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Proposal Abstract

The proposed project described the incorporation of aromatic phosphorus heterocycles into
polymer main chains and side chains. While pyridine and thiazole have been explored
extensively in polymer chemistry, the phosphorus analogs (phosphinine and thiaphosphole) have
yet to be incorporated into macromolecular structures. Monomer syntheses were explored for
both ring systems and polymerization efforts resulted in some success for phosphinine-
containing oligomers. Synthetic method development for both phosphinine and thiaphosphole
proved challenging, and a successful efficient route to polymerizable monomers has not yet been
established. Further efforts have looked at other phosphorus containing monomers in conjugated
structures.

This project has also been expanded to controlled polycondensation for semiconducting
polymers. Furan, which is a biorenewable monomer, has been explored in controlled
polycondensation. High molecular weights could not be achieved due to aggregation but the
furan was incorporated into an alternating polymer with thiophene to obtain solution-processable
materials.

Scientific Progress

Project 1 — Phosphabenzene Materials

In the proposal, we outlined unusual aromatic rings with phosphorus and the incorporation of
these heterocycles into polymeric materials. We explored P=C bonds in Diels-Alder reactions to
synthesize the desired phosphinine. We successfully obtained the 6-membered phosphorus
heterocycle and converted it into a triflate (Scheme 1). We expected the triflate group to be
active in palladium-catalyzed cross-coupling and we attempted a Stille reaction with
tributyl(vinyl)tin and the triflyl-phosphinine. Unfortunately, the desired product could not be
obtained regardless of the conditions attempted. We also attempted several other Diels-Alder
strategies with limited success in forming the desired vinyl phosphinine for polymerization.'>
Scheme 1. Phosphinine synthesis from Diels-Alder reaction.
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. 1. MeOH
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7 N\ DBU - 7 N\ ﬁ» No reaction
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SiMe, SiMe,

We also targeted pyrylium salts as precursors for phosphinine polymers. The [DVDP]|BF4salt
was synthesized (Scheme 2) and explored in a controlled radical polymerization process (Atom-
transfer radical polymerization — ATRP). The resultant polymer could then be treated with
P(SiMes); to afford the phosphinine polymer by nucleophilic substitution.

Scheme 2. Pyrylium conversion to phosphinine.
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We discovered that consumption of the [DVDP]BF4 monomer takes place using ATRP and the
kinetics of the process are consistent with 1* order polymerization behavior (Figure 1). However,
though the monomer was being consumed, a well-defined polymer was not obtained.
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Figure 1. Left: Kinetic plot of ATRP of [DPVP]|BF,. Right: GPC trace of poly[DVDP]BF4
measured using DMF containing 10 mM NaBF, as the eluent.

Elution Volume (mL)

The problem seems to be increasing the number of repeat units in the polymer chain. We
suspect the bulky monomer allows for formation of small oligomers but then terminates as the
steric congestion limits conversion to higher molecular weights. Altering conditions (solvents,
temperature, initiator concentration) did not seem to result in the desired polymerization
behavior. We could exchange the oxygen for phosphorus, to obtain phosphorus oligomers but, at
this point, we turned our attention to the thiaphosphole.
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Project 2 — Thiaphosphole Polymers

While exploring the phosphinine compounds, we began researching thiaphospholes and
realized only a few reports existed for these molecules.” We started to explore these phosphorus
rings as possible components in macromolecules. Prior to targeting polymer materials we
explored model compounds to evaluate electronic and photophysical properties.*> We then
targeted a vinyl thiaphosphole, which could be explored in radical polymerization.
Scheme 3. Attempted synthesis of polymers with pendant 1,3-thiaphospholes.

Target
1 SIS W o
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CH,Cl, PdO, heat @ heat @

1,3-benzothiaphosphole

We synthesized the 1,3-benzothiaphosphole from I-mercapto-2-phosphinobenzne and a
formaldehyde equivalent. We confirmed the formation of the aromatic ring using *'P NMR ( § =
203 ppm) and 'H NMR spectroscopy. We noted the proton of the 2-position resonates
significantly downfield at 8.86 ppm with a Jpy of 33.9 Hz. We could not isolate the parent
thiaphosphole but we could manipulate it in-situ and we explored functionalization.’

When 1,3-benzothiaphosphole was treated with stoichiometric Br, (Scheme 3), *'P
spectroscopy indicated rapid attack at the P=C bond and new signals were observed (5°'P 108,
8°'P 95, 8°'P 55). The signals at 108 and 95 ppm are postulated to be isomers of the 1,2-addition
product while the signal at 55 ppm is unidentified. Addition of 1 equivalent of triethylamine, led
once again to the formation of new signals (8°'P 218, §°'P 205), and we suspected the major
signal at 205 ppm corresponded to the desired 2-bromo-1,3-thiaphosphole. Analysis of the
reaction mixture using GC-MS (Figure 2) revealed a major product with molecular ion peak at
230 amu and the expected isotope pattern of a brominated molecule (M+2 peak = 232 amu).
After column chromatography under N, *'P spectroscopy of the diluted product fraction
revealed only one signal at 8°'P 205 which we anticipated was the product. However, upon
concentration, the white crystalline solid became substantially discolored within minutes and a
red residue formed. Analysis of the residue revealed complete degradation.
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Figure 2. Left *'P NMR stack plot to illustrate formation of 2-bromo-1,3-benzothiaphosphole.

