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ABSTRACT: We successfully introduced end-capping func-
tional groups to poly(2-vinylpyridine)s by initial introduction
of the functional groups on yttrium catalysts through C—H
bond activation of heteroaromatics and internal alkynes to the
Y center via alkylyttrium-mediated 0-bond metathesis.

ell-defined polymers with end-capping groups having a

different polarity and reactivity from the backbone are
attracting scientific and industrial interest for their application as
building blocks and additives in the construction of new func-
tional materials." To introduce the appropriate functional groups
at the chain end, two synthetic routes have been developed: living
polymerization by an initiator with a desired functional group® *
and controlled-termination functionalization of a living polymer
chain end.>® Depending on the required polymerization condi-
tions, only a limited number of functional groups can be intro-
duced at the initiation of the polymerization. For the latter protocol,
chain-transfer agents such as organoboranes and organosilanes
are indispensable for selectively incorporating a functional group
into the polymer chain end in coordination polymerization. To
overcome these concerns, our studies are aimed at determining
the most desirable and straightforward synthetic approach using
a unique combination of living coordination polymerization of
vinyl monomers and the C—H bond activation reaction, the
latter of which directly produces catalysts bearing various kinds of
terminal functional groups from the same precursor, to provide
end-functionalized polymers without any sequential reactions
such as termination reactions (Figure 1). In pioneering work
reported by Marks and co-workers,” amine and phosphine end-
capped polymers were prepared by initiators derived in situ from
an alkane elimination reaction of alkyllanthanide complexes with
N—H and P—H bonds; to extend the variability and change-
ability of the end-capping groups, however, a synthetic metho-
dology for introducing organic functional groups into the
polymer chain end by direct C—H bond functionalization is
most desirable, even though reports of such an approach are rare.”
We have continuously studied the reactivity and catalytic appli-
cation of early-transition-metal cyclometalated complexes’ and
recently reported the multiple insertion of internal alkynes into a
Hf—C bond of four-membered metallacyclic species.gb Here we
demonstrate the end-functionalized polymerization of 2-vinyl-
pyridine (2-VP) by yttrium catalysts. The key step is in situ
generation of cyclometalated- and propargylyttrium initiators

v ACS Publications ©2011 American chemical Society

N .
DG

N H-C L, / \ L, o8

( M—R ——» M*"-C —_— M\

C-H bond activation

=5 H*
M‘t\ﬁ/n DG —> H’N,
v R!

(DG = ulreclzng group)

n Z~ r!
—_—

Figure 1. Direct synthesis of end-functionalized polymers via successive
C—H bond activation/living polymerization.

derived from C(sp”)—H bond activation of N-heteroaromatic
compounds and C(sp®) —H bond activation of trimethylpyridine
and internal alkynes by an alkylyttrium complex.

Our catalyst precursor, alkylyttrium complex 2 bearing an
ene—diamido ligand, was prepared in 63% yield by treating the
chloride-bridged dinuclear yttrium complex [(2,6-Pr,CsH;-DAD)-
Y(THF)Z ,(u-Cl), (1)"° with 2 equiv of LICH,SiMe; (eq 1). The

'"H NMR spectrum of 2 at 35 °C displayed one doublet
resonance at 0 —0.65 (*Jyy = 3.0 Hz) due to the YCH,SiMe;
moiety, and the olefinic protons of the ligand backbone were
observed as a singlet signal at § 5.80, indicating a symmetric
structure in solution. The doublet signal of the methylene carbon
bound to the Y atom appeared at & 25.1 (*Jyc = 44.8 Hz) in the
C NMR spectrum.
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Complex 2 served as a catalyst for the polymerization of 2-VP
in toluene at room temperature to give poly(2-VP) with a narrow
molecular weight dlStI'lbuthIl (M,./M,, = 1.2) and moderately
high isotacticity ([mmmm] 95%) (eq2)."" A trimethylsilyl group
was observed at & —0.16 in the 'H NMR spectrum of the poly-
(2-VP), confirming that the polymerization was initiated v1a
insertion of the monomer into the Y—CH,SiMe; bond of 2,
and 2,1-insertion of 2-VP was observed, similar to the styrene
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polymerization reaction'® and 2-VP insertion into a Zr—C
bond."* To check the living polymerization behavior, 2-VP (20
equiv) was sequentially added in each period of 15 min to the
reaction mixture, and the progress of the polymerization was
followed by taking the aliquots at same interval of time. A linear
correlation between the reaction time and molecular weight was
observed, indicating the living polymerization behavior in this
system.'* The controlled coordination polymerization of VP has
rarely been explored, except in the case of the AlEt;—VCl;
catalyst."®

