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® Representative polymerization catalysts

For alkene polymerization (MAO: Methylaluminoxane)
_. ) 4 )
Ziegler—Natta Catalysts Metallocene Catalysts Advantages:
TiCl,-MgCl,-AlEt, # Easy ligand-fine tuning
TiCl -AICL-AIEL.CI Q 5 # Diverse ligand/metal combinations
vV 04 cl AT et 02| Q\;\S' + AIEL,CI Me,Si ngrQSI + MAO #® Narrow molecular weight distribution
3~Mixizls '
VOCI,-MgCl,-AlEt, § @ _
\\ A \ 4 Disadvantages:
For lactide polymerization For polyesters synthesis ¢ Oxygen- and moisture-free conditions
e ™ ~ ™\ ® Possible polymer degradation
Rare-Earth Metal Catalysts Salen/Salph-Supported Catalysts # Potentially toxic metal residual
R2 M = Cr, Mn, Fe Q
/ _N\M/N_
- THF CH2TMS - ’Bu—do/ | I\Ob’@u
Ln=Y La Lu ‘ . Bu BT Metal-free catalysts/initiators
pth_N\ | /N_pph2 M = Cr, Co, AI_N/\_/\N_ ® Environmgntally friendly
/ \ M # Readily available
tBU | tBU tBu O/I\O tBU . .
OR Cl @ High atomic economy
\_ Bu By Y. \ Bu Bu /

(a) The Beginner‘s Course: General Description of Transition Metal Catalysts and Catalytic Polymerization Reactions. In Alkene Polymerization Reactions with Transition Metal Catalysts; Kissin,

Y. V., Eds; Elsevier B.V., 2007; pp 1-34; (b) Liu, X.; Cui, D. et al. Organometallics 2007, 26, 2747; (c) Bakewell, C.; Williams, C. K. et al. Angew. Chem., Int. Ed. 2014, 53, 9226; (d) Coates, G. W.
et al. Chem. Rev. 2016, 116, 15167.
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( E )
[He]2s22p? 10.811 ~ ~
F F o
B NC g
F F \O
T S Boron
F F O
i - i Electronegativity: 2.04 Crisaborole
F E Atom Radius: 79.5 pm | (Anti-inflammatory drug)
kTris(pentaflurophenyl)borane ') Common Oxidation State: +3
empty . ?0
orbital \ ; O_ N 5 O
P : R! Q__ P /—\ : OB
rR—pR O . ) ®P"~o CEQ CBEQ |
"R RTVR d / é) d o o o =
0 ! R LS Ao
Tricoordinated Tetracoordinated FRUEIELER LEHE 2l _ ' ° o
(FLP) Multinuclear Boron Lewis Acids

a) Stephen, D. W. Science 2016, 354, 1248; b) Jarnagin, K. et al. J. Drugs Dermatol. 2016, 15, 390.
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R ® _BF;
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R O e g (\'OH
R
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~— Other BR3-Promoted Reactions ——

Fridel-Crafts Alkylation
Nazarov Cyclization
Staudinger Ketene Cycloaddtion
Mukaiyama Aldol Reaction

. /

—Diazo Activation?

N N
2 BArF3 2
R = R
| Ar Ar
(e (0]
N
B(CsFs)3
N, l
R LN ] R @
\"/\Ar \l/\Ar
(0]
Y 0. 6
B(CeFs)3 B(CeFs)s

Borane-Catalyzed Organic Reactions

— Prins Reaction

—Meinwald Rearrangement®

Lewis Acidic
Borane

BR;

R = halogen, alkyl,
aryl, etc.

— C(sp°)-F Bond Arylation?

Gt

R’ R2

O
J\’/\/\/T'V'S

F3B\O
@
—_— R1/|\/\’\/TM
RZ

- TMSCI

o 1 S
P2 ¥ o R [H-B-9-BBN]
R 5 (2 mol%)
)lj R2 N B~na /\F + H\Ar : - - /\Ar + H, + F-Bpin
R 4 R R HBpin (1 equiv.)
R R1 R2
— Sakurai Allylation
© S
F,B