Right — GC-MS of crude reaction mixture.
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Since the 2-bromo-1,3-benzothiaphosphole was not isolable, we attempted an alternative
strategy to make a functional thiaphosphole. We explored a lithiation and quenching strategy
since the proton of the 2-position is relatively acidic. Using lithium diisopropyl amide (LDA) we
were successfully able to lithiate the benzothiaphosphole at low temperature (8°'P 216). The
downfield shift in the spectrum indicated that the P=C bond remained intact during the reaction
(Figure 3). The lithiated benzothiaphosphole reacted smoothly with Me;SiCl and the 2-
(trimethylsilyl)-1,3-benzothiaphosphole could be isolated in fairly low yield. We attempted some
coupling reactions with this reagent but we could not successfully remove the trimethylsilyl
group and install other functionality. We tried several other electrophiles but could not isolate
any of the desired thiaphosphole precursors cleanly.

L

o

s
@ >—SiMeg
K

200 150 100 50 0 -50 -100 -150 -200
ppm

Figure 3. Stack Plot of the °'P NMR spectra for benzothiaphosphole lithiation and quenching
using Me;SiCl.

At this juncture, we decided to investigate some more common monomers in polycondensation
reactions and we directed our efforts on phosphorus-based molecules away from P=C motifs as
these seem to lack sufficient long-term stability for incorporation into polymers.

Project 3 — Alternative Phosphorus Motifs in Conjugated Molecules

We began to explore other conjugated scaffolds bearing phosphorus, including the
diketophospholes. These are similar to diimides, and they attracted our attention as potential
electron-accepting building blocks. We successfully synthesized one of these molecules from a
thiophene precursor (Scheme 4). Though the product was stable in air at room temperature, when
we attempted to couple this to other aromatics directly using C-H activation protocols, the
diketophosphole seemed to decompose. Its not clear if decomposition is due to the high
temperatures employed in these reactions or if the palladium is involved in some sort of ring-
opening process. While we were investigating these species, a report appeared in Chemistry-A
European Journal.! The report described a series of polymers bearing this motif, which was
very exciting, and the unit is indeed a very interesting electron-poor building block. One
noteworthy aspect for our synthesis is the incorporation of alkyl substituents on the P atom.
These can act as solubilizing groups for conjugated molecules and the prior report only described
phenyl-substituted variants. We intend to publish a complementary manuscript illustrating how
to form alkyl-substituted derivatives in the future and not only for these phosphorus containing
motifs but for a variety of others as well. We envision this as another way to manipulate the
electronic properties of these materials and improve or alter solubility.
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Scheme 4. Synthesis of thiophene-fused diketophosphole.
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Project 4 — Catalyst-Transfer Polycondensation using Stille Coupling

While working on the thiaphospholes, we began to revisit some of the chemistry of thiophenes.
We noted that one of the large limitations in controlled polymerization of thiophenes was the
lack of functional group tolerance; the side-chains are limited because highly nucleophilic
Grignard reagents are often employed as monomers.”” To combat this, we began to explore
Stille coupling chemistry as a means to controlled polythiophenes. Stille coupling has excellent
functional group tolerance and should be amenable to a large number of aromatic rings and side-
chains.
Scheme S. Controlled polycondensation using Stille coupling.
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We synthesized the prerequisite A-B monomer (SnHTBr) and began exploring catalysts for
polymerization (Scheme 5). We investigated Pd-PEPPSI-IPr since electron-rich ligands such as
the N-heterocyclic carbene often perform well in chain-growth polymerization of conjugated
monomers. We discovered that the polymerization of SnHTBr proceeds in a well-controlled
manner and molecular weights up to 73,300 g/mol can be achieved (GPC Traces - Figure 4).1

1.0+ —_— PQHT25 23n+H+Br
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Figure 4. Left GPC traces of polymer samples obtained by altering catalyst loading. Right —
MALDI-TOF of a polymerization reaction illustrating H/Br end-groups.
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We noted a small increase in dispersity as higher molecular weights were targeted (up to 1.53)
which is likely due to some termination as the reaction time increases. We obtained a monomer
versus conversion plot to ensure the reaction was a chain-growth process and we conducted
MALDI-TOF experiments to look at the end-group distribution in the polymer (Figure 4).
Overall, the reaction proceeds in a chain-growth manner with controllable molecular weights,
modest dispersities and good end-group fidelity. We have started to investigate other potential
monomers using this protocol and we have also started to explore other catalysts for this
reaction.

