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ABSTRACT: The C—H activation has been a hot research area in organic chemistry, and the most difficult one is the C(sp*)—
H activation. Although the C—H activation has been introduced to the research of synthetic polymer chemistry, the
polymerization developed based on C(sp*)—H activation is rarely reported, which will enrich the tools for the preparation of
functional polymers. In this work, palladium/benzoic acid catalyzed polymerization of internal diynes and diols through
C(sp®)—H activation was successfully established. Regio- and stereoregular functional poly(allylic ether)s with 100% E-isomers
and high weight average molecular weights (M,, up to 33200) were prepared in excellent yield (98%). The reaction mechanism
was unveiled with the assistance of density functional theory calculations. Furthermore, the thin films of polymers display high
refractive indices and low optical dispersions. The polymer containing tetraphenylethene moiety displays the aggregation-
enhanced emission feature and could be used to generate 2D fluorescent photopattern. Thus, this work not only establishes a
powerful polymerization based on C(sp®>)—H activation, but also furnishes functional polymers for diverse applications.

It is well-known that most nonrenewable fossil fuels are Through unremitting efforts of organic chemists, elegant
composed by the molecules containing C—C and C—H reaction systems capable of selectively activating C(sp®)—H
bonds. How to maximize the use efficiency and transfer them bonds have been developed.'”™"® In the reported methods,
to advanced materials remains a great challenge."”” One of the guiding groups are generally used to realize C(sp’)—H
solutions is to actively cleave the C—H bond to generate activation. For example, Yamamoto and co-workers utilized
functional C-X (X = C, N, O, S, ...) bond.”* The C—H carbon—carbon triple bonds to activate C(sp*)—H bonds of
activation, created in the 1970s, holds the greatest merit that it methyl groups to enable them to react with alcohols, and regio-
could promote the reactivity of C—H bonds efficiently at a low and stereoregular allylic ethers were furnished in excellent
temperature (<250 °C) comparing to traditional radical or yields in the presence of a palladium/benzoic acid catalytic
carbocation reactions at elevated temperatures up to 800 system.
oS Notably, lots of C—H activation reactions are highly efficient
Theoretically, the C—H activation could be classified as and atom-economic and possess excellent regio- and stereo-

C(sp)—H, C(sp>)—H, and C(sp>)—H ones according to the selectivity, thus, they could be regarded as a kind of “click”-like
hybridized orbital of carbon atom.® Comparing to C(sp)—H reaction. With the efforts paid by the polymer scientists, the
and C(sp*)—H bonds, the higher bond energies (90—100 kcal/
mol) and lower acidity (pK,: 45—60) of C(sp*)—H bonds lead Received: June 12, 2019
to their poorer reactivity.” Although C(sp>)—H bonds are very Accepted: August 2, 2019
inert, it does not mean they are impossible to be cleaved. Published: August 13, 2019
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(D) entry monomer polymer yield (%) M, PDI
1 1a + 2a P1a2a 98 21200 240
2 1a +2b P1a2b 95 17200 2.41
3 1a + 2¢ P1a2c 77 9200 1.60
4 1b + 2a P1b2a 97 13600 2.12
5 1b + 2b P1b2b 89 33200 4.46
6 1b + 2¢ P1b2c 88 7300 1.65
7 1c + 2a P1c2a 83 11 300 2.61

Figure 1. (A) Palladium/benzoic acid-catalyzed polymerization of internal diynes 1 and diols 2. (B) Synthetic routes to model compounds § and 7.
(C) ORTEP drawing of the crystal structure (CCDC 1521377) of model compound 7. (D) Polymerization results of different monomers. The
polymerization was carried out in 1,4-dioxane under nitrogen in the presence of Pd(PPh,), and benzoic acid at 100 °C for 24 h. [1] =[2] = 0.6 M,
[Pd(PPh;),]/[1] = 10%, [benzoic acid] = 2[Pd(PPh;),].The molecular weights of polymers were estimated by advanced polymer chromatography
(APC) using THF as an eluent on the basis of a polystyrene calibration; M,, = weight-average molecular weight; polydispersity index (PDI) = M,,/

M,; M,, = number-average molecular weight.

click reactions have been developed into click polymer-
izations.">™"® Similarly, such C—H activation reactions well
meet the requirements for developing into powerful and
efficient polymerizations.'” > Indeed, the polymerization
based on C—H activation have been reported in our groups.
Three-component polymerizations of alkynes, aldehydes, and
amines catalyzed by InCly or CuCl via C(sp)—H activation
were developed.®"*> What’s more, the C(sp*)—H activation
polymerization of alkyne and sulfonyldiphenol catalyzed by
Pd,(dba);/AgAc,/CuAc, and bathophenanthroline was estab-
lished by our group.3’3 However, the polymerization based on
C(sp®)—H activation still faces great challenges.

