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Tripodal “Click” Ligands for Copper-Catalyzed ATRP
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ABSTRACT: A series of tris(R-methyltriazolylmethyl)amines [R = C4Hs (1), 4-FC¢H, (2), 4-MeOCgH, (3), Fc (4)] were prepared and
used as ligands for catalytic ATRP of methyl methacrylate (MMA). Despite a lower activity, the CuBr/4 catalyst promoted relatively well
controlled polymerization compared to CuBr/1, as evidenced by narrower polydispersity indices. Meanwhile, no polymerization activity
was observed with CuBr/2 and CuBr/3 under the catalytic conditions investigated. The CV measurements of CuBr, complexes supported
1 and 4 in DMSO showed E;;, values of —0.206 and —0.224 V, respectively, confirming the more electron-rich nature of CuBr/4.
Although both CuBr/1 and CuBr/4 catalysts were only partially soluble in several organic solvents used, kinetic studies revealed a pseudo
first order linear plot of In[M],/[M], versus time. Addition of CuBr, into the polymerization systems led to a decrease in polymer poly-

dispersities and the observed rate constants (kyps). © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Atom Transfer Radical Polymerization (ATRP)"? has been
intensively researched over the past decade owing to its ability
to produce polymers with controlled molecular weights, well-
defined architectures, and narrow molecular weight distribu-
tions.” The copper-catalyzed ATRP process involves a reversible
one-electron redox reaction catalyzed by a copper complex of
the type Cu'X/L (L = ligand). Halide abstraction from an initia-
tor (R-X) by Cu'X/L gives the higher oxidation state copper
species Cu"X,/L and the corresponding alkyl radicals (Re),
which react with monomers and further propagate to afford
polymers (Scheme 1).

Given the crucial roles of a supporting ligand in solubilizing the
metal catalysts in organic media and adjusting a redox potential at
the metal center, the design and appropriate selection of ligands rep-
resent an important research aspect in the development of ATRP.
Previous studies have shown that a mixture of CuBr and neutral
tetradentate ligands such as tris[2-(dimethyl)aminoethyl]amine
(MesTREN)  or  1,4,8,11-tetraaza-tetramethylcyclotetradecane
(Me,CYCLAM) is an effective ATRP catalyst, affording high poly-
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merization activity with narrow polydispersity polymers.* Other
related nitrogen-based, tetradentate ligands featuring imidazole
and redox-active ferrocene-containing imine functional groups®
were also explored as ligands in copper-catalyzed ATRP.

In this study, we were interested in incorporating a 1,2,3-tria-
zole “click” substituent’ into the ligand framework via the
Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC). Despite
the well-established chemistry of click reactions, examples of
click-containing ligands involved in catalysis remain relatively
limited.>* Advantages of this type of ligand include ease of
preparation and ability to stabilize catalysts at high tempera-
tures with relatively strong metal-ligand interactions.” Herein,
we report the preparation of tripodal tris(triazolylmethyl)amine
compounds and investigate their role as catalyst supports in
copper-catalyzed ATRP of methyl methacrylate (MMA).

EXPERIMENTAL

Instruments and Reagents
Manipulations involving air-sensitive reactions were performed
using standard Schlenk techniques under an argon atmosphere
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Scheme 1. The mechanism of copper-catalyzed ATRP.

or in a Braun drybox. Toluene (Fisher Scientific), 2-butanone
(Aldrich), DMSO (Labscan) used in air-sensitive reactions were
dried with appropriate drying reagents and distilled under N,
before use. Hexane is commercial grade and distilled prior to
use. Diethyl ether, THF, CHCl;, CH,Cl,, and CH;0H were pur-
chased from Lab Scan and used as received. De-ionized (DI)
water was obtained from Nanopure® Analytical Deionization
Water with an electric resistance >18.2 MQ/cm. CDCl; were
purchased from Cambridge Isotopes, stored in 4 A molecular
sieves, and used without further purification.