2
S cr

~o
R1/I\/\
R2

e
H I|3F3
IS @
(N SBF, —> =0
Ar
H CN
CN

b

— Chemoselective Alkylation of Arylamines

N-alkylation
NH, CH3NO,, 120 c
Yy __ROH
R - B(CgFs)3
(10 mol%) C-alkylation

T /
NH

HFIP, 120°C RN

Rl

(a) Willcox, D. R.; Thomas, S. P. et al. ACS Catal. 2021, 11, 3190; (b) Meng, S.-S.; Zhao, J.-L.; Chan, A. S. C. et al. ACS Catal. 2019, 9, 8397; (c) Xu, C.; Xu,
J. Org. Biomol. Chem. 2020, 18, 127; (d) Pramanlk, M.; Melen, R. L. Synthesis 2023, 55, 3906.
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® Earliest reports of organoborane-mediated polymerization

e o~ N
Monomer Conv. M, (g-mol?) AN Z SOAc
R R! R2? AN 67% 1.8x10% Acrylonitrile (AN)  Vinyl Acetate (VAc)
Et;B or "BusB (cat.) . Me
n , > MMA 55% 5.2x10 )\ 7
R Oz or Hz0; n VAC 42% 1.9x10% CO,Me
or metal oxides
St 20% _ Methyl Methacrylate Styrene (St)
(MMA) )
(a) Furukawa, J. et al. J. Polym. Sci. 1957, 26, 234, (b) Furukawa, J.; Tsuruta, T. J. Polym. Sci. 1958, 28, 227;
(c) Kolesnikov, G. S.; Klimentova, N. V. Bull. Acad. Sci. USSP, Div. Chem. Sci. 1958, 6, 666;
® Mechanism of alkylborane-initiated radical polymerization
R' R _ R
/ O, o B asymmetric . ] /
RCH2_B —> RCH / \O/ Rl ------------- > RCH2 + O_O_B
\ 2 cleavage \
R' R
symmetric
cleavage // initiation
R R
R\ ) ] RN 0 .
B—O" + RCH,—O" ———— RCH;”
/ propagation n

Rl

(d) Lu, H. L.; Chung, T. C. etal. J. Am. Chem. Soc. 1996, 118, 705.
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® Pioneer work of organoborane-catalyzed ROP of epoxide

F
] ') B(Ar"); (cat.) o /(O
/A HOCH,CH,OH H n OR

(initiator)

B F) B F) B F)3 B~é<;>7F)3 B-éO F )3 B*é<;>)3

F F CeFs F F F F \ /

TOF = 2500 h™" TOF = 1790 h™" TOF =430 h" TOF =10 h' inactive catalysts

w
w

® First LPP by P/B Lewis pairs

. Possible pathways for PMMBL formation N

O @
B

[P---B] Lewis pair

/3,9

> A BR2 Propagation
O in CHchQ, 25 oC Inltlatlon P g —
o T YMMBL. LA
0]
yMMBL PyMMBL
MessP/B(CqFs)s Mes,P----- S By,P---- Bu,p” >
€S3 (C6F5)3 MeSZP B(CGF5)2 M652P B(CGF5)2 BU2P B(CGF5)2 BUZP Bth Ph3P_>B(C6F5)3
r
TOF (h'1) 0 96 382 1,174 5,652 24,000

(a) Chakraborty, D.; Chen, E. Y.-X. et al. Macromolecules 2003, 36, 5470; (b) Xu, T.; Chen, E. Y.-X. J. Am. Chem. Soc. 2014, 136, 1774.
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® First metal-free copolymerization of CO, with epoxides

O R R? Me,N NBu  NMe, Ph Ph
° EtsB (cat.) o H (Me N—\P=N)—P=N—fBu MeN—b—N=F—NMe,  Ph—p=N—F_Ph
LN+ co, T v CWIRO\ ~O O T o \ i / \
R R2 RO'Y* or X*CI LA ¥ n MeN NMe, NMe, Ph Ph
‘BuP, ‘BuP, PPN*
RO :BnO", BuO-  Y*:BuP,*, ‘BuP,", K* X*: NBu,*, PPN*, PPh,*, PBu,*
. High PC content
Mild conditions High TONs High M, ar?d narrow PDI
2 eq. TEB to initiator, up to 490 (for PO) up to 50.0 kDa (for PO) up to 99%
10 bars of CO,, 60 ~ 80 °C up to 4000 (for CHO) up to 76.4 kDa (for CHO) PDI < 1.20 (for PPO)
— Condensation polymerization :
& Complementary process for polycondensation
Polymerization —|— Ring-opening polymerization (ROP) @ Stereoregularity @ Post-modification
® Block polymers @ Biodegradable polymers

