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Abstract

In the pursuit of creating macromolecules with controlled molecular weight, sequence, and end

groups, condensation polymerization remains an underexploited synthetic tool because of its

intrinsic step-growth nature. Introducing chain-growth pathways into condensation polymerization

calls for highly efficient chemistries that effect the challenging differentiation between functional

groups of the same type present in monomers and polymers. Here, we address this challenge by a

catalyst bifurcation strategy that enables a copper-catalyzed chain-growth condensation

polymerization. Using a copper(I) arylacetylide as an initiator/precatalyst along with a phosphine

ligand, polydiynes of controllable molecular weights and end groups are synthesized from readily

available propargyl carbonates, including a block copolymer. This method provides a new chain-

growth access to functional acetylenic polymers, a class of useful materials that have been obtained

essentially by step-growth methods to date. This work demonstrates the power of dual-role

transition metal catalysis in accomplishing unusual selectivity in organic synthesis.



Introduction

The precise control of the molecular weight (MW), sequence, and end groups of a synthetic polymer

has been best demonstrated in living chain-growth polymerizations involving addition, ring-opening,

and group transfer processes.' In contrast, achieving such control in conventional condensation

polymerizations has been elusive due to their intrinsic step-growth nature, which limits the

engineering of the properties of the resulting materials. To address this issue, several elegant

strategies have recently been developed to enable chain-growth condensation polymerizations

(CGCP) of certain bifunctional monomers (Figure 1a).2 The key to CGCP is to differentiate between

the same type of functional groups present at a polymer chain end and in a monomer, respectively.

For example, CGCP accesses to well-defined polyamides, polyesters, and polyethers were

developed by Yokozawa based on substituent effect or phase transfer catalysis.?> Catalyst transfer,

pioneered by Yokozawa and McCullough, represents another prominent example, which allows for

controlled synthesis of conjugated polymers.* Additionally, CGCP via fluoride transfer, Sex1 and

cationic mechanisms have been reported.’ Despite these advances, the scope of CGCP is still quite

limited, arguably due to the difficulty in identifying chemistries for effective reactivity

differentiation.

As part of the ongoing program exploring dual-role catalysis involving first-row transition metals,

we became interested in leveraging such systems for new CGCP reactions (Figure 1b).5 We

envisioned that metal catalysts could activate a polymer chain end and a monomer in parallel, which

might give a pair of organometallic intermediates that display strong nucleophilicity and

electrophilicity, respectively. As a result, the cross-condensation between these activated species

would be facile, thereby accomplishing chain-growth by leaving one of the metal centers at the



terminal. In contrast, the self-condensation between the activated monomers would be much slower
due to the mismatched polarity.

Specifically, we targeted propargyl electrophiles, for instance, a propargyl carbonate M (Figure 1c¢).”
It has been suggested that in Cu-catalyzed propargylic substitution reactions, M is activated via a
copper acetylide A, which is en route to a putative electrophilic copper allenylidene species B.%
In the context of polymerization, we hypothesized that B, at either the - or y-position, could be
selectively intercepted by a chain-carrying copper species C rather than by A, which is deactivated
due to the electron-withdrawing hyperconjugation posed by the carbonate leaving group. This
reactivity differentiation would eventually lead to a Cu-catalyzed chain-growth polycondensation
of propargyl electrophiles (Cu-Catalyzed CPPE). Here we report the materialization of this proposal,
which furnishes polydiynes in a controlled chain-growth fashion that is distinct from conventional

step-growth approaches such as the Glaser-Hay oxidative coupling (Figure 1d).°
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Figure 1. a) Representative strategies for chain-growth condensation polymerizations (CGCP). b)

Proposed new CGCP via transition metal enabled parallel activation. c) Possible reactivity

differentiation in Cu-catalyzed propargylic substitution reactions. d) This work: Cu-catalyzed chain-

growth polycondensation of propargyl electrophiles (CPPE).