CuBr, CuBr,, ethyl 2-bromoisobutyrate (EBiB, Aldrich), ascorbic
acid (Riedel-de Haén), anhydrous Na,SO, (Carlo Erba
Reagenti), ferrocene carboxaldehyde, benzyl bromide, oxalyl
chloride (Fluka) were used as received. RCH,Cl (R = 4-FC4H,,
4-OMeC¢H,), NaNj, tripropargyl amine were purchased from
Aldrich and used without further purification. The reagents
FcCH,OH [Fc = (CsHs)Fe(CsHy)],*° and 4-XC¢H,CH,N; (X =
H, F, OMe)"" were prepared following the literature procedures
with minor modifications. The monomer, methyl methacrylate
(MMA), was purchased from Aldrich, dried over CaH, under
Ar for several days, distilled under reduced pressure, and stored
in a Teflon valve sealed storage flask at —5°C.

'H (500.1 MHz), "*C{'H} (124.7 MHz), '°F (376.5 MHz) NMR
spectra were acquired on Bruker AV-500 spectrometer equipped
with a 5 mm proton/QNP probe. All NMR spectra were
recorded at room temperature and referenced to protic impur-
ities in the deuterated solvent for 'H, solvent peaks for *C{'H},
or CFCl; for 'F. Representative DEPT-135 experiments were
performed to identify and confirm the "“C{'H} signals. All
melting points were determined using Staurt SMP3 apparatus
and were uncorrected. Elemental analyses were conducted by
Chemistry Department, Mahidol University. Electrospray mass
spectra (ESIMS) were collected on a Bruker Data Analysis
Esquire-LC mass spectrometer, EST mode.

Ligand Preparation and Characterizations

General Synthesis of RCH,N; (R = CgHs, 4-FCcH,, 4-
OMeCgH,, Fc): Synthesis of 4-XC¢H,CH,N; (X = H, E
OMe). A 1:1 mixture of THF:H,O solution (40 mL) of the cor-
responding RCH,CI (15.0 mmol; except CsH5sCH,Nj3, in which
C¢HsCH,Br was used) and NaNj (15.0 mmol) was refluxed at
70°C for 1-3 days. The resulting product was extracted with
CH,Cl, (3 x 10 mL), and the combined organic extracts were
dried over anhydrous Na,SO,. The product was then filtered
and concentrated under vacuum. Unless otherwise noted, addi-
tion of diethyl ether afforded the azide products as colorless or
pale yellow oils at 4°C.

C¢HsCH,N;. Reaction time = 1 day. A colorless oil was
obtained in 89% yield. 'H-NMR (500 MHz, CDCl3): § 7.48—
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7.37 (m, 5H, C4Hs), 4.37 (s, 2H, CH,). C{'H}-NMR (125
MHz, CDCl3): 6 136.3, 129.6, 129.1, 129.0 (aryl carbons), 55.5
(CH,).

4-FC¢H,CH,Nj;. Reaction time = 1 day. A pale yellow oil was
obtained in 91% yield (approximately or more than 95% pure
based on "H-NMR spectroscopy). '"H-NMR (500 MHz, CDCl,):
§ 7.25-7.21 (m, 2H, CeHs), 7.04-6.99 (m, 2H, C4H,), 4.24 (s,
2H, CH,). C{'H}-NMR (125 MHz, CDCl5): § 163.5 (d, Jor =
245 Hz), 132.1, 130.8 (d Jor = 8 Hz), 116.6 (d, Jor = 22 Hz)
(aryl carbons), 54.8 (CH,). E_NMR (376.5 MHz, CDCl;): § —
114.

4-MeOCgH,CH,N;. Reaction time = 3 day. The 'H-NMR
spectrum of the crude reaction mixture reveals 70% of 4-
MeOC¢H,CH,N; and 30% of the remaining alkyl chloride 4-
MeOC¢H,CH,Cl. The resulting pale yellow oil was used in the
next step without further purification. '"H-NMR (500 MHz,
CDC13) 0 7.25 (d ]HH = 8.7 Hz, 2H, C6H4), 6.92 (d ]HH = 8.7
Hz, 2H, C¢H,), 424 (s, 2H, CH,), 3.79 (s, 3H, OCH,).
BC{'H}-NMR (125 MHz, CDCl;): § 160.3, 130.4, 128.1, 114.9
(aryl carbons), 55.9 (OCHj3;), 55.0 (CH,).