— Addition polymerization

(a) Gnanou, Y.; Feng, X. et al. J. Am. Chem. Soc. 2016, 138, 11117; (b) Pask, S. D.; Nuyken, O. Polymers 2013, 5, 361.
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® [Industrial production of polycarbonate

(a) Interfacial polymerization (room temperature)

NaOH (aq)
+ 2n NaCl
HO OH NaO Et;N or Py (cat. )

CH,Cl,

Aromatic PC
(b) Melt condensation polymerization

)
O
O O )I\ NaOH or LiOH (cat.) _ )I\ ;,Ph + 2n NaCl
+ Ph Ph HO o) o)
N v ~ °
HO OH 0} O 300 °C n

Aromatic PC

(c) Ring-opening polymerization (less use)

O
o) 0O Catalysts:
\]/ catalyst . N )]\ 9/ organic base (e.g. DBU, Thiourea)
O o7/, metallic comounds (e.g. metal clcoholates)

O .
lIkyl hallides, et
Aliphatic PC allkyl hallides, etc

(a) Polycarbonate Synthesis. In Encyclopedia of Polymeric Nanomaterials; : Kobayashi, S., Millen, K., Eds; Springer, Berlin, 2015; pp 1793-1796; https://doi.org/10.1007/978-3-
642-29648-2_419 ; (b) Arno, M. C.; Dove, A. P. et al. Chem. Rev. 2021, 121, 10865. 10



ﬂ 4
DAN UNIVERSITY

FU

Mononuclear-Organoboron-Mediated

Ring-Opening Polymerizations




R;B/R’;N-Catalyzed ROCOP of PO/CO, EVE

FUDAN UNIVERSITY

O
Zhang, 2.021 RAE/EtN o )k ||Et
(anionic) 0 . o—c—o or RsB/TEED M )k a/ . o Yo ( LN N
A 60 °C, 1~24 h o O, SN~ L
(2.0 MPa)  bulk polymerization undesired TEA TEED
Entry LA LATEA/PO Time Conv. PPC selec. (%) pro?;/‘;t)'v'ty Fco, Mn(kDa) B
1 TEB 1:1:100 4h  90% 88 40 >99% 13.6 1.14
o M -[P N] relation
2 TEB  1:1:200 12h  95% 01 89 >09% 259  1.19 1[POJ/[N] relatio
3 TEB 1:1:300 18h  87% 96 128 >99% 46.6 1.17 a) 60 3.0
4 TEB 1:1:400 24h  87% 96 171 >99% 56.0 1.16 p—
“1- _ _ _ _ _ . | e . 2.5
5 TEB 1:1:500 30 h K TEA-TEB
© s
Performance: TEED > TEA = 0 P
Double base site of TEED benefited the initiating efficiency < e
d - = o jar TEED - TEB
. roductivit | o e L
Enty LA LA/TEED/PO Time Conv. PPC selec. (%) " @/9) y Fco, Mn(kDa) D i ot R2=0.9913 |
6 TEB 1:0.5:100 4 h 84 87 40 >99% 0.8 1.14 . ¢ b3 8 =, ‘o
7 TEB 1:0.5:200 6 h 87 98 94 >09% 20.1 1.11 100 150 200 250 300 350 400
[PO]/IN]
8 TEB  1:0.5:300 9h 84 96 134 >99%  28.3 1.11
9 TEB 105400 12h 85 93 175 >99% 351  1.14 PO/CO, copolymerization
10 TEB 105500 15h 83 94 216 >99% 33 1.13 can be regulated

