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Comprehensive Summary

The synthesis and characterization of chiral polymers with diverse structure remain a long-term challenging research topic. Herein, a
copper-catalyzed enantioselective insertion of carbene into Si—H bond was applied to polycondensation, giving a new type of opti-
cally active degradable polyesters containing Si—C bond in the main chain. The polymerization features mild condition, broad sub-
strate scope, excellent yields and enantioselectivities. Chiral diols could be obtained via reduction of optically active polyesters.
Thermogravimetric analysis indicated these chiral polyesters exhibit good thermal stability.
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Scheme 1 Metal-catalyzed X—H insertion polymerization

Naturally occurring optically active macromolecules, such as
polypeptides, polynucleotides and polysaccharides, exist widely in
every aspect of life.!" Optically active polymers have been widely
utilized in chiral recognition and resolution, liquid crystallization,
asymmetric reaction, and lately in circularly polarized light (CPL)
generation and play vital roles in realizing highly sophisticated
functions in a living system, which inspire the interest in studying
chiral synthetic polymers. In contrast to natural optically active
polymers, the absolute configuration of chiral synthetic polymers
can be adjusted by changing chiral catalyst. Gradually, dense in-
terest in chiral synthetic polymers has been focused on the
polymerization mechanism, conformational properties and mod-
eling natural polymers.[z"” In the past few decades, great efforts
have been spent on the developing new kind of chiral polymers,
which gradually show potential in the fields of chiral catalysis,
separation media, biomaterials, and materials for nonlinear op-
tics.””!

Even though considerable success has been made for the
synthesis of chiral polymers from enantioenriched monomers,ls]
this method suffers from high cost and commercial unavailability
of enantioenriched monomers. By comparison, the synthesis of
optically active polymers via asymmetric polymerization of achiral
monomers is more promising, economical and acceptable.[2’9] Up
to now, different types of optically active polymers have been
synthesized via asymmetric polymerization, including poly(malei-

. . . [10-31]
mide)s, poly(quinoxaline)s, polyesters, polyketones, etc.
However, the characterization of the chirality of optically active
polymers is often achieved by the results of optical rotations and
circular dichroism, which is not beneficial to the precise charac-
terization of the optical purity of chiral polymers. Thus, determi-
nation of the optical purity of the chiral polymers is still a chal-
lenging research topic.[32’34]

As an efficient method to construct C—C and C—X bond, car-
bene insertion reactions have been widely applied in organic syn-
thesis.*>% Due to the highly synthetic potential of the generated
building blocks, transition metal-catalyzed carbene insertion reac-
tions have attracted much attention.” In consideration of the
highly reactivity of diazocarbonyl compounds and the efficiency of
insertion reaction, this efficient approach has been gradually uti-
lized in the synthesis of polymer with unprecedented main-chain
structure. The first example of insertion polymerization of diazo-
carbonyl compounds was developed by lhara group.[“] In this
work, a three-component polycondensation of bisphenols, bis(di-
azocarbonyl) compounds and THF was realized by employing
Rh,(OAc), as a catalyst, affording a new type of poly(ether ke-
tone)s. The polycondensation consists of ring-opening reaction of
THF and O—H bond insertion reaction of carbene (Scheme 1a).
Moreover, dicarboxylic acids were also proved to be suitable for
this three-component polycondensation, realizing the synthesis of
poly(ester ether ketone)s (Scheme 1a).[42] Polyesters are an im-
portant class of polymers possessing excellent mechanical proper-
ties, degradability and easy processability.[43'44] To enrich method-
ologies for polyester synthesis, the group of Yan developed
Rh-catalyzed O—H bond insertion polymerization of diazocarbonyl
compounds and dicarboxylic acids, providing a variety of polyes-
ters (Scheme lb).[45] Recently, Ru-catalyzed N—H bond insertion
polymerization of bis(diazoacetate) with dianiline was also re-
ported, delivering a series of well-defined polyamines containing
NH in the polymer main chain (Scheme 1c).[46]