Synthesis of FcCH,N;. The preparation procedure was modi-
fied from that reported in the literature.'” To a 20 mL CH,Cl,
solution of FcCH,OH (0.43 g, 2.0 mmol) was carefully added
an ice-cold 10 mL CH,Cl, solution of oxalylchloride (175 uL,
2.0 mmol) at 0°C. The reaction mixture was allowed to warm
to room temperature and, after 2 h of stirring, an aqueous solu-
tion (30 mL) of NaNj; (0.13 g, 2.0 mmol) was added. After 15
h, 20 mL of water was added and the solution was extracted
with CH,Cl, (3 x 20 mL). The organic extracts were then dried
over anhydrous Na,SO, and evaporated under reduced pressure.
FcCH,N;, which appeared as an orange oil, was obtained in
quantitative yield (>95%) and immediately used in the next
step without further purification. "H-NMR (500 MHz, CDCls):
5 427 (m, 2H, CsH,), 423 (m, 2H, CsH,), 4.20 (br s, 5H,
CsHs), 4.13 (s, 2H, CH,). "C{'H}-NMR (125 MHz, CDCl,): §
82.9, 69.5, 69.4, 69.3 (Cp carbons), 51.6 (CH,).

General Synthesis of Tris(R-methyltriazolylmethyl)amines [R =
CeHs (1), 4-FCgH, (2), 4-MeOC¢H, (3), Fc (4)]. Compounds 1-4
were synthesized following the previously reported preparation
of 1.5® To a 1:1 mixture of CH,CL:H,O (6 mL) was added
RCH,Nj; (4.06 mmol), tripropargylamine (1.35 mmol), ascorbic
acid (0.41 mmol), and 1 M aqueous solution of CuSO,e5H,0
(100 pL), respectively. The reaction mixture was stirred at room
temperature for 3 days, after which 20 mL of water was added.
The product was extracted using CH,Cl, (3 x 20 mL) and the
organic extracts were dried under vacuum to afford a brown
oil. To this product was added an aqueous solution of 10% (v/
v) NH,OH (20 mL), CH,Cl, (20 mL), and EDTA (0.01 mmol).
The reaction mixture was stirred for 3 h upon which it was
washed with deionized water (3 x 20 mL). The organic layer
was then dried over anhydrous Na,SO,. Vacuum evaporation
afforded a crude solid product.

Tris(4-fluorobenzyltriazolylmethyl)amine (2). Slow evapora-
tion from 2-butanone at room temperature provided 2 as a
colorless, crystalline solid in 90% yield (0.710 g, 1.22 mmol).
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"H-NMR (500 MHz, CDCls): ¢ 7.67(s, 3H, CH=), 7.26-7.22
(m, 6H, CoH,), 7.02 (t, 6H, CeH,), 5.46 (s, 6H, CH,CH,), 3.67
(s, 6H, NCH,). C{'"H}-NMR (125 MHz, CDCl): 6 163.0 (d,
Jor = 246 Hz), 144.4, 130.7, 130.0 (d, Jor = 9 Hz), 123.8, 116.2
(d, Jor = 22 Hz) (aryl and triazole carbons), 53.5 (CH,), 47.1
(CH,). E-NMR (376.5 MHz, CDCls,): 6 —113. ESIMS (m/2):
calcd. 584.24 (found: 585.24). Anal. Calcd for CsoH,,F3Nq: C,
61.64; H, 4.66; N, 23.96. Found: C, 61.58; H, 4.39; N, 24.21.
m.p. = 122-125°C.