Wang, Y.; Zhang, J.-Y.; Zhang, X.-H. et al. Macromolecules 2021, 54, 2178. 12
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e Comparison of typical catalysts for PO/CO, ROCOP e Proposed zwitterionic copolymerization mechanism
' Et,8  EtsN PO co C) o) 0_®
CF,4 ‘ Et;N —3> \ > 2 - Et3N/\‘/ T \BEt3
. : R BEt; (1) Zwitterionic initiati
Et ipr : eBF4 ®NBu3 ’ BusN eBF4 3 (1) Zwitterionic initiation o
No_ N 3 N PO
/Zn\ ; PN (2) Propagation Cozl
@) @] .
7 :
Et \(Ipr : STt TTETEEmET T EE T \
E o ®/ o : Intramolecular ion pair E
: BF4 ®NBU3 BU3N BF4 : Et3’E‘_D o :
conditions: 5 °C, 0.7 MPa : conditions: 80 °C, 1.7-2.0 MPa E 7/ \740 5
ivity: 84 ! A : :
productlwtg/ 84 g/g ' productivity: 761 g/g ® 0 09\)\ C,HsOH ' Et,8 O 0 !
Fcoz > 99% : Feoz > 99% EtsN T > OH ~— 2 D :
.......................................... o 5 e :
' Cl (3) Termination ' o) !
—(C— = —(CHy)s-CeHa— ; Good activity 5 . O/\< E
p-BrCgH, ; Commercially available ' 0 :
NO e 2 il Rl g
3 '
© : ( .
NO3 N | e MALDI-TOF MS spectra of resulting PPC
@ ® ' N NS
BU3N (D - NBU3 ' . \ \)\
' or + B 100- { ae ® NIV OY° " on (a)
: NS . |l .
' Et,N 3 8o ol litl I 4444.72
: 2 \/\NEtz :;_: " : [ o v\}w o\g,o,L/]\o/\rOH (b) 434.2'70 A
' 2 g0 o | F] ] '
' S CULEL g .
p-BrCgHy4 5 conditions: 60 °C, 2.0 MPa - AN ”
' L 2 401 o i
conditions: 80 °C, 3.0 MPa ! productivity: 171 g/g (TEA+TEB), B o : i :
productivity: 376 g/g ' 216 g/g (TEED+TEB) € 5 . ‘: : =
Fco2=94% . FC02>99% 00.. I ’vv[*'v vl ‘ ®e -
' O\Lnll M MM AR b4 1 lkk,{ 4300
3000 4000 5000 6000

m/z
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Li & Liu, 2022 j\
(anionic) 0 o o o o
COZ + C3N3-Py-P3/Et3B - Y H +

BDM (initiator) ‘60 O O (0) (@] O%
bulk polymerization " "
PCHC CHC
Poly(cyclohexene carbonate) Cyclohexene carbonate)
CHO/base CcO Conv. M PCHC/CHC Ether
Entry T(°C) t(h) 2 TON TOF(h?Y) "
/BDM/TEB (MPa) (%) (kDa) (%) (%)
1 500:1:1:2 80 2 1 60 300 150 154 1.26
2 2000:1:1:2 80 1 52 1040 347 22.5 1.26
3 4000:1:1:2 80 1 39 1560 520 21.9 1.23
4 8000:1:1:2 80 12 1 76 6080 507 117.8 1.23 a5 0
>
5 16000:1:1:2 80 12 1 42 6720 560 121.0 1.25
6 24000:1:1:2 80 30 1 51 12240 408 275.5 1.59
7 500:1:2:2 25 5 0.1 36 180 36 5.5 1.09
8 500:1:2:6 25 2 0.1 38 190 95 54 1.10

1.High catalytic efficiency: TON up to 12240;

2.Perfect polycarbonate selectivity: no ether linkage, no cyclic carbonate;
3.High molecular weight: M, (up to 275.5 kg/mol);

4. Ambient conditions polymerization: 25 °C, 1 atm, TOF up to 95 h1,

Zhang, J.; Liu, S.; Li, Z. et al. Angew. Chem., Int. Ed. 2022, 61, €202111197.

C3N;3-Py-P3
(pK, = 26.5 in CH4CN)

14
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e Copolymerization of CO, with diverse epoxides (12.5 pmol C;N;-Py-P;, 60 °C, 1 MPa CO,) PC: polycarbonate ~ CC: cyclic carbonate
0 0 0 0 e O :
VAN 0 A ! % 0 5
% % ~an Ph : cl SAllyl
PO BO PGE StO ! ECH AGE 5
Conv. = 72%, PC/CC =98/2  Conv. = 69%, PC/CC =97/3  Conv. = 35%, PC/ICC =99/1  Conv. = 37%, PC/CC =99/1 Onlv evelic carbonate :
M, = 16.8 kDa, D = 1.09 M, = 27.1 kDa, © = 1.11 M, =11.2 kDa, D = 1.28 M, =10.1kDa, D = 1.14 e y cyclic caroonare . ;
e 31P NMR experiments e Putative mechanism
. O----BEt;
 A5=-2.45 12 ROH
¥ o (initiator)
” J l I
C,N,-Py-P,/BDM/TEB 2 |
m _jk ROe pJJ\Qe
”J\ CHol Basé-H®
= CcO O
C;N;-Py-P, T e) 2 Q
RO @) © .BEt
Ao
;/ )
C;N,-Py-P,ITEB [ Base-H
12
& Et;B
C;N;-Py-P,;/BDM I PLO OQ_ Base-H®
@]
50 45 40 35 30 25 20 p;?rl 10 5 0 -5 -10 -15 -2( ® ® JJ\ Q
. : Base-H = [C3N3-Py-P3-H] P o O@
Weak interaction between TEB and phosphazene B
P) = polymer chain Base-H