Transition-metal-catalyzed enantioselective Si—H bond inser-
tion reactions of carbenes have served as a straightforward and
efficient method for the preparation of chiral silane-containing
compounds.w_sl] In 2008, Zhou and coworkers disclosed elegant
copper-catalyzed Si—H bond insertion reactions, providing a wide
range of a-silylesters with excellent enantioselectivities and

22 www.cjc.wiley-vch.de
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high yields.m] Owing to the importance of chiral polymers con-
taining silicon and our interests in the synthesis of optically active
[52-55] .. s e . K
polymers, we envisioned that the asymmetric Si—H insertion
reaction can be applied to polycondensation, giving optically ac-
tive polymers containing Si—C bond in the main chain. In order to
precisely characterize the optical purity of optically active poly-
mers, the structure of monomer was designed by introducing
ester group into the linker of diazo compounds. Therefore, the
resulting polymers could be reduced to chiral diols, which is con-
venient for the precise characterization of the chirality of optically
active polymer. Herein, we report the first enantioselective cop-
per-catalyzed Si—H bond insertion polymerization, providing
highly optically active polyesters (Scheme 1d). Chiral diols could
be obtained via the selective reduction of optically active polyes-
ters.

Results and Discussion

© 2021 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

In the initial study, the insertion reaction of silane (1a) with
diazocarbonyl compound (2a) was performed in dichloromethane
at 30 °C with 2 mol% copper catalyst prepared in situ from
Cu(QTf),, bisoxazoline ligand L1 and NaBAr; (Table 1). A prelimi-
nary investigation revealed that optically active polymer 3a was
obtained with good M, and moderate yield (Table 1, entry 1). In
order to precisely characterize the optical purity of polymer 3a,
the diisobutylaluminium hydride was applied to selective cleavage
of polymer. To our delight, chiral diol 4a was obtained with high
stereoselectivity (99.0% ee, 94 :6 dr). According to literature re-
port |ncreasmg the amount of NaBAr; may improve both the
yield and the enantioselectivity. Encouraged by this, when the
amount of NaBAr; was increased to 2 equivalent relative to
Cu(QTf),, the yield and M,, were markedly improved, and the en-
antioselectivity was maintained (entry 2). Then the effect of sol-
vents was conducted (entries 4—6). It was found that solvents

Chin. J. Chem. 2022, 40, 21—27
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Table 1 Optimization of reaction parameters’

Ny )
Ph)Kﬂ/o\/\ O)S(Ph "

R TR

Ar = 3,5-Bu,CgHs

2a [Cu)/Ligand, NaBAr, Q Me Me _ DBALH e Mea"
(0] N , F \ /
N 2 O HO\/'\SIi SI/\/OH
Solvent, 30 °C, 3 h Toluene 1

Me Me o Me Me
H—SIiOSIi—H 1a -78°C to RT -

Me Me Optically Active Polyester Containing Silicon 3a

Ar Ar

o o oo
ST &

L4 Ar=35- MeO )2CeHs3
L5 Ar = 3,5-Me,CqHj,

entry NaBAre (2x mol%) solvent [Cu] L M.S/(kg:mol™)  PDI° yield of 3a%/% ee of 4a°/% dl/meso of 4a°

1 1.2 DCM Cu(OTf), L1 9.3 1.90 73 99 94:6
2 2 DCM Cu(OTf), L1 11.6 2.07 91 99 94:6
3 3 DCM Cu(OTf), L1 10.9 1.96 82 99 94:6
4 2 CHCls Cu(OTf), L1 5.5 1.51 63 99 95:5
5 2 PhCI Cu(OTf), L1 - - - - -

6 2 THF Cu(OTf), L1 gel

7 2 DCM CuOTf-1/2PhH L1 4.7 1.45 60 99 96:4
8 2 DCM Cu(CH3CN),BF, L1 2.6 1.52 79 99 96:4
9 2 DCM Cu(CHsCN),4PFg L1 3.9 1.55 7 99 92:8
10 2 DCM Cu(OTf), L2 9.8 1.84 90 -99 88:12
11 2 DCM Cu(OTf), L3 - - - - -
12 2 DCM Cu(OTf), L4 12.7 2.11 92 -99 91:9
13 2 DCM Cu(OTf), L5 11.5 1.95 90 -99 95:5
14 2 DCM Cu(OTf), L6 - - - - —

“Reaction conditions: monomer (0.3 mmol), [Cu] (2 mol%), L (2.4 mol%), NaBAr; (2x mol%), 30 °C, 3 h, solvent (1.5 mL).

