,CH,C=0), 2.2-0.6 (aliphatic protons). Mw/M, = 1.11.*H NMR (CEC|3v 0) 6.5-7.5 (Ar—H O_f PS),
One-Pot Synthesis of PCE=PS—PMMA Triblock Copoly- 5.2—4.9 (cycloadduct CH,OC=0, CH(Ph)—triazole, and triazote

mer (13). PMMA—MI (7) (0.067 g, 0.025 mmol), P&-anthracene- ~ CH20), 4.7 (CH, bridge-head proton), 4:13.9 (CHCH,CH,-
w-azide @) (0.15 g, 0.022 mmol), and PGtalkyne (L1) (0.092 g, CHCH,OC=O0, repeating unit of PCL), 3:63.5 (OCHs of
0.022 mmol) were dissolved in nitrogen-purged DMF (5 mL) ina PMMA), 3.3 (CH—CH, bridge protons of cycloadduct andig—
Schlenk tube. CuBr (0.004 g, 0.03 mmol) and PMDETA (0.006 N), 2.3-2.2 (C=OCH,CH,CH,CH,CH,0), 0.6-2.2 (aliphatic
mL, 0.03 mmol) were added to the reaction mixture. It was degassedprotons).
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Figure 4. *H NMR spectrum of poly(methyl methacrylatepolystyrene-poly(e-caprolactone) (PMMA-PS-PCL) triblock copolymef.3in CDCl.

Results and Discussion AmPSNg  FELTne
My=6100 M= 400
It is well-known that both the DietsAlder [4 + 2] and the MyMy=109 iy~ 106
click [3 + 2] reactions share a number of important features \ / PMMA-MI

My= 2600
My/My= 121 Flow marker

|V

including high yield and excellent functional group tolerance.

One more advantage is that polymer backbone with appropriate PMMA-PS-PCL
end-functional groups for both reactions can be easily prepared ;L‘;;;S"ﬁ'}l
via a wide range of living polymerization techniques, such as
ATRP and ROP. Therefore, we envisaged the possibility of \
combining [4+ 2] and [3 + 2] cycloaddition reactions and
applying it for the preparation of ABC triblock copolymers. Our
synthetic strategy here involved the one-pot reaction of male-
imide and alkyne end-functionalized polymers with PS contain-
ing both anthracene and azide terminally.

First, it was investigated that whether alkyne would be intact
during Diels-Alder reaction between anthracene and maleimide.
The compound containing both anthracene and alkyne was
allowed to react with PEG-Mi (Scheme 1).

The Diels-Alder cycloaddition reaction occurred in quantita- 35 4 45 50
tive yield (90%). The reaction was monitored %y NMR. From Retention Time (min.)
theH NMR spectrum of the reaction mixture, three new signals Figure 5. Evolution of the GPC curves: maleimide end-functionalized
at 5.48 (CHOC=0), 4.76 (one bridge-head proton), and 3.34 PMMA (PMMA—MI (7)), PS with a-anthracene and-azide end-

- e functionality (PS-a-anthracenevs-azide 0)), alkyne end-functionalized
ppm (two bridge protons) were detected, confirming the structure PCL (PCLalkyne (L1)) precursors, and poly(methyl methacrylate)

of the Diels-Alder adduct,5. Moreover, two signals at 4.59  polystyrene-poly(e-caprolactone) (PMMAPS-PCL) triblock co-
(CH=CCH,0) and 2.47 ppm (B=CCH,O) confirmed the polymer13.
presence of an alkyne group.

Preparation of Well-Defined Polymers with Proper Func- (Mnnmr) of PMMA—MI (7) was determined from a ratio of
tional Groups. A number of well-defined polymers are prepared integrated signals at 3.58 ppm (Ogptotons of MMA) to 6.5
using living polymerization techniques, except PEG, which is ppm (oxatricyclo vinyl end protons)Mpanvr = 2700 is
commercially available. Maleimide end-functionalized PMMA, consistent with that obtained from GP®¥I{,cpc = 2600) and,
PMMA—MI (7) was prepared via ATRP of MMA in the  however, higher than that from the theoretical molecular weight
presence o8 as an initiator, CUCI/PMDETA as a catalyst system (Mn,theo= 1100). It is due to low initiation efficiency & under
at 40°C. The maleimide functional group of the initia®was this polymerization condition. At the end of the polymerization,
protected with furan due to the copolymerization of maleimide chloride end-functionality of PMMAMI was removed by
with MMA. The presence of the protected maleimide end- reacting with tributyltinhydride, due to the probability of the
functionality was supported by the observation of a signal at radical formation caused by CuBr/PMDETA in the one-pot

6.5 ppm (CH=CH) in thelH NMR spectrum of PMMA-MI preparation of the triblock copolymer.

(7). The theoretical molecular weight of polymers were calcu-  PS—oa-anthracenes-bromide was prepared by ATRP of St
lated by using following equationMy theo = (M]o/[l]0) X% using 8 as an initiator and CuBr/PMDETA as a catalyst at
conversion %x molecular weight (MW) of monomet+ MW 110°C. Mp,nmr Value of PS-a-anthracene was calculated by

of initiator. The NMR number-average molecular weight comparing of the integrals of the aromatic protons of PS at6.5
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Figure 6. DSC thermograms of poly(methyl methacrylatgplystyrene-poly(ethylene glycol) (PMMA-PS-PEG 12), and poly(methyl
methacrylate)polystyrene-poly(e-caprolactone) (PMMA-PS-PCL 13) triblock copolymers at a heating rate of 10/ min under nitrogen. The
glass transitionTy) and the melting temperature®,{ were calculated as a midpoint and a peak apex of thermograms, respectively.