Result and Discussion

Reaction development. For a preliminary test, we studied the reaction of propargyl carbonate M1
in the presence of catalytic amounts of Cu(MeCN)4PFs and triethylamine under nitrogen atmosphere
(Scheme 1, eq. 1). By itself, M1 dimerizes regioselectively in an a-« fashion, presumably via an
organocopper species D, to afford an allene-yne 1 and a diyne 1'.!° It was noticed that 1 was unstable
and gradually isomerized to 1'. In the presence of phenyl acetylene, however, the formation of cross-
condensation adducts 2/2" (> 20%) was predominant over self-condensation (3%) (eq. 2).!! This
observed preference for cross-condensation strongly supports the hypothesized reactivity
differentiation. The addition of a bulky biaryl dialkylphosphine ligand XPhos (L.1) was found to
further boost the selectivity (> 38:1).!? Importantly, Glaser coupling products were not detected

under these conditions.!3



Scheme 1. Small molecule model reactions.
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Having noticed that the in situ formed D could

L1 XPhos

serve as a viable initiator because of its

nucleophilicity, we first began to investigate the polymerization of M1 under conditions that were

similar to those depicted in Scheme 1 (Table 1). In the absence of a ligand, full conversion of M1

was accompanied by the formation of dimers 2/2' along with some higher oligomers, likely

indicating a step-growth behavior (entry 1). Guided by the results from small molecule reactions,

L1 was employed as a ligand for Cu(l). Indeed, it provided a significant increase in yield and MW,

despite a bimodal MW distribution found in the corresponding gel permeation chromatography

(GPC) trace, which might be attributable to a mixed mechanism for initiation and/or growth (entry

2). Bidentate N- and P-based ligands such as 2,2'-bipyridyl (L2) and (R)-BINAP (L3) were found

inferior, and a base proved necessary for initiating the polymerization (entries 3-5).

To achieve a controlled chain-growth polymerization, we turned to highly air- and moisture-stable
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crystalline Cu(l) acetylides 3 as well-defined and easy-to-handle initiators.'* Meanwhile, it was
anticipated that a portion of such a complex could play a second role as a basic precatalyst for
monomer activation through Cu(I)/H* exchange. Switching to Cu(I) phenylacetylide (3a) as an
initiator/precatalyst, M1 was polymerized smoothly till full conversion, which yielded a high MW
polymer with a unimodal distribution (entry 6). A narrower dispersity was obtained upon the
addition of L1, along with DMSO as a co-solvent to facilitate the dissolution of 3a (entry 7).
Dilution and elevated temperature led to increased MW (up to 33.8 kg/mol) but meanwhile broader
dispersity (entries 8-10).

As expected, higher loading of 3a led to a decrease in MW (entry 11). When L1 was used in excess
compared to 3a, the monomer conversion slowed down but a larger MW was obtained (entries 12
and 13). In the latter case, a relatively low dispersity of 1.6 was noticed. Finally, Cu(l) 4-
isopropylphenylacetylide (3b) was employed and produced substantially larger polymers than that
was obtained using the same loading of 3a (entry 14 vs. 7, 20.9 vs. 7.0 kg/mol). Such complex
behaviors might be attributable to that the distribution of the total Cu(I) between the chain-carrying
species and the activated monomers is dependent on the ligand loading as well as the nature of 3.
Despite of this complication, a reasonable MW control could still be achieved by varying the loading
of 3b (Figure 2a). This mechanistic complexity was also reflected by its kinetic profile (Figure 2b).
After an induction period, a rapid propagation seemed to take place initially, producing polymers of
~ 8 kg/mol at ca. 20% M1 conversion. It then entered a more controlled regime where the MW
increased with monomer conversion, with the dispersity being relatively constant. Collectively,

these observations are consistent with a chain-growth character.



Table 1. Selected polymerization results of M1.¢

Entry [Cu]
1 Cu(MeCN)4PFs
2 Cu(MeCN)4PFs
3 Cu(MeCN)4PFs
4 Cu(MeCN)4PFs
5 Cu(MeCN)4PFs
6 3a
7 3a
8 3a
9 3a
10 3a
11 3a
12 3a
13 3a
14 3b
Ph

2n

X L
1 -
1 L1
1 L2
1 L3
1 L1
1.5 -
1.5 L1
1.5 L1
1.5 L1
1.5 L1
30 L1
0.5 L1
1.0 L1
1.5 L1
3a

Ph

3.0

OBoc

x mol% [Cu]
y mol% L

X

M1
Base
NEt; (0.2 eq.)
NEt; (0.2 eq.)
NEt3 (0.2 eq.)

NEt; (0.2 eq.)

NEt; (2.0 eq.)

3b

Solvent

THF

THF

THF

THF

THF

THF

THF/DMSO (10:1)

THF/DMSO (10:1)

THF/DMSO (10:1)

THF/DMSO (10:1)

THF/DMSO (10:1)

THF/DMSO (10:1)

THF/DMSO (10:1)

THF/DMSO (10:1)

b
’ o

Base, Solvents, Temp.