cat. 2 (2 mol%) H
n Y —mm MCH,SiMe;  (2)
N. = toluene Z N
r.t., 15 min |
X

85% yield, M,, = 5.0 x 10°
My /M, = 1.2, [mmmm] = 95%

Notably, when pyridine was added to the reaction mixture
(100 equiv relative to 2), a pyridine moiety was selectively
incorporated as the end group of poly(2-VP).'® The formation
of pyridyl-terminated poly(2-VP) was chracterized by electro-
spray ionization mass spectrometry (ESI-MS): ESI-MS mea-
surements on the isolated low-MW polymer sample resulted in
linear plots of m/z values of the peaks versus the number of 2-VP
repeat units, corresponding to the molar mass of the 2-VP
(Figure 2). The intercept was the sum of the masses of Na" and
the pyridyl end group. These results clearly revealed that the
polymer had a structural formula of [H—(2-VP),—C¢H,N]
(Figure 2c). To the best of our knowledge, this is the first
example of the direct incorporation of a pyridyl group at the
polymer chain end without preactivation of the pyridine ring. For
the complete formation of pyridine-terminated polymer, addi-
tion of a mixture of excess pyridine (100 equiv) and 2-VP to the
toluene solution of complex 2 was necessary; otherwise, tri-
methylsilyl-terminated or non-end-functionalized poly(2-VP)s
were observed as contaminants.'”

Direct functionalization of the polymer chain end was further
applied to substituted pyridines and internal alkylacetylenes
(Table 1). In the case of runs 1 and 2, a mixture of 4- or 3-
methylpyridine (100 equiv) and 2-VP was added to a toluene
solution of 2; in runs 3—8, the toluene solution of 2-arylpyridine
derivative or 2,4,6-trimethylpyridine and 2 was stirred for 15 min
at room temperature before the injection of 2-VP. For internal
alkylacetylenes, heating the reaction mixture to 50 °C for 3 h was
necessary to achieve quantitative incorporation of the acetylenes
at the terminal group of the polymers (runs 9—11). The results are
summarized in Table 1. On the basis of the ESI-MS measurements,
all of the poly(2-VP)s contained a terminal group corresponding

to the additive molecule.'” The poly(2-VP)s obtained in runs 1
and 2 showed low isotacticity, whereas the rest of the polymers
were highly isotactic, probably because of interactions of the
excess pyridine derivative (100 equiv relative to complex 2) with
the metal center during the polymerization reaction (see below).
Not only the methyl-substituted pyridines but also 2-arylpyr-
idines were introduced as the end-capping groups (runs 3—7). In
the "H NMR spectrum of the poly(2-VP) obtained in run 7,
resonances for vinylic protons assignable to the 4-vinylphenyl
moiety were observed, indicating that the vinyl moiety remained
intact during the polymerization reaction. The selectivity of an
insertion reaction of an olefinic moiety into a metal—carbon

Table 1. End-Functionalized Polymerization of 2-VP*

1. 2-vinylpyridine
(20 equiv) H
additive 2. MeOH

> > R
Z N
&~ 1
R' LN . 2
e y SO P ":\Rs
R= T R N
AN R4 & and
Y H
4a(R'=Me,RE=H) dc(R®=R'=H) 4h =
4b (R'=H,R?=Me) 4d (R®=Me, R*=H) R® H
5= H,RI= ;
4e (R?= H, R = Me) ‘5\ 4 (RS=Ph)

4f (R®=H, R* = CF3)

SiMey 5 nf
49 (R®=H, R* = CH=CHy) " 4k (R=n-Pr)

yield [mmmm])
run additive (%) 10°-M,° M./M} (%)
1¢ 4-methylpyridine 92 (4a) 2.9 12 15
2 3-methylpyridine 82 (4b) 3.0 12 20

3 2-phenylpyridine 90 (4c) 23 1.1 95
4 2-phenyl-4-methylpyridine 90 (4d) 2.3 1.1 95
S 2-(4-methylphenyl)pyridine 95 (4e) 2.1 12 95
6 2-(4-trifluoromethylphenyl)- 99 (4f) 2.0 1.1 95
pyridine
7 2-(4-vinylphenyl)pyridine ~ 91 (4g) 2.5 1.1 95
8 2,4,6-trimethylpyridine 99 (4h) 23 1.1 95
9° I-trimethylsilyl-1-propyne 84 (4i) 2.0 12 95
10° 1-phenyl-1-propyne 83 (4) 3.1 12 95
11° 2-hexyne 75 (4k) 2.5 1.1 95

“Reaction conditions: catalyst:additive:monomer = 0.01:0.01:0.20 (all
in mmol) in toluene. The total volume was 3 mL. * Determined by gel-
germeation chromatography. ° Determined by '*C NMR spectroscopy.

