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POLYMERS WITH METAL BINDING UNITS:
BIPYRIDINE AND TERPYRIDINE CONTAINING
POLYOXAZOLINES

Ulrich S. Schubert,* Oskar Nuyken, and Georg Hochwimmer

Lehrstuhl fur Makromolekulare Stoffe
Technische Universitidt Miinchen
Lichtenbergstr. 4, 85747 Garching, Germany

Key Words: ~ Supramolecular Chemistry, Polyoxazolines, Living Polymeriza-
tion, Metal Binding Units, Telechelics, Bipyridines

ABSTRACT

2,2’-Bipyridines functionalized with one bromomethyl group in
the 5-position were used as metallo-supramolecular initiators for
the living cationic polymerization of 2-oxazolines utilizing
cobalt(Il), iron(IT) and ruthenium(II) transition metal ions. The
central metal ions could be removed using basic conditions
resulting in uncomplexed polymers with a free metal binding
side. The obtained polymers were characterized using NMR,
UV/Vis spectroscopy, GPC and MALDI-TOF mass spectrome-
try. The termination of the living end groups with an amino-func-
tionalized terpyridine during the polymerization process opens
the possibility for the construction of polymers with different
metal binding sides. Due to the exact control of molecular
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weight, defined end groups and the variability of the oxazoline
monomers new supramolecular polymers can be obtained.

INTRODUCTION

The design of polymer architectures with metal binding sides is a major
goal in today’s polymer chemistry due to the expected potential properties of the
corresponding metal containing polymers [1-4]. However, the controlled incor-
poration of such units is the main synthetic problem. We described recently a
new approach towards bipyridine and terpyridine containing polymers utilizing
metallo-supramolecular initiators for the living cationic polymerization of 2-oxa-
zolines [5-7] (see also results by Fraser et al. [8-10]). This method offers a suit-
able way to incorporate one metal binding side into each polymer chain. To
include bipyridine ligands, different initiator systems based on 4,4 -bisfunction-
alized-2,2’-bipyridines [8, 9] and 6,6’-bisfunctionalized-2,2’-bipyri-dines [5, 6]
were used in previous work by us and others. To extend this approach to other
interesting metal binding units and telechelics, we chose 5-mono-functionalized-
2,2’-bipyridine ligands (for the first synthesis of the initiator see [11]).

EXPERIMENTAL

Preparation of the Ligand

5-Bromomethyl-5’-methyl-2,2’-bipyridine was synthesized starting
from 5,5 -dimethyl-2,2’-bipyridine using LDA (lithium diisopropylamide) and
TMSCI (trimethylsilylchloride) followed by a reaction with (CBrF,), and CsF
in DMF (dimethylformamide). Experimental details are published elsewhere
[11,12].

Preparation of the Metallo-Supramolecular Initiators

[Ru(IT)((5-bromomethyl-5’-methyl)-2,2’-bipyridine) (2,2’-bipyridine),]
(PFs), (1): Cis-Ru(2,2’-bipyridine),Cl, * 2 H,0O (108 mg, 0.206 mmol) and
AgSO;CF; (108 mg, 0.420 mmol) were dissolved in dry acetone (9 mL). The
reaction mixture was stirred for 18 hours at room temperature and the precipi-
tated AgCl was removed by filtration. 5-Bromomethyl-5’-methyl-2,2’-bipyridine
(54.0 mg, 0.205 mmol) was added to the eluent and the reaction mixture was
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stirred for 2 hours. After the addition of a saturated solution of NH,PF (0.7 g,
4.3 mmol) in methanol, a red precipitate appears. The remaining solid was fil-
tered off, dissolved in a small amount of acetone, and precipitated in
diethylether. The red solid was further purified by column chromatography using
Alumina (CH;CN/toluene (1:1)) resulting in 198 mg (40%) of the desired
[Ru(IT)((5-bromomethyl-5’-methyl)-2,2’-bipyridine)(2,2’-bipyridine),](PFg),.
C3,H,:NBr,RuP,F,, ¢ 0.5 acetone (995.6): Calcd.: C 40.42, N 8.44, H 3.04.
Found: C 40.83, N 9.08, H 3.40.