Project 5 —Polyfuran: Semiconducting Materials From Biorenewable Monomers

After our investigation of polythiophene, we turned our attention to an overlooked monomer in
the Group 16 heterocycles, furan. Furan is very electron-rich and suffers from some stability
problems as it is not quite as aromatic as thiophene and selenophene. However, it can be
obtained from sugars, and is a highly attractive monomer for semiconducting materials.
Scheme 6. Synthesis of furan-containing polymers

o)
Br TMPMgCI-LiCl
\ \ / n
Ni(dppp)Cl2

CeH13 THF, 40 °C CeHis
HT-P3HF
C6H13 CGHWS
o / \ i~PrMgCI-LiCl
Ni(dppp)Cl,
C6H13 THF 40°C CGH13
HH-P3HF

We synthesized two monomers to obtain different side-chain orientations and then began to
investigate Kumada catalyst transfer polycondensation of these compounds (Scheme 5). We
discovered two interesting features of the reaction.

1) The polymerization of both monomers proceeds to relatively low molecular weights (M,

~4000, D ~ 1.2). This is a result of extensive aggregation during the polymerization.

However, the low dispersities are indicative of a chain-growth reaction.

2) The polymers adopt identical conformations in the solid-state as determined by UV-Vis

spectroscopy, regardless of the side-chain pattern. The small atomic size of oxygen minimizes

steric strain of the solubilizing groups making it highly attractive for conjugated architectures.

(Figure 5 - Right)

To determine whether furan is amenable to chain-growth reactions, an alternating copolymer
of thiophene and furan was envisioned. This structure would lower the furan content along the
polymer chain and provide a certain amount of torsion along the backbone to improve solubility.
The thiophene-furan dimer was synthesized, activated using i-PrMgCl-LiCl and polymerized in
THF. A range of molecular weights for the P3HF-a-P3HT could be achieved.

Scheme 7. Synthesis of alternating thiophene-furan copolymer.

C6H13 C6H13
gr_ O U\ i~PrMgCleLiCl oI\
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The alternating polymer was synthesized using 1.25 mol % of Ni(dppp)Cl; and aliquots were
removed periodically and analyzed using GC-MS and GPC (Figure 5). A linear relationship
between M, and monomer conversion was observed, indicating a controlled process and the
dispersities remained relatively constant (1.4-1.5).

In solid-state
16.01 730 ——HH-P3HF
® ——HT-P3HF
21.0 —— P3HF-a-P3HT
i © -==-P3HT
12.0 ® Q
E‘ 8.01 2.0 g <0 5
=< s 25
S cQ
4.01 [ . L e a o ©
‘ £0.0¢
0.0 v T v T v v T T 1.0
0 20 20 o0 80 100 400 500 600 700

Monomer Conversion (%) Wavelength (nm)
Figure 5. Left - Plot of M, versus conversion for polymerization of P3HF-a-P3HT using 1.25
mol % Ni(dppp)Cl,. Right — UV Vis spectroscopy of HT-P3HF, HH-P3HF, P3HF-4-P3HT
compared to poly(3-hexylthiophene) (P3HT).

We have started to combine our interest in furan with our interest in phosphorus-based
conjugated architectures. We have noted that alkylated furans suffer from some stability issues in
the presence of O, and light, which can be attributed to a Diels-Alder reaction. In an effort to
stabilize this aromatic ring-system, one can append electron-withdrawing groups to the
conjugated structure to manipulate the electronic properties of the system. A phosphine oxide
seemed ideal for this purpose since it is strongly withdrawing.

Scheme 8. Synthesis of difuran-fused phosphole.
1. 2 equiv "BulLi

2.PhPCl,

(0] 0 3. H,0, _ o o NBS _Br o o Br
WY AW, AW,

Br Br A Ph O

We synthesized a difuran-fused phosphole by preparing a 3,3'-dibromo-2,2'-bifuran, lithiating
using butyllithium, and quenching using phenyldichlorophosphine (Scheme 8). Oxidation using
hydrogen peroxide furnished the phosphole oxide, which could be brominated using N-
bromosuccinimide (‘H NMR Spectrum, Figure 6). We have noted these structures are stable
under air and we are currently exploring Suzuki and Stille cross-coupling methods to polymerize
this monomer. We have also synthesized a difuran-fused silole to make some direct comparisons
between the phosphoryl and silyl moieties.
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Figure 6. "H NMR Spectrum of brominated difuran-fused phosphole.

Future Directions

We are currently expanding our investigation of controlled polycondensation for semiconducting
polymer materials and in particular, we are interested in sequence control within semiconducting
polymers. These items have been discussed in more depth in our interim progress report for
(68385-CH). We intend to complete the projects on the conjugated phosphorus ring-systems in
the future.
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