In this work, we took this challenge and successfully
established an efficient polymerization based on internal alkyne
and alcohol monomers through the C(sp*)—H activation
(Figure 1A). A series of regio- and stereoregular poly(allylic
ether)s with sole E-isomers and high weight-average molecule
weights (M, up to 33200) were prepared in excellent yields
(up to 98%). More importantly, our developed polymerization
enjoys the advantage of atom economy over the Williamson
ether synthesis or transetherification.’* The resultant polymers
possess good film-forming ability and show high refractive
indices. Moreover, the polymerization is also tolerant to
functional groups, and tetraphenylethene (TPE), a star
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molecule featured the aggregation-induced emission (AIE)
characteristics,”> > could be facilely introduced into the
polymer chains to endow the resultant polymers with
aggregation-enhanced emission (AEE) features

In order to develop the C(sp*)—H activation polymer-
ization, the internal diynes 1 were readily synthesized by the
methylation of terminal diynes with iodomethane (Schemes
S1—-S3), whereas, the diols 2 are commercially available. To
establish a new polymerization, the optimization of reaction
conditions is indispensable. Herein, we used diyne 1a and diol
2a as model monomers to perform the optimization (Figure
1A). The solvent, monomer concentration, catalyst loading
ratio, reaction time, and temperature were carefully inves-
tigated (Tables S1—SS). All the factors exerted much effect on
the polymerization. When the polymerization was carried out
in 1,4-dioxane under nitrogen in the presence of Pd(0) and
benzoic acid at 100 °C for 24 h ([la] = [2a] = 0.6 M,
[Pd(0)]/[1a] = 10%, [benzoic acid] = 2[Pd(0)]), the best
results were obtained and the polymer with a M,, of 21200 was
produced in 98% yield. By using the optimized conditions, we
polymerize other internal diynes 1 and diols 2 to prove their
universality (Figure 1A). The experimental results showed that
all the polymerizations propagated smoothly and polymers
with satisfactory M,, (7300—33200) could be obtained in good
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Figure 2. "H NMR spectra of alkyne 3 (A), alcohol 4 (B), crude model compound 5 (C), purified model compound $ (D), 1a (E), 2a (F), model
compound 7 (G), and Pla2a (H) in DMSO-d,. The solvent peaks are marked with asterisks.

to excellent yields (77—98%; Figure 1D), further demonstra-
tive of the robustness of our developed C(sp®)—H activation
polymerization. Moreover, the resultant polymers possess good
thermal stability, and the temperatures (T;) for 5% weight lost
at a range from 248 to 326 °C under nitrogen, as evaluated by
the thermogravimetric analysis (Figure S1).

To clearly characterize the structures of the resultant
polymers, model compound 5 was designed and synthesized
under the same conditions (Figure 1B). Its structure was also
fully characterized. The 'H NMR spectra of 1-phenyl-1-
propyne 3 (Figure 2A), benzyl alcohol 4 (Figure 2B), and the
crude model compound of § (Figure 2C) as well as the
purified § (Figure 2D) are shown in Figure 2. The methyl
protons adjacent to the ethynyl group of 3 and hydroxyl
proton of 4 resonated at 0 2.04 and 5.12, respectively, and
disappeared in the spectrum of 5. Meanwhile, new peaks at &
6.65, 6.42, 4.53, and 4.17, assignable to the proton resonances
of the newly formed Ar—CH=CH, CH=CH-CH,, O-
CH,—Ar, and CH=CH—CH,, respectively, appeared in the
spectrum of S. The coupling constants (J) of vinyl protons
were deduced to be 16.0 Hz, suggesting that S adopts an E-
configuration. It is worth noting that no resonance assignable
to the Z-allylic ether was observed in the '"H NMR spectrum of
the crude product of §, indicating that this reaction is
stereoselective. To collect a direct proof for the regularity of
the product, another solid model compound of 7 with a larger
molecular size was designed and synthesized (Figure 1B and
Scheme S4), because § is oil, which is impossible to grow
single crystals for structural analysis. Compound 7 was yielded
as a solid, and its "H NMR spectrum showed the same results
as 5 (Figure 2G). Delightfully, we successfully got its single
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crystals, and the analysis showed that the hydrogen atoms are
arranged on the opposite side of the vinyl group (Figure 1C),
further manifesting that the model compounds enjoy 100% E-
stereoregularity.

