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Main-chain conjugated organometallic polymers (COMPs) are Scheme 1 @
an interesting class of materials with desirable electronic and

mechanical properti€sUnfortunately, access to these materials is HoN R —|2 4
often challenged by factors such as the need for inert atmospheres I:[ <&:©:§

and anhydrous conditions, restrictive compatibilities of transition HzN. e

metals with contemporary polymerization protocols, and limited 1 2a R = Bn, 94%
polymer stabilities and/or solubilities. Overcoming these restraints, 2b R = Bu, 93% o
which have prevented COMPs from reaching their full potential, —|2Br

requires development of new building blocks and polymerization

strategies. Although a variety of binding interactions have been N\j
employed for integrating metals into organic polymers, Arduengo- HoN NHz k@

type N-heterocyclic carbene@HCs) remain an untapped resource.

This is surprising, considering that NHCs offer broad structural 4a R = Bn, 94%
diversity and generally display high affinities toward a wide range 4bR=Bu,71%

of transition metal§.We sought a versatile, direct, and simple route ) Br
to bis(NHC)s connected via conjugated arenes. With the availability —|

of these difunctional NHCs, we envisaged a new class of COMPs :@[ D[ <§\‘:©i :@:»
i Ha 77°/

could be readily accessed.

We targeted rigid benzimidazole-based arene spacers to inhibit s 4Hc
intramolecular metal chelatiérand to ensure regiocontrol over a Conditions: 5(3) HCGH, 110°C, 2-36 h. (b) (|) NaH (2.0 equiv), PhCH
metalatior® Toward this end, commercially available 1,2,4,5-tetra- 110 °C; (i) R—Br (6.0 equiv), 25— 100 °C, 1 h.; (iii) DMF, 60— 110°C.
aminobenzenelj, 3,3-diaminobenzidine3), and known dioxin- ~ ©Overall yields are indicated.
tetraamines® were condensed with formic acitb provide the cor- Scheme 2
responding bis(imidazole)s. This cyclization protocol was con-

ducted under ambient atmosphere and provided products in high & rI2 Br i R R R R
purity (>95%) and high yields X90%) after neutralization. As <'€I®:CI®)> } XM%N N%'\:A<N:QIN>_MX
shown in Scheme 1, direct access to the respective bis(imidazolium) N N omso X N N x N N X
salts was accomplished via a single-step, 4-fold alkylation. Thus, R R j10°C R ROR T R
the bis(imidazole)s described above were each treated with NaH 7aR = Bn, MM = Pd(OAG),, X = Br
in PhCH; followed by addition of alkyl bromide. Aftel h at 110 i e 7b R = Bu, M(" = Pd(OAc),, X = Br
°C, DMF was introduced as a cosolvent (50% v/v) which facilitated O Ty : 7c R =Bn, MV = PtCl,/NaOAc, X = Cl
dissolution of partially alkylated intermediates. After an additional 7d R = Bu, M = PICI,/NaOAc, X = ClI
6 h at 110°C, introduction of excess PhGlgrecipitated the desired 8a R = Bn, M = Pd(OAC),, X = Br
bis(imidazolium) bromides 4, and6) in good to excellent yields 8b R = Bu, M( = Pd(OAc),, X = Br
(74—99%).

As shown in Scheme 2, polymerization and metal incorporation o * 9aR =Bn, M) = Pd(OAC),, X = Br
was carried out via a modified HerrmanSchwarz-Gardiner Q I:[ 9b R = Bn, MM = PtCl,/NaOAc, X = CI

method by treatment of bis(imidazolium) bromid@s4, or 6 with

Pd(OAc) in DMSO at 110°C.? After 1 h, the reaction solutions  |ecular weights ¥l,’s), ranging from 8.0x 10° to 1.1 x 10° Da,
were precipitated into an excess of MeOH axCHwhich afforded dependent on the N-substituent and the bis(imidazole) structure.
polymers7—9 in high yields (84-99%)1° As expected, signals in  Likewise, the thermal stabilities of the polymers exhibited similar
the IH NMR spectra were relatively broad and shifted upfield in  dependencies and began to degrade at-380°C, as determined
comparison with those of their respective bis(imidazolium) salt by thermogravimetric analysis.