“Isolated yield. “ Measured by chiral HPLC.

play a crucial role in polymerization. Good stereoselectivity and
better PDI could be obtained in CHCl; albeit with lower reactivity
and molecular weight (entry 4). The polymerization was failed to
deliver 3a in PhCl and THF. Next, the effect of metal precursor was
investigated (entries 7—9). Although better stereoselectivity
could be obtained by using CuOTfe1/2PhH or Cu(CH;CN),BF,, the
polymerization employing these metal precursors suffered from
low M, and yields (entries 7—8). Finally, a systematic chiral ligand
screening was carried out (entries 10—14). To our delight, bisox-
azoline ligands containing different electron-donating group all
resulted in high molecular weight, excellent stereoselectivity and
good reactivity. By contrast, the use of bisoxazoline ligand con-
taining electron-withdrawing group would inhibit polymerization
(entry 11). When L2 was used as ligand, 3a exhibited narrow PDI
while low molecular weight, probably due to the less steric hin-
drance of bisoxazoline skeleton (entry 10). Unfortunately, 3a was
not detected when using ligand containing cyclopropane linker
(entry 14). Considering the molecular weight and stereoselectivity,
the optimal reaction conditions were established as: Cu(OTf), (2
mol%), chiral bisoxazoline ligand L1 (2.4 mol%), NaBArg (4 mol%),
DCM (1.5 mL), 30°C.

Next, the substrate scope of copper-catalyzed Si—H insertion
polymerization was investigated under the optimized conditions
(Table 2). Firstly, silanes containing different aromatic backbones
were investigated by the reaction with diazocarbonyl compound
2a (entries 1—3). Nevertheless, the results indicated that back-
bones of these silanes had marginal influence on the stereoselec-
tivity of the polymerization, albeit with lower molecular weight.
For example, the asymmetric polymerization produced the enan-
tiopure product 3b in 96% yield, 99% ee with molecular weight of
9100 (entry 2). Then, silane 1a was chosen to react with various

Chin. J. Chem. 2022, 40, 21—27
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® Determined by GPC with RI.

diazocarbonyl compounds. The replacement of phenyl group with
steric hindrance naphthyl group resulted in polymer with M, of
11.2 kg/mol and good stereoselectivity (99% ee and 93.5: 6.5
di/meso) (entry 4). Moreover, the polymerization could tolerate
both electron-donating and electron-withdrawing substituents
(2c—2g). By introducing electron-withdrawing group such as —Cl,
—Br onto ortho-position of aromatic ring, polyesters were provid-
ed with high M,, yield and excellent stereoselectivity (entries
5—6). It was found that the enantioselectivity was slightly affect-
ed when the —Cl was introduced onto the para-position (2f) or the
meta-position (2e) (entries 7—8). Additionally, diazocarbonyl
compound 2g containing electron-donating methyl group on the
aromatic ring gave the best stereoselectivity (99% ee and 99:1
dl/meso), good reactivity and high molecular weight (entry 9). In a
similar fashion, a diverse array of 2 with different chain length
links could react smoothly, giving the corresponding optically ac-
tive polyesters 3k—3I with high enantioselectivity and molecular
weight (entries 11—12). It’s worth to mention that 2h was also
well compatible to deliver the corresponding product with 92%
yield and M, of 12 000 (entry 10). Finally, a diazocarbonyl com-
pound 2k containing aromatic linker was applied to the polymeri-
zation, giving chiral polymer 3m with moderate M,, and yield (en-
try 13). Due to the fact that no ester group exists in the main
chain of polymer 3m, the precise characterization of the optical
purity of chiral polymer 3m could not be realized through selec-
tive cleavage.