15



B-N* Bifunctional Catalyst for ROCOP of CHO/CO, fﬁﬁk%
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Wu, 2020 Cat 1:n=1,R=Et, X=Br
. at. 2:n=2,R=Et,X=Br
(anionic) O, B%(Dx@ (cat) Q o . O>:o B/}\D@xe 3a:n=3,R=Et,X=Cl
co, + T [If 3b:n=3,R=Et X=Br
2 - \(O O o 3c:n=3,R=Et X=|
" B/\M/\I\J@R x° 4:n=4,R=Et X=Br
(15 bar) PCHC CHC n ® 5:n=5 R=EtX=Br
6:n=3, R=Pr, X=Br
PCHC/CHC > 99% Ether linkage = 0% (in all cases) 7:n=3,R=Bu, X =Br
Entry cat. mon.Jcat. t(h) T(°C) Conv. (%) TON  TOF (hY) Efficiency (g/g) M, (kDa) D
1 1 5000 3 80 7 350 117 150 15.6 1.11
2 5000 3 80 26 1300 433 520 19.2 1.14
3 3a 5000 3 80 22 1100 367 480 27.2 1.16
4 3b 5000 3 80 31 1550 517 590 29.8 1.14 Bromide anion is the best
5 3c 5000 3 80 19 950 317 320 22.7 1.23
6 5000 3 80 25 1250 417 460 26.6 1.13
7 5 5000 3 80 26 1300 433 460 23.4 1.13
8 6 5000 3 80 30 1500 500 510 22.3 1.11
9 7 5000 3 80 29 1450 483 450 21.2 1.12
10 3b 5000 12 25 2 100 8 40 7.8 1.13 .
Temperature from 25 to 150 °C
11 3b 5000 3 100 58 2900 967 1110 30.3 1.20 ‘0 4900 hl TOF
up to -
12 3b 5000 0.5 150 49 2450 4900 940 18.7 1.25 (up )
13 3b 10000 26 80 74 7400 285 230 27.1 1.15 Extremely high efficiency
14 3b 20000 48 80 65 13000 271 4960 24 1.18 (up to 4.96 kg/g)

Yang, G.-W.; Wu, G.-P. et al. J. Am. Chem. Soc. 2020, 142, 12245. .
1
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e I'B NMR spectra

a Catalyst order b Order in monomer C 045 Order in CO.
-0.4 » -1.8 . 0,40 2 8 \
~ 0.8 > ~ 20 i Zoss
2 Q » 0.30
x 1.2 i ¥° 'g ° L
e o = 22 e <025 8/BTEAB (1:1)
L6 - ™ Jo2 .
o y =1.0307x - 2.0607 2.4 " y=1.0251x-3.9823 0.15
204, R’=0.99 -~ R’=0.98 0.10 M\W
: : : : 26— : . 0.05
0.0 0.4 0.8 1.2 1.6 14 1.6 1.8 2,0 0 5 10 15 20 25 30 35 40 45 e S
In [Cat. (mM)] In [CHOO (M)] C02 pressure (bar) chemlcal shift (ppm)
Only one catalyst molecule is involved in RDS — Intramolecular catalysis Dynamic equilibrium among B---Br----N*
e Control experiments ® The optimized structure of 3b by DFT
o b I 8/BTEAB b
Br gt 800 Hl 3b
NBu— /® 710 680 '0508(8")
B/\Mf /N\Et 600 600
Et L
= L .
8 BTEAB & 400 N* distribute positive
- .
® charge on adjacent H
200
B/\Ms/\NEtg B
0 12 10 5
3b 500 1000 3000

CHOJ/catalyst (mole ratio)

Intramolecular synergistic effect between B and N*
17
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® Proposed mechanism

Dynamic Lewis Multicore System P
B/o- n 14
(DLMCS) e © Q\
0 Pn

P,,: Br or polymer chain

B I* B '
0 P, \/® D
‘\B -
Bre. 0 \r\
/ Y I ring-opening
B > B -
1 1
A _

\
m\o
=~
O
I
o

18
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I
+ :
O/L\O (0.4 ~ 0.005 mol% cat.)