7.5 ppm and that of two protons of anthracene end group at 7.9give the corresponding triblock copolym&2 using a combina-

ppm. It was observed th#l,,,iheo Mn,nmr, @NAdMy gpcWere in
good agreement. PSx-anthracenes-bromide was quantita-
tively converted into PSa-anthracenes-azide Q) in the
presence of NapMDMF at room temperature. Frodtd NMR

tion of Diels—Alder and click reaction strategy (Scheme 2).
A click [3 + 2] reaction was accomplished between the

w-azide of9 and the alkyne end-functional groupif catalyzed

by CuBr/PMDETA in DMF at 120C. Simultaneously, a retro-

spectrum 0B, it was observed that a signal at 4.4 corresponding Diels—Alder reaction of7 occurred to give PMMA with a

to CH(Ph)-Br disappeared and a new signaHEPh linked

deprotected maleimide end group evolving furan, followed by

to an azide end-group) was detected at 3.9 ppm. The structurea Diels—Alder [4 + 2] reaction toa-anthracene 09. In the
of 9 was further supported by the observation of the azide preparation of PEGPS-PMMA triblock copolymerl2, slightly
stretching band at 2094 crhfrom IR spectrum. excess amounts of PMMAMI (7) (0.025 mol) and PEG
PEG-alkyne (L0) was obtained from a reaction of Me-PEG alkyne (L0) (0.025 mol) are used compared to-R&anthracene-
with 4-pentynoic acid at room temperatutel NMR revealed w-azide (0.022 mol). PEG and PMMA blocks are completely
the structure of PEGalkyne (L0), displaying characteristic ~ soluble in MeOH in the range of the molecular weights studied
peaks such as a triplet EB=C—) at 1.9 ppm and a multiplet  in this work and, therefore, are easily removed from the reaction
(CH=CCH,CH,C=0) at 2.5 ppm. The NMR number-average mixture using only precipitation.
molecular weight i, nvr) Of 10 was calculated from a ratio An evidence for the formation of DietsAlder cycloadduct
of peak areas of PEG repeating unit at 3.60 ppm and&=CH and triazole ring (click) of the resulting triblock copolym&2
CCH,CH,C=0 end group at 2.5 ppmM,nvr Of 10 was was obtained fromdH NMR spectroscopy. The, characteristic
consistent with those d¥1n,iheo and Mp,cpc peaks for aromatic protons of anthracene {846 ppm)
PCL—alkyne (1) was prepared by ROP @t CL in bulk completely disappeared as a result of Digddder cycloaddition,
using Sn(Octas a catalyst and propargyl alcohol as an initiator and a new signal corresponding to a bridgehead protat) (C
at 110 °C. Alkyne end-functionality was confirmed by the of the cycloadduct appeared at 4.7 ppm. The broad signals in
observation of a signal at 4.65 (GCCH,OC=0) in theH the range of 5.24.9 ppm were assigned as methylene protons
NMR spectrum ofL1. My,nuwr Of 11 was determined accordingly  linked to the cycloadduct andHCproton of styrene end group
from the integration of the signals at 4.03 and 4.65 ppm related linked to triazole ring. Moreover, a new signal corresponding
to PCL repeating unit and GHCCH,OC=0 end group protons,  to CH; protons linked to the triazole ring was also observed at
respectivelyMp,cpc Of 11 was calculated to be 8000, based on 2.7 ppm, confirming the structure of triblock copolymég.
linear PS standards (RI detector), however, determining more Diels—Alder cycloadduct formation is also monitored by UV
precise the molecular weight for PCL, a correction formula is spectrophotometer (Figure 1).
used: MppcL = 0.259 x Mp epd973 (Mp pcL = 4000), where Although PS-a-anthracenes-azide ©) displayed charac-
Mn cpcis the molecular weight determined from GPC using PS teristic five-finger absorbance in the range of 30 nm,
standard$’ Mn,nmr, Mnitheo @nd Mp,pcL Values are in good PEG-PS-PMMA triblock copolymerl2 showed no absorbance
agreement. in this region indicating that DietsAlder reaction occurred
Preparation of PEG—PS—PMMA Triblock Copolymer quantitatively.
(12) via a Combination of Diels-Alder [4 + 2] and Click [3 Mhn,theo Of PEG-PS—PMMA triblock copolymer (11600) is
+ 2] Reactions.PMMA—MI (7), PS-a-anthracenes-azide calculated by an equatiorM;, iheo= Mn,nmr Of PEG+ Mp,nmr
(9), and PEG-alkyne (L0) were reacted in one-pot in order to  of PS+ Mu,nmr 0f PMMA. Mp,nmr Of the triblock copolymer
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(10300) is calculated from th#d NMR spectrum, taking into  furthermore afford production of the polymers with different

account a ratio of the integrated values of the PS,(B®0) to compositions and topologies
the PEG and the PMMA segments. The triblock formation
efficiency is found to be 89% from a ratio &,,nmr t0 Mn theo References and Notes
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