Excess methylpyridine (100 equiv relative to complex 2) was added.
¢ After addition of the internal acetylene, the reaction mixture was heated
to S0 °C for 3 h, after which 2-VP was added.
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Figure 2. (a) Polymerization of 2-VP catalyzed by 2 in the presence of pyridine. (b) ESI-MS spectrum of the poly(2-VP) produced by catalyst 2 in
toluene in the presence of pyridine. (c) Plot of m/z values vs the number of 2-VP repeat units.
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Scheme 1. C—H Activation of Heteroaromatic Compounds

and Internal Alkynes by Alkylyttrium Complex 2
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bond (i.e., chelation-assisted insertion of olefins into the metal—
carbon bond) enabled us to prepare 2-VP-based macromo-
nomers. When 2,4,6-trimethylpyridine was used as the additive,
the C(sp®)—H bond of the methyl group was activated, forming
poly(2-VP) with a (4,6-dimethylpyridin-2-yl)methyl group at
the chain end (run 8). In the case of internal alkylacetylenes, such
as 1-trimethylsilyl-1-propyne, 1-phenyl-1-propyne, and 2-hexyne,
a C(sp®>)—H bond at the propargylic position was activated
(runs 9—11). The longer reaction time before addition of 2-VP
was necessary because of the difficulty of activation of the
propargylic C(sp®)—H bond. The "H NMR spectra of the poly-
(2-VP)s in runs 10 and 11 displayed broad doublet resonances cor-
responding to the terminal allenyl groups, indicating that 2-VP inser-
ted into the #'-propargyl and 7'-allenyl forms of the YCH,CCR
moiety to form alkynyl- and allenyl-terminated polymers.
Alkylyttrium complexes have been reported to undergo C—H
bond activation of heteroaromatic c0m7pounds and internal
alkynes via 0-bond metathesis reactions.'” Thus, we were inter-
ested in the reactions of 2 with 2-phenylpyridine, 2,4,6-trimethyl-
pyridine, and 1-trimethylsilyl-1-propyne as model reactions for
the initial step of the end-functionalized polymerization shown in
Table 1. As shown in Scheme 1, treatment of 2 with 2-phenyl-
pyridine resulted in the formation of five-membered metallacyc-
lic compound § through C—H activation at the 2-position of
the phenyl ring.171 When 2,4,6-trimethylpyridine was used as
the substrate, C(sp>) —H bond activation afforded pyridylmethy-
lyttrium complex 6."7%* 1-Trimethylsilyl- 1-propyne reacted with 2
slowly at 50 °C, formin% 7 via C(sp>) —H bond activation at the
propargylic position.m” In the >C NMR spectrum of 7, coupling
interactions with the a- and y-carbon atoms of the YCH,CCR
moiety were observed, whereas Jyc for the f3-carbon was not
observed and the Jcy value for the a-carbon (155 Hz) was
significantly larlger, suggesting the 77°-allenyl /propargyl structure
in solution.'”®™'® Such an 7*-coordination mode was clearly
confirmed by the X-ray diffraction study of complex 7 (Figure 3).
The C27—C28 and C28—C29 bonds, with lengths of 1.343(6)
and 1.256(6) A, are intermediate between C—C single and double
bonds and double and triple bonds, respectively. The C27—C28—
C29 angle of 164.4(5)° indicates a deviation from linearity at the
central carbon, as is typical for 77°-allenyl/propargyl complexes.'™”
Isolated yttrium complexes S—7 served as catalysts for the
polymerization of 2-VP, giving poly(2-VP)s with the corresponding
2-pyridylphenyl, (4,6-dimethylpyridin-2-yl)methyl, and 3-
(trimethylsilzl)prop—2-yny1 groups at the terminal position
(Scheme 2)."* On the basis of the reactions in Schemes 1 and 2

Figure 3. Molecular structure of 7 with 30% thermal ellipsoids. All H
atoms have been omitted for clarity. Selected bond distances (A) and
angles (deg): Y—N1, 2.229(3); Y—N2, 2.206(3); Y—C27, 2.916(5);
Y—C28, 2.564(4); Y—C29, 2.513(4); N1—Cl1, 1.405(5); C1-C2,
1.364(6); N2—C2, 1.413(5); C27—C28, 1.343(6); C28—C29, 1.256(6);
C27—C28—C29, 164.4(5). The dihedral angle between the N1—Y—N2
and N1—C1—C2—N2 planes is 128.7°.