bulk polymerization

0 Q AL o~ o\[:j/o OHO o

CHO VCHO PO SA DGA

(a) Xie, R.; Wu, G.-P. et al. Angew. Chem., Int. Ed. 2021, 60, 19253.

e Ring-opening polymerization of B-Butyrolactone

Phco0® 40

B/\M:BI!I—”BU

| (0]
(1 ~0.02 mol% cat.) o n

bulk polymerization

rac-BBL

Poly(B-hydroxybutyrate)

® TOF upto 129 h't
® M, upto17.3 kDa

@& Controlled polymerization
& Narrow polydispersity (D < 1.27)

(b) Yang, L.; Wu, G.-P. et al. Macromolecules 2021, 54, 55009.

@U% ﬁgtg

poly(PA-alt-CHO)
Esterlinkage > 99%
M, =96.8 kDa, b = 1.34

poly(PA-alt-VCHO)
Esterlinkage > 99%
M, =26.1kDa, b =1.22

poly(SA-alt-PO) poly(DGA-alt-CHO)
PA CPMA Esterlinkage > 99% Esterlinkage = 89%
M, =3.1kDa, b=1.26 M, =4.2kDa, b=1.83
|\
©
PhCOO |\I/|e
—n
0 = gy .o
Me M %
-0 (1 mol% cat.) R O/
| . .
(5)-BBL bulk polymerization isotactic-PHB

T, = 148 °C, [a] = +7.9°

19
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B-N"-B Bifunctional Catalyst for ROP of Epoxides fﬁﬁk%
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Wu, 2020 x© o
(anionic) o B/%—\B (cat.) . /e\(oé\ }B/\/\ﬁ\/x\/\B
R/A bulk polymerization - R A me” B
PO (R = Me) or EO (R = H) PPO (R = Me) or PEO (R = H) 1a:X=Cl; 1b:X=Br; 1c:X =1
(a)17s = 1.5
Entry Mon. Cat. Mon./Cat. T(°C) t(h) Conv.(%) TON M, (kDa) D 1501 | D" 2 14
1 PO la 500/1 -20 0.5 99.9 500 34.6 1.07 E , (i R?=0.999 1.3
2 PO la 1000/1 -20 2 99.9 1000 62.5 1.11 » 75 u 1.2
3 PO  la  2000/1  -20 4 99.9 2000 106.3 1.12 = 50 b o v N
4 PO la 3000/1 -20 6 99.9 3000 156.2 1.17 O | . | _{in
5 PO la  10000/1  -20 6 35.0 3500 177.3 1.17 o 1000 Pozl‘:‘? 3000
6 PO 1b  10000/1  -20 6 35.1 3510 181.2 1.16 Controlled polymerization process
7 PO 1c  10000/1  -20 6 34.6 3460 172.7 1.19
8 PO 1b  30000/1  -20 60 99.9 30000  1050.1 1.23 High M.: up to 1x103 kDa
9 PO 1b  100000/1  -20 144 56.5 56500 219.5 1.10 Low cat. loading, high TON
10 EO 1b  10000/1 0 0.33 99.9 10000 120.1 1.25
11 EO 1b  200000/1 0 12 99.9 200000  343.6 1.33

Yang, G.-W.; Wu, G.-P. et al. Angew. Chem., Int. Ed. 2020, 59, 16910. 21



B-N"-B Bifunctional Catalyst for ROP of Epoxides
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e MALDI-TOF mass spectrum

b 2486.02 2544.08
(b) n=41 n=42
Br\‘\)\oﬁH + Na 58
<« —

2480 2500 2520 2540 2560
mz

1500 2000 2500 3000 3500
m/z

e Synergistic effect investigation

e Kinetic experiments

(a) 20 (b) 90
18] Kyps-[Cat.] 801 Conv.-time »
1.6 . 70+ -//
L > :\; 60 Z
= 14 4 = ¥ i
2 50+ >
X g c
o 1.2 ,-’ (=] m
o / &
X 1.0 . 2 30 A
% R2=0.993 ] 4 R2=0.996
0.8‘ //_/ 20 /
» // | |
06{ 10/ ﬂ/{ '
0.4 . . - . 0+ .
0.006 0.010 0.014 0.018 0.022 0.026 0 40 80 120 160 200
catalyst loading (mol %) Time (min)