Tris(4-methoxybenzyltriazolylmethyl)amine (3). Washing the
crude product with approximately 50 mL of diethyl ether
afforded analytically pure 3 as a white solid in 89% yield (0.745
g, 1.20 mmol). '"H-NMR (500 MHz, CDCls): § 7.62 (br s, 3H,
CH=), 7.20 (d, Jyn = 8.6 Hz, 6H, C4H,), 6.86 (d, Jyy = 8.6
Hz, 6H, CeH,), 5.42 (s, 6H, CH,CeH,), 3.79 (s, 9H, OCHs),
3.66 (br s, 6H, NCH,). "C{'H}-NMR (125 MHz, CDCl;): ¢
160.8, 145.2, 130.5, 127.7, 124.5, 115.4 (aryl and triazole car-
bons), 56.3 (OCHs), 54.6 (CH,), 48.1 (CH,). ESIMS (m/z):
caled. 620.30 (found: 621.30). Anal. Calcd for Cs3H3¢N;O5: C,
63.86; H, 5.85; N, 22.57. Found: C, 63.52; H, 5.81; N, 22.20.
m.p. = 135-139°C.

Tris(ferrocenylmethyltriazolylmethyl)amine (4). Crystallization
by slow evaporation from CHCI; at room temperature provided
4 as a brown solid in 91% yield (1.04 g, 1.23 mmol). '"H-NMR
(500 MHz, CDCls): 6 7.63 (s, 3H, CH=), 5.24 (s, 6H,
CH,CsH,), 4.26 (t, 6H, CsH,), 4.17 (t, 6H, CsH,), 4.15 (s, 15H,
CsHs), 3.66 (s, 6H, NCH,). C{'H}-NMR (125 MHz, CDCl,):
0 143.9, 123.3, 81.3, 69.1, 69.0 (aryl, Cp, and triazole carbons),
50.1 (CH,), 47.3 (CH,). ESIMS (m/z): calcd. 854.16 (found:
854.17). Anal. Calcd for CyHysFesNjp: C, 59.04; H, 4.95; N,
16.39. Found: C, 58.98; H, 5.00; N, 16.25. m.p. = 105-108°C.

Copper-Catalyzed ATRP of Methyl Methacrylate

Bulk Polymerization. Under Ar, the tripodal ligands 1-4
(0.0930 mmol) and CuBr (0.0930 mmol) were added to a dried
Schlenk flask equipped with a magnetic stir bar. In the case of
varying ratios of [CuBr]:[CuBr,], at [0.8]:[0.2] and [0.2]:[0.8],
CuBr (0.0744 mmol) : CuBr, (0.0186 mmol) and CuBr (0.0186
mmol) : CuBr, (0.0744 mmol) were used. To this mixture, 2
mL of MMA was added, after which the reaction flask was
tightly closed and degassed by three freeze-pump-thaw cycles.
The resulting mixture was stirred for 10 min at room tempera-
ture, before heating the mixture at 90°C for 10 min. Then,
EBiB (0.186 mmol) was added via a syringe to initiate the poly-
merization. After a given time, the reaction solution was
quenched with THF and cooled to room temperature. The
resulting THF solution was then passed over an alumina col-
umn to remove any remaining copper species. The filtrate was
evaporated under vacuum and the remaining polymer product
was subsequently washed with an excess amount of methanol
and dried in vacuo.

Solution Polymerization. The procedure of polymerization fol-
lowed that described above except that, instead of using 2 mL
of neat MMA, toluene (2 mL) or 2-butanone (2 mL) was added
to MMA (2 mL) and used as the polymerization solvent.
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Polymer Characterizations

The yield percentage of the polymerization was determined by
weighing the dried, isolated polymer products. Molecular weight
and polydispersity of the polymer products were measured with
a Waters €2695 gel permeation chromatograph (GPC) equipped
with PLgel 10-mm mixed B 2 columns (molecular weight
resolving range = 500-10,000,000). Polystyrene was used as a
standard for calibration whereas THF was used as an eluent at
35°C and at a flow rate of 1.0 mL/min.

Kinetic Experiments

To obtain the kinetic data, the polymerization was carried out
in bulk MMA or 50% (v/v) 2-butanone:MMA under the same
reaction conditions as described in 2.3 with additional 500 pL
of anisole as a reference. At timed intervals, an approximately
0.5 mL of the reaction mixture was withdrawn from the flask
using a degassed syringe and its '"H-NMR spectrum in CDCl,
was taken to determine a percent monomer conversion. The
remaining mixture was quenched in 2 mL of methanol and
kept at 4°C for further characterizations.