Scheme 2. Polymerization of 2-VP Catalyzed by 5—7

cat. 5-7 H
5 mol%
n & 1 = #} n'R
Nz toluene, r.t. Z N
15 min o~ )
win NOF ¥ %
R= L , SN y / \ '
P SiMe,
76% yield, 99% vyield 64% yield
M,=23x10° M,=24x%10° M, =21x10%
MM, = 1.1 MM, = 1.1 MMy =1.1

[mmmm] = 95% [mmmm] = 95% [mmmm] = 95%

show that the additive molecules listed in Table 1 reacted with 2
in the first step to afford the corresponding new metallacyclic
or propargylyttrium complexes. Thus, the polymerization of
2-VP proceeded via insertion of the monomer into a Y—C
bond in these complexes 5—7, resulting in the formation of
end-functionalized poly(2-VP)s. The effect of pyridine on the
tacticity of the end-functionalized polymerization was checked
by the addition of excess pyridine and 2-phenylpyridine to the
polymerization reaction catalyzed by complex 5. When 100 equiv
of pyridine was added to the polymerization reaction, the
resulting polymer showed low isotacticity ([mmmm] = 60%).
However, addition of excess 2-phenylpyridine (100 equiv) to
the polymerization reaction did not affect the polymer micro-
structure, and the highly isotactic poly(2-VP) was obtained
([mmmm] = 95%). These results suggest that less-hindered
pyridine derivatives such as pyridine, 3-methylpyridine, and
4-methylpyridine easily interact with the metal center in com-
parison with 2-substituted pyridine derivatives during the chain-
propagation reaction.'?

On the basis of the reactivity for chelation-assisted C—H bond
activation by 2, bimetallic initiator 8 was prepared by the reaction
of 2 with 2,3,5,6-tetramethylpyrazine (Scheme 3a). The 'H
NMR spectrum of 8 displayed one singlet resonance assignable
to the olefinic protons of the ene—diamido ligand, one broad
signal for the methylene protons bound to Y, and one singlet
signal due to the methyl group attached to the pyrazine ring in a
4:4:6 integral ratio, indicating a symmetric structure in solution.
Complex 8 acted as a catalyst for the polymerization of 2-VP, and
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Scheme 3. (a) Synthesis of Bimetallic Initiator 8 via Double
C—H Bond Activation; (b) 2-VP Polymerization Catalyzed by 8

(a)
. Pr

Pr N
2,3,5,6-tetramethylpyrazine ,-Pr(THF)z [ _\3
(0.5 equiv) g \ \(\(N\,Y_N ipr
2 > _

1
N
hexane ipr N—=vZ i
-2 Me,Si ’ | Pr
N\_n . (THF)
- ‘Pr
Pr.
8
0] T
N~
Z X cat. 8 (5 mol%)
n NI _— H N™
Z toluene, r.t. {_N nH
15 min. n
“ N

76% yield, M, = 2.0 x 10,
M /M, = 1.1, atactic

poly(2-VP) having a pyrazine unit in the main chain was isolated
in 76% yield (Scheme 3b)."> Although 6 and 8 both possess a
heteroarylmethylyttrium moiety, the polymer catalyzed by 8 was
atactic. We presume that the loss of stereocontrol might be due to
the intramolecular interaction between two active sites.

In summary, we have demonstrated the direct synthesis of
poly(2-vinylpyridine)s with various heteroaromatic and propargyl
groups at the chain end of the polymers catalyzed by the single
alkylyttrium complex 2. The key to end-functionalized polymeriza-
tion is activation of the C—H bond of heteroaromatics and internal
alkynes to form metallacyclic and propargylic yttrium species that act
as catalysts for living polymerization of 2-VP. Further development of
this successive C—H bond activation—polymerization protocol
using rare-earth metal complexes is ongoing in our laboratory.
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