[Co(IT)((5-bromomethyl-5’-methyl)-2,2’-bipyridine);](PFs), (2): 5-Bro-
momethyl-5’-methyl-2,2’-bipyridine (154 mg, 0.584 mmol) was dissolved in
methanol (8 mL) and treated with Co(CH;COO), * 4 H,O (48.4, 0.194 mmol)
in methanol (3 mL). The yellow mixture was stirred for 4 hours at room tem-
perature and a solution of NH,PF, (0.60 g, 3.7 mmol) in methanol was added.
The reaction mixture was cooled to —40°C resulting in a yellow precipitate. The
solid was filtered off, washed with cold methanol, H,O and diethylether and
finally dissolved in acetone. The solution was dropped into diethylether and
the solid was filtered off again and dissolved in a small amount of acetone.
Diffusion of diethylether into the solution gave a yellow precipitate of
[Co(IT)((5-bromomethyl-5’-methyl)-2,2’-bipyridine);] (PFs), (108 mg, 49%).
C;6H33NgBr;CoP,F, ¢ acetone (1196.35): Caled.: C 39.15, N 7.02, H 3.28.
Found: C 39.72, N 7.42, H 3.19. UV/VIS (CH;CN): A,,/nm &/(L "mol" " cm™))
= 257 (45 560), 303 (52 510). ESI-MS: 1138.8 [M']. MALDI-TOF-MS: 993
[M" - PF].

[Fe(IT)((5-bromomethyl-5’-methyl)-2,2’-bipyridine);](PFs), (3): 5-Bro-
momethyl-5’-methyl-2,2’-bipyridine (156 mg, 0.591 mmol) was dissolved in
methanol (8 mL) and reacted with FeSO, * 7 H,O (54.6 mg, 0.196 mmol) in
methanol (3 mL). The red mixture was stirred for 4 hours at room temperature. A
solution of NH,PF;, (0.60 g, 3.7 mmol) in methanol was added and the mixture
was stirred for another 2 days. The reaction volume was reduced to 6 mL in vacuo
resulting in a red solid. The solid was filtered off, washed with cold methanol,
H,O and diethylether, and dissolved in acetone. The solution was dropped into
diethylether and the solid was filtered off and dissolved in a small amount of ace-
tone. Diffusion of diethylether into this solution yielded a red precipitate of
[Fe(IT)((5-bromomethyl-5’-methyl)-2,2’-bipyridine);](PF¢), (70 mg, 31%).
CiH33NgBr;FeP,F,, ¢ acetone (1193.27): Caled.: C 39.26, N 7.04, H 3.29. Found:
C 39.27,N 7.41, H 3.12. UV/VIS (CH;CN): A, /nm (¢/(L " mol cm™)) = 257 (31
770), 304 (68 290), 525 (3 780). MALDI-TOF-MS: 1006 [M" - PF, + H,0].
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Preparation of the Polymers

A typical procedure for the polymerization of 2-oxazolines was as fol-
lows: The initiator (1-3) was dissolved in dry acetonitrile (7.5 mg initator/1 mL
acetonitrile), dry monomer was added and the mixture was stirred at 80°C for 24
hours. Piperidine or amino functionalized terpyridine was added and the mixture
was stirred for 4 hours. The solvent was evaporated in vacuo, the polymer was
dissolved in CH,Cl, and precipitated in diethylether. This procedure was
repeated two times. Terpyridine terminated polymers were obtained by adding
amino functionalized terpyridine units.

Extraction of the Central Metal Ion

The polymer (200 mg) was dissolved in 80 mL CH;CN/H,O (1:1) and
K,CO; (8 g) was added. The mixture was refluxed for 12 hours and the layers
were separated. The CH;CN phase was evaporated in vacuo and the remaining
polymer was dissolved in CH,Cl, and precipitated in diethylether.

Measurements

'H NMR spectra were recorded at 300 K on a Bruker AM 300 spectrom-
eter in CDCIl; with tetramethylsilane as internal standard. Gel permeation chro-
matography (GPC) analysis was performed on a Waters Liquid Chromatograph
system using Shodex GPC K-802S column and Waters Differential Re-
fractometer 410 in chloroform. Calibration was conducted with polystyrene
standards. UV/VIS measurements were recorded using a Varian Cary 3.
MALDI-TOF-MS measurements were performed on a Bruker Biflex 3 with
dithranol as matrix, acetone as solvent and by addition of potassium trifluoro-
acetate.