Cyclic Voltammetry

All voltammograms were recorded at ambient temperatures with
Autolab PGSTAT 30 potentiostat and GPES software. CuBr,/L (L
=1, 4) (1.0 mM) were dissolved in dry DMSO containing 0.1M
[Et,N][PF¢] electrolyte. Measurements were performed under Ar
at a scanning rate of 0.01 V/s with a glassy carbon working elec-
trode, a platinum counter electrode, and a Ag/Ag" reference elec-
trode. Fach sample was referenced to the ferrocene internal
standard and its potentials were reported versus those of Fc/Fc™.

RESULTS AND DISCUSSION

Synthesis and Characterization of Tripodal “Click” Ligands

A series of tripodal ligands featuring 4-R-1,2,3-triazole substituents
were synthesized following the previously reported literature prep-
arations for tris(benzyltriazolylmethyl)amine (TBTA, 1)*® with
minor modifications. Reactions of tripropagylamine with freshly
prepared RCH,Nj in a 1:1 mixture of CH,Cl, and H,O catalyzed
by ascorbic acid and CuSO,e5H,0 at room temperature afforded
the corresponding 1,2,3-triazole products 2—4 [eq. (1)].

R

CuS0,- 54,0 N~
/. IACHN, o W) : n
\ onOMD
AT

R = CgHy (1), 4 FCH, ()
4-MeOC M, (3). Fc (4)

The "H-NMR spectra of 1-4 in CDCl; contain characteristic sin-
glet resonances at approximately ¢ 7.6 corresponding to CH=C
of the 1,2,3-triazole group (see Figure 1 for example). Analytically
pure compounds 1-4 were obtained in high yields (i.e., more
than 90%) by washing or crystallization from various solvents.

ATRP Catalytic Activity of CuBr/L (L = 1-4)
Atom Transfer Radical Polymerizations of MMA catalyzed by
CuBr/1-4 systems were conducted under Ar at 90°C, with ethyl
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Figure 1. "H-NMR spectrum of tris(ferrocenylmethyltriazolylmethyl)amine
(4) in CDCls.

2-bromoisobutyrate (EBiB) as the initiator. Polymerization data
of CuBr/1 and CuBr/4 revealed that both copper complexes
were active ATRP catalysts (Table I). On the other hand, under
the same polymerization conditions, CuBr containing tripodal
ligands with a para-substituent at the benzyl group (2 and 3)
exhibited no catalytic activity toward polymerization after 3 d
in neat MMA. We speculate that, for ligands 2 and 3, the heter-
oatoms (i.e., F and O) present in the 1,2,3-triazole moieties
might involve in the coordination at the copper center and, as a
result, inhibited the polymerization activity."?

At0.5 mol % CuBr/1 in neat MMA, pMMA was isolated in 34%
yield after 30 min whereas in 50% (v/v) solution of tolue-
ne:MMA and 2-butanone:MMA solvents under similar reaction
conditions, the polymer product was obtained in 56% and 45%
yields after 3 h, respectively. Despite good catalytic activities,
CuBr/1 resulted in poorly controlled polymerizations as evi-
denced by broad polydispersity polymers with PDI values of
1.8-2.0 (entries 1-3). In comparison, the CuBr/4 catalyst gener-
ally required longer reaction times in neat MMA, 50% (v/v) tol-
uene:MMA, and 50% (v/v) 2-butanone:MMA before the reac-
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56% (15 h), and 40% (18 h) yields, respectively (entries 7-9).
The GPC data showed that polymers produced from the CuBr/4
catalyst exhibited lower PDI values (1.3-1.5).

It must be noted that the copper species supported by ligand 1
or 4 are not completely soluble in the solvents studied. As a
result, actual concentrations of copper species in the solution
cannot be easily determined. In an attempt to increase the solu-
bility of copper species, the 50% (v/v) DMSO:MMA solvent was
employed for both CuBr/1 and CuBr/4 polymerization systems
affording green, homogeneous reaction mixtures. Unfortunately,
despite narrower polydispersity of polymers, very slow polymer-
ization activities (i.e., 21% and 55% of pMMA after 36 h for
CuBr/1 and CuBr/4, respectively) and a bimodal GPC trace was
resulted for the CuBr/4 catalyst (entries 4 and 10).