The well-defined structure of optically active polyesters con-
taining silicon in the main chain was confirmed by lH, B¢ and Zsi
NMR spectra (Figures S36—S74 in the Supporting Information).
For polymer 3b (Scheme 2), the aromatic protons appeared at 6
7.61—7.48, 7.47—7.35 and 7.30—7.16. The proton of CH of chiral

23
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Table 2 Substrate scope’
Me Me
2 2 " SI_R SI_H \/ \/| DIBALH ArMe Me 2"
M 1 M 2
Ar)H(O\/\o)H(Ar i - 0\/\0 Si\R’Si HO S|7R S|/\/OH
o N, Cu(OTf,/L1/NaBAr I Ve Me
0O
2 DCM, 30 °C, 3-24 h 3 n 4
Ar Ar Ar Ar
Me e\ Me Me, o></o o></o
i FOE OO MR gy (Y
N N/ N N
Me “ N
1 1a 1b

2a (Ar = Ph)
2b (Ar = 2-naphthyl)

2¢ (Ar = 2-CICgH,) N2
AF)H(O\/\OHN 2d (Ar = 2-BrCgH,)
2e (Ar = 3-CICgH,) Ph

L1, Ar=3,5/Bu,CeH;y L5, Ar = 3,5-Me,CgHs

\ < > / O\H/\ )Jﬁ( Ar >> < > </<
H )Hr © Et0,C CO,Et

o 2 N2 o (Ar = 4-CICgH,) 2i-2j
29 (Ar = 4-MeCyHy) n=35, Ar= 2 CICGH4

entry 1 2 Yield of 3/% M,?/(kg-mol™) PDI® ee of 4°/% dl/meso of 4° 1°/°C
1 1a 2a 91 (3a) 11.6 2.07 99 94:6 21.7
2 1b 2a 96 (3b) 9.1 2.43 99 94:6 38.9
3 1c 2a 78 (3¢) 6.1 1.73 98 94:6 16.6
4 1a 2b 94 (3d) 11.2 1.90 99 93.5:6.5 42.6
5 1a 2c 89 (3e) 14.6 1.82 99 97:3 14.3
1a 2d 99 (3f) 10.9 1.87 99 97:3 19.1

7¢ 1a 2e 67 (3g) 8.5 1.80 99 94.5:5.5 14.8
8 1a 2f 83 (3h) 9.6 1.78 99 95:5 415
9 1a 2g 92 (3i) 11.3 1.99 99 99:1 25.8
10" 1a 2h 92 (3j) 12.0 2.10 94 96:4 13.2
11 1a 2i 79 (3k) 11.6 1.96 99 98:2 12.7

12 1a 2j 91 (3I) 13.5 1.98 99 98:2 4.6

13’ 1a 2k 64 (3m) 11.3 1.76 - - 33

“Reaction conditions: monomer (0.3 mmol), Cu(OTf), (2 mol%), L1 (2.4 mol%), NaBAr; (4 mol%), 30 °C, 3 h, DCM (1.5 mL). b

‘Isolated yield.
L5 (2.4 mol%), 24 h. ' Reaction conditions: 12 h.

Scheme 2 NMR spectra analysis of chiral polyester 3b
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?Measured by chiral HPLC. ¢Determined by DSC. "Reaction conditions: L5 (2.4 mol%). ¢ Reaction conditions: 24 h. "Reaction conditions:

carbon in main-chain was located at 6 3.66. And CH, protons (Hg)
spliting into a multiple were situated at 6 4.33—3.93. The Bc
NMR spectrum further supported the formation of desired 3b,
because characteristic resonances from the backbone were clearly
discerned. The singlet at 6 172.5 was assigned to C;, and the sin-
glet at 62.2 was assigned to C,. Furthermore, the chiral carbon C,
in main-chain was located at 6 46.1.