RESULTS AND DISCUSSION

Recently we demonstrated, that 6,6’-bistfunctionalized 2,2’-bipyridine
copper(I) complexes were able to initiate the living cationic polymerization of 2-
oxazolines [5, 6]. The resulting star-like polymers showed a narrow molecular
weight distribution and a predetermined molecular weight. In this paper we
describe an extension of this strategy towards other supramolecular building
blocks. 5,5’-Dimethyl-2,2’-bipyridines are of special interest in supramolecular
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Figure 1. Schematic representation of the complex formation. Right: Molecular
modeling (MAC Spartan Plus, Level MM?2) of the initiator complex based on Co(II)
(wireframe representation).

chemistry due of their ability to form well-defined metal complexes with a broad
range of different metal ions (e.g. see [13, 14]. However, the lack of an efficient
directed synthesis to functionalized units has always been the major drawback in
the incorporation of this building blocks into polymer architectures. To over-
come this problem we applied a novel high yield synthesis utilizing organo-tin
chemistry and Stille-type carbon-carbon bond forming reactions for the synthe-
sis of 5-bromomethyl-5’-methyl-2,2’-bipyridine functionalized ligands [11, 12].
Furthermore, we synthesized the corresponding metallo-supramolecular com-
plexes by reaction with suitable transition metal ions like Ru(Il), Fe(IT) or Co(II)
in 30% to 50% yield. Figure 1 shows a schematic representation of the typical
complexation reaction.

This metallo-supramolecular complexes were then used as initiatior for
the living polymerization of 2-ethyl-2-oxazoline. In general, this type of
monomers can be polymerized by a living cationic mechanism using elec-
trophiles such as bromomethyl endgroups [15]. The metallo-supramolecular
complexes described above contain such initiating groups. Obviously, the func-
tionalized ligands alone without the metal ions are also able to initiate the poly-
merization. However, in our previous research [4] we have demonstrated that the
uncomplexed bipyridine unit can act as a termination agent resulting in branched
polymers as well as in some crosslinked polymer chains. The function of the
metal ion in the metallo-supramolecular complexes during the polymerization
process is therefore similar to a classical protecting group which prevents the
growing polymer chains from termination processes.
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Figure 2. Schematic representation of the polymerization.

Figure 2 shows the general polymerization procedure. The living nature
of the polymerization was demonstrated by a linear relationship between
[monomer]/[initiator] and the average molecular weight (Figure 3), the narrow
molecular weight distribution of the polymers as well as by the preparation of
block copolymers (Figure 4). Table 1 gives an overview of the different poly-
ethyloxazoline homopolymers synthesized. Figure 4 shows typical GPC plots of
polyethyloxazolines inititated with [Co(Il)((5-bromomethyl-5’-methyl)-2,2’-
bipyridine);](PFs),.

The supramolecular building block in the center of the polymers is rather
fragile. Under distinct circumstances this architecture can be destroyed removing
the central metal ion. For example, polyethyloxazolines initiated with
[Cu(I)(6,6’-bis(bromomethyl)-2,2°-bipyrdine),](PF,) showed a partially destruc-
tion of the star-shaped architecture on the GPC column due to shear forces
resulting in two peaks in the GPC plot [5, 6]. In contrast to this behavior, poly-
ethyloxazolines inititated with [Co(Il)((5-bromomethyl-5’-methyl)-2,2’-bipyr-
idine);](PFs), completely fragmented on the GPC column. Extracting the central
metal ion (in the present example Co(Il)) under basic conditions revealed an
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Figure 3. Average Molecular weight M, versus [M]/[I] for polyethyloxazoline ini-
tiated with (2).
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Figure 4. Typical GPC plots (CHCI; as eluent, RI-detection) of polyethyloxazo-
line initiated with (2); a) refers to [M]/[I] = 98, b) refers to [M]/[I] = 40; ¢) refers to
[M]/[1] = 19. [I] refers to the initiating CH,Br-group.
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RI responce

Time (min)

Figure 5. GPC plot before a) and after b) extraction of the central metal ion;
[M]/[1] = 98.

identical GPC plot (Figure 5). Therefore, we conclude that the shear forces on
the GPC column are sufficient for a loss of the supramolecular architecture.