Effect of Ligands on ATRP

According to the Hammett substituent constant (o), electron-
donating ability of the ferrocenyl group (—Fc) is higher com-
pared to the phenyl substituent (-C¢Hs)."* To confirm their rel-
ative basicity, cyclic voltammetry (CV) measurements of the in
situ-generated CuBr, complexes of ligands 1 and 4 were carried
out in DMSO to achieve homogeneity of the solution. Refer-
enced to the internal ferrocene standard, the CV profile of
CuBr,/1 shown in Figure 2 exhibits a quasi-reversible Cu(I)/
Cu(II) redox wave at E;;, = —0.206 V with the cathodic-anodic
peak separation (AEp) of 235 mV. Note that redox potentials of
CuBr,/1 are similar to those of the previously reported CuCl,/1
in DMSO (E,;, = —0.18 V)."> In comparison, the CuBr,/4 com-
plex contains two redox waves: a reversible wave with E;,
potential of 0.0985 V, assignable to the Fe(II)/Fe(III) couples of
the ferrocenyl substituents, and a quasi-reversible Cu(I)/Cu(II)
redox wave at E;,, = —0.224 V.

In general, stronger electron-donating groups on supporting
ligands (i.e., more reducing complexes) often lead to more active

tion mixtures became viscous affording pMMA in 95% (15 h), ATRP  catalysts and, often times, result in faster
Table I. ATRP of MMA with CuBr/L (L = 1, 4)

Entry Ligand (L) [CuBr]:[CuBrsf:[L] Time (h) % Conv.® M, (theo)’ M, (GPC) MM,

1 1° 1/-/1 0.5 34 3,599 171,432 2.05

2 1° 1/-/1 3 56 5,802 80,907 1.95

g 1° 1/-/1 8 45 4,700 46,699 1.84

4 1¢ 1/-/1 36 21 2,298 7,105 1.27

S 1° 0.8/0.2/1 4 71 7,304 61,270 1.59

6 1° 0.2/0.8/1 3 49 5,100 56,002 1.42

7 42 1/-1 15 95 9,707 29,127 1.37

8 4° 1/-1 15 56 5,802 17,375 1.53

9 4° 1/-1 18 40 4,200 8,013 138

10 4¢ 1/-/1 36 55 5,702 36,913/6,706 1.52/1.19
11 42 0.8/0.2/1 12 76 7,804 26,421 1.30

12 42 0.2/0.8/1 24 38 4,000 19,904 115
Polymerization conditions: 90°C, initiator = ethyl 2-bromoisobutyrate M, (theo) = [([Monomer]o/linitiator]g) x Conversion x MW monomer + MWini

(EBiB), molar ratio of [MMA]:[EBiB]:[CuBr]:[L] = 200 : 2 : 1 : 1.
@ Neat MMA, ® 50% (v/v) toluene:MMA, ¢ 50% (v/v) 2-butanone:MMA,
950% (v/v) DMSO:MMA, © Determined by *H-NMR spectroscopy,
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tiator, Where MW onomer is the monomer molecular weight and MWinitiator
is the initiator molecular weight.
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Figure 2. Cyclic voltammograms of CuBr,/1 and CuBr,/4 in DMSO, 0.1
mol/L [NBuy][PFs], scan rate = 0.01 V/s. Potentials quoted against Fc/
Fc'. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.].

polymerization."*®"'® For example, CuBr/Me,TREN catalyzed the
ATRP of methyl acrylate at a much faster rate than CuBr/TREN
affording polymers with narrower polydispersity."*® In fact, a lin-
ear correlation between observed polymerization rates and meas-
ured E;;, values has previously been reported for copper com-
plexes of various supporting ligands including MesTREN."
However, for our catalytic system, even though the CV data from
Table II suggested that CuBr/4 was more reducing than CuBr/1,
kinetic studies (vide infra) revealed that ATRP catalyzed by CuBr/
4 was significantly slower than those with CuBr/1 under various
polymerization conditions. It is possible that the steric hindrance
imposed by bulky ferrocenyl substituents may reduce the accessi-
bility of the copper ions and consequently impede the efficiency of
the halide exchange process resulting in slow polymerizations.
Furthermore, since the overall rate of polymerization is governed
by the relative concentration of [CuBr/L]:[CuBr,/L] in solution,'®
the solubility of Cu(I) and Cu(II) species supported by 1 and 4
may also be responsible for differences in the observed rates.