Conc.

0.40 M

0.40 M

0.40 M

0.40 M

0.40 M

0.40 M

036 M

0.18 M

036 M

036 M

036 M

036 M

036 M

036 M

L

Ph

Ph
P1

T/°C

30

30

30

30

30

30

30

30

50

70

30

30

30

30

Cu "Pr—< >—: Cu Q—O

t/h

48

62

48

>72

48

Conv. (%)

100

100

84

100

22

100

100

100

100

100

100

50

23

100

c
N ee

PPh,
PPh,

Mi.cec (kg/mol)

3.4

11.7

7.0

10.9

28.9

33.8

4.0

6.0

12.3

20.9

b

7.7

3.0

7.0

2.1

2.2

2.7

32

2.1

3.1

@ All reactions were carried out using 0.40 mmol of M1. The monomer conversions were determined

by '"H NMR analysis of the crude reaction mixtures. The polymers were isolated by precipitation in

hexanes or MeOH/H>0O. The number-average MW (M,) and dispersity (P) were determined by GPC

(THF) relative to polystyrene standards.
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Figure 2. Evaluations of the chain-growth character. a) MW control by varying initiator loadings.
Inset: Normalized GPC (THF) traces overlay at different 3b loadings. Conditions: M1(0.40 mmol),
3b (1.5 — 10 mol%), L.1 (1.5 mol%), THF (1.0 mL), DMSO (0.1 mL), 30 °C for 2 h. b) M, (®) and
D (A) as functions of monomer conversion. Conditions: M1 (0.40 mmol), 3a (1.5 mol%),

triethylamine (0.80 mmol) in THF (1.0 mL) at 30 °C.

Characterizations. A series of characterizations were next performed to establish the structure of
the polymer (Figure 3). The 'H and '*C NMR spectra of a sample of P1 (Mycpc = 7.2 kg/mol,
initiator = 3b) displayed characteristic signals for the benzylic protons/carbons and the 1,3-diyne
carbons on the backbone. This suggests that the repeating units were connected exclusively via a-
aly-y couplings, and the other possible regiochemistry (c.-y) was not detected. The weak diyne C=
C bond stretching band (2246 cm™') was also found in the infrared spectrum (Figure S14). P1
underwent an exothermic process at ca. 160 °C during thermal analysis, which is attributable to the
thermal cross-linking reaction that is characteristic of 1,3-diynes (Figure S18).!> There was no glass
transition observed for P1 below that temperature, which reflects the rigidity of its backbone.

Despite of insulating sp? carbon units in the backbone, the solutions and thin films of P1 was shown
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to absorb in the blue region and emit at around 500 nm (Figure S15). At this stage we are in the

process of determining the origin of this emission.'®
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Figure 3. Characterizations of P1. a) b) 'H and '*C NMR spectra (M, cpc = 7.2 kg/mol, initiator =

3b). ¢c) MALDI-TOF mass spectrum (M, gpc = 4.0 kg/mol, initiator = 3a).

A closer look at the "TH NMR spectrum of P1 revealed the existence of two types of end groups. The
major one was derived from initiator 3b as indicated by the isopropyl group. Meanwhile, a minor
end group derived from M1 was observed, implying a competing self-initiation process involving
D. The presence of both pathways could be accountable for broadening the MW distribution. An
estimation of the MW was thus made based on NMR analysis to be 6.1 kg/mol, which is reasonably
close to the result from GPC measurement. In order to confirm the structure assignment, matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy was attempted
on multiple samples of P1 synthesized under different conditions. However, well-resolved peaks
could only be observed in the low m/z region corresponding to the self-initiated chains, which
contain —OBoc groups that likely facilitates ionization. Nonetheless, repeating unit of m/z = 228 as

well as the end-capping monomer could clearly identified.
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Monomer scope. With the polymerization protocol in hand, we set out to evaluate the Cu-Catalyzed

CPPE of a range of aryl- and heteroaryl-bearing propargyl carbonates (Scheme 2). Para- and ortho-

aryl halides (M2-4) were well-tolerated and the corresponding polymers were obtained in high

yields. Such halide groups could potentially provide useful handles for post-polymerization

functionalizations. It is noteworthy that for P2 and P3, characteristic signals for terminal alkynes

were detected in the '"H NMR spectra (S26), which might be attributable to the end-capping

protonation of an alternative acetylide chain-end (see mechanistic discussions vide infra).