Molecular weights measured using GPC in general do not give the true
molecular weights due to the utilized PS standard calibration and the possible
interactions between the amphiphilic polymers and the GPC column. Therefore,
we applied MALDI-TOF mass spectrometry to obtain the absolute molecular
weights (details will be published elsewhere [16]). Figure 6 shows a typical
MALDI-TOF-MS spectra of a polyethyloxazoline initiated with [Co(II)((5-bro-
momethyl-5’-methyl)-2,2’-bipyridine);](PFs), (we used the non-terminated poly-
oxazoline sample before termination with the terpyridine unit for this compari-
son). Calculating the peak at 1 643 g/mol gives a degree of polymerization of 16
which is close to the adjusted value by the [M]/[I] ratio (in this case 19). In con-
trast, GPC measurements yielded 1 230 g/mol for M, (utilizing PS calibration).
For higher molecular weights the difference is sometimes much larger.

The incorporation of the metallo-supramolecular complex into the poly-
mer was prooven by UV/VIS spectroscopy. Figure 7 shows the identical absorp-
tion band at 320 nm for both the initiator complex 2 (curve a) and the resulting
polymer (curve b). Removing the central metal ion under basic conditions
revealed a clear shift of the TE-Tt* transition band (Figure 7, curve c¢). The remain-
ing shoulder at around 300 nm results from a small amount of Co(Il) remaining
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Figure 6. MALDI-TOF-MS spectra of polyethyloxazoline initiated with (2) with-
out termination; [M]/[I] = 19.
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Figure 7. UV/VIS spectra: a) Initiator (2); b) polyethyloxazoline initiated with
(2); c) polyethyloxazoline after removal of the cobalt (II) ions; d) after addition of a
Co(I)-salt solution to the metal free polymer in (c).
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in the polymer after one extraction procedure. Analysis of this polymer with
AAS revealed a remaining cobalt content of 72 ppm (content in the uncomplexed
polymer: 1900 ppm). Addition of a solution of Co(Il) to the solution of the
uncomplexed polymer rebuild the supramolecular architecture and resulted in a
“redshift” of the T-Tr* transition band to the original absorption region (Figure 7,
curve d). However, the same absorption behavior of the original complexed poly-
mer cannot exactly be reached indicating that the complex formation is not com-
plete. We assume that this is an effect of both a steric hindrance and a kinetic
phenomena of the bipyridine containing polymer.

In order to further extend this approach to systems multi-metal binding
sides, we terminated the living polymer chain end with a modified nucleophile.
It is well known, that piperidine is able to terminate a living polyoxazoline chain
nearly quantitatively [17]. We chose this concept and connected a supramolecu-
lar building unit based on 4’-functionalized-2,2’:6’,2”-terpyridine to a piperi-
dine. This unit was then used to terminate a living polyethyloxazoline polymer-
ization initiated by [Fe(II)((5-bromomethyl-5’-methyl)-2,2’-bipyr-idine);](PFs),
resulting in a system containing two different types of metal binding sites
(Figure 8). The incorporation of the terpyridine unit could be demonstrated by
various techniques, e.g. by NMR spectroscopy (Figure 9). The typical signals for
the terpyridine ligand in the aromatic region could be observed for the final
polymer: t=8.69 (2 H, 6, 6”,d), 8.65(2H, 3,3”,d),8.00(2H,3°,5,s),7.85
(2H,4,4”,1),7.32 (2 H, 5,57, t). They correspond exactly with the signals for
the termination agent alone (Figure 9, inset a and b). The signals of the initiator
core could not be observed due to the influence of the central metal ion. Studies
of the complexation behavior and the use of different metal ions are currently in
progress.

7 N\__/ \

=N _
/
ML,

Figure 8. Schematic representation of a polyoxazoline containing a bipyridine and
a terpyridine unit.
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Figure 9. NMR spectra of a polymer containing a bipyridine and a terpyridine
unit. The signals of the terpyridine unit were enlarged in the inset (a) and compared
with the signals of the original terpyridine termination agent (b).

CONCLUSION

The described results demonstrate a new approach towards monofunc-
tionalized polymers with terminal metal binding units. Due to the exact control
of molecular weight, defined (functionalized) endgroups and the variability of
the polymer main chain itself interesting combinations between supramolecular
chemistry and classical polymer chemistry can be obtained. Further research
will focus on the incorporation of other supramolecular structures as well as the
extension of this concept to different monomers and polymerization techniques.
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