precursors3C NMR spectroscopy was used to verify Pd was Copolymerization o#ta with PdCL in the presence of NaOAt
successfully incorporated into the backbones of the polymer chains.(2.0 equiv) successfully produced a polymeric material with
For example, thé3C NMR spectrum oBa exhibited a resonance  comparable molecular weight and yield as when prepared with Pd-
at 172 ppm which was diagnostic of an imidazol-2-ylidene-Pd (OAc),. No reaction was observed whéawas treated with NaOAc
bond#1112As summarized in Table 1, absorption maxima for the in DMSO at 11C°C in the absence of metal. These results prompted
polymer systems were clustered around 320 nm, and molar ab-us to explore the incorporation of other group X metals under
sorptivities (normalized per repeat unit) as high as»8.20* M~ similar reaction conditions. As shown in Scheme 2 and summarized
cm~! were observed. Analysis of the polymers by gel permeation in Table 1, copolymerizations of the bis(imidazolium) salts with
chromatography (GPC) indicated their polydispersities were PtChL/NaOAc afforded materials with remarkably high molecular
typical of step-growth polymerizations with number-average mo- weights; for example, th#,, of 7c was found to be 1.& 10° Da.
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Table 1. Physical Characteristics of Polymers 7—9

polymer  vyield (%)  M,x10°Da’ MM,  T4(°C)*  Amax (NMm)®  Log(e)®f
7a 90 18.4 1.9 291 316 4.72
7b 84 103 1.8 d 314 4.72
7c 99 1760 1.3 294 329 4.45
7d 76 766 1.7 295 322 4.51
8a 85 26.1 2.0 284 308 4.80
8b 84 8.00 14 d 308 4.93
9a 98 106 15 299 323 4.63
9b 93 408 2.6 d 329 4.92

a|solated yield.” Determined by GPC relative to polystyrene standards in
DMF. ¢ The decomposition temperatur&y) is defined as the temperature at
which 10% weight loss occurs determined by thermogravimetric analysis under
Ny, rate= 10 °C/min. 9 Not determined® Determined in DMF under ambient
conditions.f Per repeat unit.
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Table 2. Experimental and Theoretical Molecular Weight Data
for 11

polymer Xntheo® Xo g’ My (x10° Da)® M,cec (x10% Da)®
1la 10 8.9 6.4 4.8
11b 20 23 17 8.5
11c 40 47 34 11

2 Theoretical number average of monomer units per polymer chain given by
(2[4b]4/[10],). ® Determined by'H NMR spectroscopy: Determined by GPC
relative to polystyrene standards in DMF.

As with Pd, molecular weights were found to be dependent on the
organic moiety; however, the transition metal obviously played a
dominant role. Unfortunately, no polymeric materials were obtained
with Ni(OAc),-4H,0, which may reflect the reduced affinity of
NHCs for Ni®

Since the metal centers in the main chain of the polymers are
coordinatively unsaturated, we envisioned altering the physical
properties of the macromolecules via a post-polymerization modi-
fication 1 For example, treatment &&, which is virtually insoluble
in THF,” with 2 equiv of PCy or PPh resulted in rapid dissolution.
GPC and!H NMR analysis of the phosphine-bound polymer
confirmed the macromolecular structure was not compromised.
Phosphine ligation to Pd was confirmed 8 NMR spectroscopy
(0 = 25 ppm)18

Precise control of molecular weight is essential for tailoring or
fine-tuning the physical characteristics of polymeric matefidls.

Chain transfer agents (CTAs) have been used extensively to control

molecular weights of polymers obtained from equilibrium poly-
merizationg® Since coordination of NHCs to Group X metals is
dynamic?tinclusion of monofunctional NHCs as CTAs during these
polymerizations should provide an effective handle for controlling
molecular weight. As shown in Scheme 3, copolymerizatioAlnf
with Pd(OAc) in the presence of various amounts NfN'-
dibenzylbenzimidazolium bromidé.Q)?2 provided the correspond-
ing end-functionalized polymetkl. Integration of the benzyl end-
groups (PhEl,— 6 = 6.2 ppm) with respect to the butyl groups
(ArNCH,— 6 = 4.8 ppm) along the polymeric backbone indicated
the molecular weights of the polymers were in excellent agreement
with their theoretical values based on complete incorporation of
the CTA (Table 2).

In conclusion, we have developed a highly efficient route to a
new class of organometallic polymers with metal centers linked

together via conjugated, difunctional NHCs. The polymerizations
did not require anhydrous conditions or inert atmospheres, and the
entire process, from commercial materials to polymeric products,
was accomplished in three simple manipulations with minimal tech-
nical difficulty. The physical properties of the polymers were found
to be dependent on both the transition metal and the modular struc-
tural characteristics of the NHC, and could be further modified
through post-polymerization ligation. Control over both molecular
weight and end-groups was also demonstrated through the inclusion
of chain transfer agents during polymerization. Combined with the
ability to prepare polymers with high molecular weights, these mod-
ular building blocks should open new opportunities in polymer syn-
thesis, conductive polymers, nonlinear optics, and electronic devices.
Full investigation of the electronic and physical characteristics of
the polymers presented herein will be reported in due course.
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