Effect of Added CuBr,

Broad polydispersities resulted from CuBr/L (L = 1, 4) under
reaction conditions studied thus far (entries 1-4 and 7-10; Ta-
ble 1) may be attributed to the persistent radical effect'® which
involves high concentration of active radicals (Re) at the initial
stage of polymerization. This phenomenon leads to an irreversi-
ble radical termination before the system reaches equilibrium
resulting in poorly controlled polymerization and limited
monomer conversion. In an attempt to improve the M,,/M, val-
ues and increase the polymer yields, different amounts of CuBr,

Table II. CV Data for CuBr,/L (L = 1, 4) in DMSO*

Complex  E, .V =Y AE, MVl Eap VP
CuBro/1 -0.0885 -0.324 235 -0.206
CuBro/4 -0.0625 -0.386 324 ~0.224
CuBro/4 0.129 0.0685 60 0.0985

@ 0.1M [NBu4l[PFgl, 1.0 mM CuBrx/L complex, scan rate 0.01 V/s; poten-
tials reported versus Fc/Fc™; E, 4 and E,,  are the peak potentials of the
oxidation and reduction waves, respectively, °E1o = (E,, o + Ep, JI2.
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Figure 3. Kinetic plots for polymerizations of MMA by CuBr/1. General
polymerization conditions: molar ratio of [MMA]:[EBiB]:[L] = 200:2:1,
90°C, initiator = ethyl 2-bromoisobutyrate (EBiB) in 2-butanone: (A)
[CuBr]:[CuBr,] = [1.0]:[0] (kops = 1.69 x 10~* s 1), (B) [CuBr]:[CuBr,]
= [0.8]:[0.2] (kops = 1.14 x 10* s7"), (C) [CuBr]:[CuBr,] = [0.2]:[0.8]
(kops = 8.11 x 107 s 1),

were added into the reaction to reduce the concentration of
active radicals at the beginning of the reaction and speed up the
rate of deactivation (Scheme 1).%°

2

[7. 1} @

q

M, 1 kyp[RX]

M, kdeact [CU_HX}
where [RX] is the initiator concentration, [Cu'X] is the Cu(Il)
concentration, k, and kge,¢ are the rate constants of propaga-

tion and deactivation, respectively, and ¢q is the monomer
conversion.

To investigate the effect of added Cu(II) species, polymerization
experiments were performed in 50% (v/v) 2-butanone:MMA so-
lution for CuBr/1 and in neat MMA for CuBr/4, with
[0.8]:[0.2] and [0.2]:[0.8] ratios of [CuBr]:[CuBr,] (entries 5, 6
and 11, 12). We have found that narrower polydispersity poly-
mers were obtained as the amount of CuBr, increased. For
example, compared to the polymerizations without added
CuBr,, when the ratio of [CuBr]:[CuBr,] was [0.2]:[0.8], the
PDI values of the resulting polymers reduced from 1.84 to 1.49

(A) y=4.50x 10°%x - 0.19
R? =0.9902

(B) y=1.84x105x
R? = 0.9761

In([M],/[M])

c) ¥=4.91x10%
© R? =0.9290

0 2 4 6 8 time (x 10* s)
Figure 4. Kinetic plots for polymerizations of MMA by CuBr/4. General
polymerization conditions: molar ratio of [MMA]:[EBiB]:[L] = 200:2:1,
90°C, initiator = ethyl 2-bromoisobutyrate (EBiB) in neat MMA: (A)
[CuBr]:[CuBr,] = [1.0]:[0] (kops = 4.50 x 107> s 1), (B) [CuBr]:[CuBr,]
= [0.8]:[0.2] (kops = 1.84 x 10° s~'), (C) [CuBr]:[CuBr,] = [0.2]:[0.8]
(kobs = 4.91 x 10 % s 1).
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Figure 5. Variation of pMMA molecular weight (M,,) and polydispersity
(M,,/M,) on MMA conversion at three different ratios of [CuBr]:[CuBr,].
For the polymerization conditions, see Figure 4. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.].

for CuBr/1 (entries 3 and 6) and from 1.33 to 1.15 for CuBr/4
(entries 7 and 12).