Monomers containing a thiophene (MS5) or a naphthalene (M6) group were also successfully

employed, which produced polymers of limited solubility. In addition, polymers with an alkoxy

(M7) and a TEG (MB8) substituents incorporated on the phenyl moiety could be synthesized, albeit

in diminished MW and yields. The polymerization of M9, which has an electron-withdrawing

trifluoromethyl group, was unsuccessful as a result of the rapid isomerization to allene 4.
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Scheme 2. Monomer Scope for Cu-Catalyzed CPPE.”
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¢ All reactions reached full conversion of the monomer. P1-P8 were isolated by precipitation in
hexanes or MeOH/H,0. ? At 70 °C. ¢ Carried out using 3a (1.5 mol%) and Et;N (2.0 equiv.) in THF

(1.0 mL) at 30 °C.

Synthesis of a block copolymer. In principle, CGCP should inherently display “living” character,
because the reacting sites are stable functional groups unlike radicals or cations.?® To exploit such

character in Cu-catalyzed CPPE, we performed a chain extension experiment to synthesize a block
copolymer (Figure 4). 3a-initiated CPPE of M1 was carried out to synthesize the first block. Upon
full conversion of M1, a portion of the reaction mixture was taken out and analyzed. A solution of

M2 was next added to afford a block copolymer P10 in 87% yield. As shown in Figure 4, the GPC
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trace of P10 was unimodal and shifted to higher MW compared to that of the first block. The

incorporation of M2 was also confirmed by 'H NMR spectroscopic analysis (Figure S10).

— 15! Block M, = 12.1 kg/mol £ 2.1
— P10 M, = 23.8 kg/mol D 2.5

1.5 mol% 3a
1.5 mol% L1 2.35 equiv. M2
M1 - -
THF/DMSO 50 °C
rt

Normalized dRI

P10
87% yield

8 16 12 14 16 1é
Retention Time (min)

Figure 4. Synthesis of a block copolymer by Cu-catalyzed CPPE.

Mechanistic Hypothesis. Based on the structure assignment, the results from small molecule
reactions, and relevant literature, we have proposed a tentative mechanistic picture for CPPE
(Scheme 3). As mentioned earlier, copper acetylide 3 serves as a precatalyst by exchanging the Cu(I)
with a monomer to give A, which leads to activated monomer B; on the other hand, it initiates the
polymerization by reacting with B to afford an allenyl copper species E, which might also exist in
its isomeric form as a propargyl copper species.

Chain-growth from E could involve sequential regioselective y-y/o-o. couplings with two molecules
of B, which regenerates an allenyl copper species G. Each coupling would expel a copper(I) species
that re-enters the monomer activation process. Therefore, the stronger nucleophilicities of chain-
carrying organocopper(I) species H and I compared to that of A sets the foundation of the chain-
growth nature of CPPE. The origin of the high regioselectivity during the propagation remains
unclear at this point, nevertheless, it is in line with the results from analogous model reactions
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(Scheme 1). In addition, it should be pointed out that multi-nuclear copper(I) species might be

involved in one or more steps in CPPE as suggested by recent studies.” !

The observed end-capping structures, namely a benzyl-substituted diyne or a terminal alkyne, could

be derived from the protonation of H or I, respectively, the ratio of which might be determined by

their relative rates in reacting with B. Finally, a minor part of the polymerization could also be

initiated from a self-condensation adduct J and follow the same propagation mechanism. '3

Scheme 3. A Possible Mechanism for Cu-Catalyzed CPPE.
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Conclusion

We have developed a new chain-growth condensation polymerization of propargyl electrophiles

enabled by bifurcative copper catalysis, which leverages the reactivity difference among

organocopper(I) species. Polydiynes were synthesized with good functional group tolerance and

controllable MW/end groups, through the utilization of an easy-to-handle Cu(l) arylacetylide

initiator/precatalyst and a phosphine ligand. The “living” character of this polymerization was
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demonstrated by the synthesis of a block copolymer. This method provides a complementary

controlled access to important functional acetylenic polymers that have been traditionally obtained

by step-growth methods. Mechanistic details regarding the initiation, propagation, and ligand effect

are currently under investigation. Taking advantage of the chain-growth nature, the versatility of the

chain-carrying organocopper(l) species, and the rich post-polymerization chemistry based on the

reactive 1,3-diynes, we expect that further development of this emerging polymerization would

deliver novel materials with tailored architectures and properties.
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