Next, we characterized the structures of the resultant
polymers and satisfactory analysis data were obtained. Herein,
the FT-IR and NMR spectra of 1a, 2a, and P1a2a are shown as
examples, while those of other compounds and polymers are
given in Figures S2—S21. The FT-IR spectra of 1a, 2a, and
Pla2a are provided in Figure 3. The absorption of 1la

E
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Figure 3. FT-IR spectra of 1a (A), 2a (B), and Pla2a (C).
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associating with C=C stretching vibration was observed at
2245 cm™!, and the —OH stretching vibration of 2a emerged at
3400 cm™". In the spectrum of Pla2a, the former disappeared
and the latter became very weak. Meanwhile, new peaks of the
C—0 and C=C stretching vibrations of allylic ether appeared
at 1098 and 1659 cm™, respectively. These results indicated
that almost all C=C and —OH groups in 1a and 2a had been
consumed by the polymerization.

The "H NMR spectra of 1a, 2a, 7, and P1a2a could provide
more detailed information (Figure 2E—H). The methyl
protons adjacent to the ethynyl groups of 1la resonated at §
2.04 disappeared in the spectrum of Pla2a. Meanwhile, new
peaks at 6 6.62, 6.41, 4.50, and 4.14, assignable to the proton
resonances of the newly formed Ar—CH=CH, CH=CH-
CH,, O—CH,—Ar, and CH=CH-CH,, respectively, ap-
peared in the spectrum of Pla2a. Moreover, the profile of
the "H NMR spectrum of Pla2a is very similar to those of
model compounds $ and 7, indicating that the polymerization
via C(sp’)—H activation could generate poly(allylic ether)s
with 100% E-isomers. Notably, in the spectrum of Pla2a, the
peak resonated at 6 5.12 was assignable to the hydroxyl proton
for it could be vanished after adding a drop of D,0 in DMSO-
d¢ solution, which verified that Pla2a is terminated by the
—OH groups (Figure S14). The “C NMR analysis also
provides persuasive information about the polymer structures
(Figure S15). The characteristic carbon resonances of C=C—
CHj; of 1a were clearly observed at 6 88.36, 79.31, and 3.93,
respectively, which disappeared in the spectra of § and Pla2a.
Meanwhile, new peaks at 6 71.21 and 70.09 assignable to the
resonances of the newly formed CH=CH-CH, and O-—
CH,—Ar, respectively, appeared in the spectra of § and Pla2a,
indicative of the complete consumption of ethynyl groups and
the accomplishment of the polymerization.

To fully understand the regio- and stereoselectivity of this
polymerization, the theoretical calculation using the density
functional theory (DFT) method was performed. To simplify
the calculation, 1-phenyl-1-propyne and benzyl alcohol as
model reaction molecules were adopted. According to DFT
calculations, the coupling process catalyzed with a Pd complex
consists of three main steps, that is, electrophilic addition on
an ethnynyl group, elimination, and electrophilic addition on
the formed allene group, as shown in Figure 4A with selected
3D geometries (Figure S24) and coordinates in the Supporting
Information. After coordinating with 1-phenyl-1-propyne,
electrophilic addition on an ethynyl group is confirmed via a
four-member ring transition state (TS1) with negligible AG =
1.36 kcal/mol. Since the Pd—H bond has broken up, the
nucleophilic Pd—X center migrated to $-C and further induced
elimination of the proton on y-C (TS2) with AG = 10.81 kcal/
mol, which released an allene compound III with a C=C
bond length of 1.31 A (a-C to -C) and 1.36 A (-C to y-C).