Kinetic studies were carried out to evaluate the efficiency of
tripodal click compounds 1 and 4 as ligands for ATRP. The ki-
netic plots in Figures 3 and 4 show a linear relationship between
In([M]o/[M],) versus reaction time for both catalysts CuBr/1
and CuBr/4 with three different ratios of [CuBr]:[CuBr,]
(entries 3, 5, 6 and 7, 11, 12). The linear first-order kinetic plots
indicate a constant concentration of active propagating species,
despite the heterogeneous nature of the polymerization system.
In addition, as expected, an increased amount of CuBr, gener-
ally leads to a decrease in the observed rate constants (kyps)-

The relations of polymer masses (M, gpc) and polydispersity
(M,,/M,,) values to monomer conversion for the CuBr/4 catalyst
at three different [CuBr]:[CuBr,] ratios are shown in Figure 5.
In general, experimental M, values (M, gpc) increase linearly
with monomer conversion while the PDI values slightly decrease
as the polymerization progressed. However, the polymer molec-
ular weights are significantly higher than the theoretical values
(M, theo)> indicating low initiation efficiencies, which may be
attributed to inefficient deactivator species (CuBr,/L) or initia-
tor (EBiB) employed in our polymerization systems. Despite a
difference between the theoretical and the measured polymer
masses, monomer conversions of >60% were achieved with
[1.0]:[0] and [0.8]:[0.2] ratios of [CuBr]:[CuBr,]. On the other
hand, when the [CuBr]:[CuBr,] ratio was [0.2]:[0.8], only 38%
monomer conversion was obtained after 24 h.

CONCLUSIONS

A series of tris(R-methyltriazolylmethyl)amines [R = C¢Hs (1),
4-FC¢H, (2), 4-MeOCeH, (3), Fc (4)] were successfully pre-
pared and, for the first time, employed as catalyst supports for
ATRP of MMA. On the basis of the observed rates constants,
polymerization activities were better with CuBr/1 compared to
CuBr/4 whereas CuBr/2 and CuBr/3 catalysts exhibited insignifi-
cant ATRP catalytic activity. However, broad polydispersities
were obtained in the presence of CuBr/1 (PDI = 1.3-2.0) com-
pared to CuBr/4 (PDI = 1.2-1.5). Apparently, the substituents
at the 1,2,3-triazole rings exert a dramatic effect both on the ac-
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tivity of copper catalysts and the well-controlled nature of poly-
merization. Because of the heterogeneity nature of the polymer-
ization systems presented in this study, it is difficult to quantify
the effect of added CuBr,. However, we observed that lower ini-
tial ratio of [CuBr]:[CuBr,] (i.e., increased amount of CuBr,)
used generally led to narrower polymer polydispersities with
reduced overall polymerization rates.

It should be emphasized that solvent polarity also played an im-
portant role in terms of solublilizing copper species. For the
CuBr/1 catalyst, ATRP of MMA in 2-butanone resulted in lower
PDI values while, with the CuBr/4 catalyst, narrower polydisper-
sities of pMMA were obtained from polar solvents such as
MMA and 2-butanone. Interestingly, for both CuBr/1 and
CuBr/4, the polar DMSO solvent afforded very low polymeriza-
tion activity and, for CuBr/4, pMMA with bimodal GPC traces.
Given this substantial solvent effect for these copper catalysts, it
is of interest to further explore the type of solvents, with regard
to their ability to solubilize Cu(I) and Cu(II) species, that will
eventually lead to more active catalysts and better controlled
radical polymerization. In addition, to improve solubility of
copper species in the polymerization media, further investiga-
tions of this catalytic system which include changing the R
group of tris(R-methyltriazolylmethyl)amines to more non-polar
organic substituents such as long alkyl chains are currently
being explored.
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