After purification by precipitation, thermal properties of the
polyesters containing silicon in the main chain were investigated
under nitrogen atmosphere using TGA (Table 3) and DSC (Table 2).
All of the tested polyesters exhibited good thermal stability, Ts
values ranged from 276 °C to 331 °C, and T, values varied from
379 °C to 410 °C. Owing to the aromatic link in polymer (-)-3j, it
had a relatively higher Ty, value (Table 3, entry 2). Additionally, a
diverse array of 3 with different chain length link showed similar
Ts and Tso values. All of enantiopure polyesters exhibited glass
transition temperatures via DSC. However, the T, values of these
polymers were quite different, which might depend on the sub-
stituents on the polyesters. And (+)-3d had the highest glass tran-
sition temperature by applying monomer 2b containing rigid
backbone (Table 2, entry 4). Introducing —Cl onto para-position of
aromatic ring ensured (+)-3h with more regular structure com-
paring to (+)-3e or (+)-3g, thus (+)-3h exhibited higher glass transi-
tion temperature (Table 2, entries 5, 7, 8). In contrast to (+)-3e

Chin. J. Chem. 2022, 40, 21—27
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and (+)-3k, the T, of (+)-31 could be decreased to 4.6 °C by apply-
ing monomer 2j with long chain length link (Table 3, entries 3—5).
And we hope these enantiomerically enriched polymers with
good thermal stability would expand the application in chiral ca-
talysis, separation media, biomaterials or materials for nonlinear
optics in the future.

Table 3 Thermal analysis of polyesters’

Entry Polyester 3 T°/°C Tso'/°C T¢/°C
1 (+)-3a 276 399 21.7
2 (-)-3j 289 410 132
3 (+)-3e 312 382 14.3
4 (+)-3k 324 386 127
5 (+)-31 331 379 4.6

“Temperature at which 5% or 50% mass loss is observed under N, by TGA.
® Determined by DSC.

Conclusions

In summary, we have demonstrated that Cu-catalyzed asym-
metric Si—H insertion of diazocarbonyl compounds with silanes
could be successfully applied to polycondensation, providing a
series of optically active polyesters containing silicon in the main
chain (up to 99% vyield, 14.6 kg/mol). In order to realize the pur-
pose of precise characterization of the resulting chiral polymers,
ester group was introduced into the linker of diazocarbonyl com-
pounds. Chiral diols with high yields and stereoselectivities (up to
92% vyield, 99% ee and 99: 1 dr) were obtained by the reduction of
chiral polymers 3 employing DIBAL-H as a reductant. Further
study will focus on the transition-metal-catalyzed asymmetric
heteroatom-hydrogen bond insertion polymerization.

Experimental

General procedure for the asymmetric polymerization. To an
oven-dried 25 mL resealable Schlenk flask equipped with a mag-
netic stir bar was charged with Cu(OTf), (2.1 mg, 0.0060 mmol),
chiral ligand L1 (5.3 mg, 0.0072 mmol), NaBAr; (10.6 mg, 0.0120
mmol) and DCM (1.0 mL) under nitrogen. The solution was stirred
at room temperature for 2 h. Then, monomer silanes 1 (0.3 mmol),
diazocarbonyl compounds 2 (0.3 mmol) and DCM (0.5 mL) were
added into the flask under nitrogen. The flask was stirred at 30 °C
for 3 h under nitrogen. After polymerization, the reaction mixture
was purified by the precipitation method.

General procedure for cleavage of polyesters. To a nitrogen-
filled flask were added polymers 3 (60 mg) and toluene (3 mL).
Then, DIBAL-H (0.5 mL, 1.5 mol/L in toluene) was added dropwise
to the flask at =78 °C. The reaction mixture was stirred at =78 °C
for 0.5 h. Then, the mixture was allowed to warm to room tem-
perature and stirred for 3 h. After the reaction, the reaction mix-
ture was quenched by slow addition of methanol (2 mL). To the
mixture were added an aqueous solution of Rochelle salt (2 g in
15 mL water) and ethyl acetate (15 mL). The mixture was stirred
vigorously. Then the aqueous layer was extracted with ethyl ace-
tate (20 mL x 3). The combined organic layer was dried over so-
dium sulfate, filtered and concentrated under reduced pressure.
The residue was purified by silica gel column chromatography (50:
1—20:1 hexanes : ethyl acetate) to give the chiral diols 4.

Supporting Information

The supporting information for this article is available on the
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