The regio- and Z/E-selective addition of benzyl alcohol is
worthy of noticing in the electrophilic addition step on allene
groups. Compared with ethynyl groups, electron density
located on allene is lower, which leads to a higher addition
AG barrier (>30 kcal/mol) as the rate-determining step in the
whole process. According to DFT calculations, p-C is
confirmed with lower nucleophilic properties (charge: —0.57,
Mulliken) than @-C (—0.27) and y-C (—0.07), causing a higher
addition energy barrier when oxygen is added at the B-C
position (TS3_C2), as shown in Figure 4B. When oxygen is
added at the y-C position, the Z/E configuration is also
examined (TS3_C3 and TS3_C3Z). According to calculation
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Figure 4. (A) Proposed reaction mechanism according to DFT
calculations. (B) DFT calculated profiles of the whole process of all
intermediates and TSs. The difference of Gibbs free energy barriers of
TS3 C3Z (AAG, = 2.56 kcal/mol) and TS3 C2 (AAG, = 431
kcal/mol) compared with TS3_C3 is estimated under tight criteria of
MO06-2X/6-311++G(d,p) for light atom and SDD for Pd.

results, y-C addition with the E-configuration is preferred with
the lowest energy barrier (AG 30.37 kcal/mol, III to
TS3_C3) compared with TS3_C3Z (AAG,; = 2.56 kcal/mol)
and TS3_C2 (AAG, = 4.31 kcal/mol), producing the E-
configuration product IV and isolated Pd complex for the next
cycle.

Afterward, we investigated the properties of the resultant
polymers. All the polymers are emissive, and the absolute
fluorescence quantum yields range from 0.3 to 3.2% (Table
S§7). Plc2a, containing the moiety of TPE, is expected to
possess the AIE feature.””~*' As shown in Figure SA, upon
excitation with the maximum absorption wavelength of 337 nm
(Figure S23), the THF solution of P1c2a emits gently with a
peak at 499 nm. However, addition of a poor solvent of water
into its THF solution gradually enhanced its emission without
a noticeable change on the emission profiles, and emission
intensity in the THF/water mixture with f,, of 90% is about
4.4x higher than that of THF solution (Figure SB),
demonstrating the unique aggregation-enhanced emission
(AEE) characteristics.”

Our resultant polymers contain many highly polarized
aromatic rings and oxygen atoms, which might be beneficial
to achieve a high refractive index (RI).">** As shown in Figure
6A, the polymer films possess high RI values in the range of
1.6111—1.6840 at the wavelength of 632.8 nm (Table S7). It is
worth noting that these values are much higher than those of
the commercial optical plastics such as polyacrylate (1.492),
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Figure S. (A) Photoluminescent spectra of Plc2a in THF/water
mixture with different water fractions (f,,, vol %). (B) Plot of relative
intensity of P1c2a vs f,,. I, and I are the maximal emission intensity
recorded before and after addition of water into the THF solution of
Plc2a. Concentration of polymers = 10 yM, A, = 337 nm. Inset:
photograph of P1c2a in THF/water mixture with f,, of 0 and 90%
taken under a UV lamp peaked at 365 nm.
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Figure 6. (A) Light refraction spectra of thin solid films of resultant
polymers. (B) Two-dimensional fluorescent photopattern generated
by UV irradiation of a thin film of P1c2a in air. The photograph was
taken under a UV lamp peaked at 365 nm.

polystyrene (1.587), polycarbonate (1.580), and poly(methyl
methacrylate) (1.489) at the same wavelength.”> What’s more,
all the polymers had small chromatic dispersion values
(0.0287—0.0941) and modified chromatic dispersion values
(0.0009—0.0256). Owning to its good film-forming ability,
unique AEE features, and the vinyl groups, P1c2a could be
used to fabricate fluorescent 2D patterns (Figure 6B). After
irradiation under a UV lamp at 365 nm in air for 10 min
through a copper photomask, the exposed region (dark line) of
thin film of P1c2a on silicon wafer shows no emission probably
due to UV-induced oxidation in air. While, the left parts
(yellow green squares) retain the intense emission. Thus, a 2D
fluorescent pattern with sharp edges was facilely generated.
These merits of poly(allylic ether)s imply their potential
applications as optical materials.

In summary, we successfully developed a new palladium/
benzoic acid-catalyzed polymerization via C(sp®)—H activation
of internal diynes and diols. Regio- and stereoregular

1072

functional poly(allylic ether)s with high M, (up to 33200)
were generated in excellent yields (up to 98%). And DFT
calculations have unveiled the underlying reaction mechanism
of this C(sp®)—H activation polymerization. The resultant
polymers possess excellent film-forming ability and show high
refractive indices in the range of 1.6111—1.6840 at 632.8 nm
and low optical dispersions. Furthermore, the poly(allylic
ether) bearing TPE group showed unique AEE characteristics
and could be used to fabricate a 2D photopattern. Thus, this
work not only provides the first example of using C(sp*)—H
activation to establish a new powerful polymerization of diynes
and diols, but also generates a series of regio- and stereoregular
poly(allylic ether)s with versatile properties for diverse
applications.
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