For 1a: TOF =583 h't

For 2/TBAC (2/1): TOF =9 h't
For 3/TBAC (1/1): TOF =80 h1

Conditions: PO/cat. = 10000/1, -20 °C, 6 h

Synergistic effect among B---N*---B

First-order for [cat.], quasi-zero-order for [mon.]

e 1IB NMR

:.a.'-/"\»\m__~
87.95 ppm 2

88.05 ppm 2/TBAC = 2/1
88.11 ppm 3/TBAC = 1/1

100 95 90 85 80 75 70 65 60
Chemical shift (ppm)

Dynamic exchange of
Cl- among B---N*---B
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B-P*-B Bifunctional Catalyst for ROP of Epoxides
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Li & Zhong, 2022
(anionic)

/Q

)

X

©

YD

P

B

B
bulk polymerization

(cat.) /e\(oa\
PPO

PO
Entry Cat. Mon./Cat. T(°C) t(min) Conv. (%) TOF (h}) M, (kDa) D
1 1 500/1 -30 10 > 99 3000 28.0 1.03
2 2 500/1 -30 10 >99 3000 28.4 1.04
3 1 500/1 0 30 >99 1000 34.0 1.15
4 1 500/1 -20 10 >99 3000 324 1.05
5 1 1000/1 -20 30 97 1940 70.7 1.03
6 1 2000/1 -20 60 >99 1980 127.0 1.02
7 1 3000/1 -20 60 >99 3000 235.4 1.03
8 1 10000/1 -10 360 97 1616 449.4 1.24
9 1 10000/1 -20 360 97 1616 489.5 1.20
10 1 10000/1 0 360 69 1150 341.7 1.24
11 1 10000/1 25 360 30 500 132.6 1.25
12 1 30000/1 -10 720 36 900 368.0 1.34

Wang, X.; Li, Z. et al. ACS Catal. 2022, 12, 8434.

©

X
3}3/\/\9/\/\3@
v’ “Ph

1. X=Br; 2:X=1

1.10
2504 1.0 — 500 equiv.

2ol | | | =i i Lo
= — equiv. L
206 — i :
2004 E > \ 3000 equiv. (a)
< |
=02 | |
| diol 1.06

= 16 18 20 22 24 26 28
Elution time (min) " R2=0078 ? -

=
an
o

22

o

o
1

-1.02

\ M (kg/mol)
o 3

T T T T T T 1.00
500 1000 1500 2000 2500 3000

POlinitiator
Controlled polymerization process

- N*-centered catalyst:
Conv. = 35.1%, TOF =585 h,
M, = 181.2 kDa

P*-counterpart has
higher conversion and M_!
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@ B-P*-B Bifunctional Catalyst for ROP of Epoxides {494 %

e Comparison of N*-centered and P*-centered catalysts

[(BBN-C;),-NMe,][CI] [(BBN-C;),-PPh,][Br]

{’“ c]

A AGasis

| A in kecal mol™?
in keal mol

] 3. L

3 (
NP £ \,/ A NN ¢ (

........ -17.9

16 g’, r N )B " ~ 1;;41 e
3004 NathaV. > 4

Activation energy: 18.6 (N) vs 17.3 (P) kcal/mol
Initiation energy: 12.5 (N) vs 9.9 (P) kcal/mol

Radius of P was lager than that of N == | ager space for coordination and ROP
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N*-centered VS P*-centered DLMCS catalysts fﬁﬁk%
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Wu, 2022
(anionic) B ———> Lewis acidic centers --—— (B
S S N*vs P*:
®| ;X —> Nucleophilic anion -—"x |4
—p \ / B 1. P has lager atomic radius than N;
PN Coulombic interaction . . I
B B B B 2. Phosphonium salts show superior thermal stability;
. . 3. P atom has greater steric tolerance.
Phosphonium cation Ammonium cation
0 (0]
DLMCS o 0]
BO n + 0 > 9“\
B/\/\N\n
| "Bu o)
N1 "Bu
Entry Cat. [CHOJ/[PAJ/[cat] T(°C) t(min) Conv.(%) TOF (h") M,(kDa) BH
©
Br o R 1 P1 400/200/1 120 30 76.1 304 29.2  1.16 o
5 N Steric hindrance weaken
n | TR? 2 P2 400/200/1 120 40 75.3 226 28.9 1.17 B+ Br- int i
R? 3 P3 400/200/1 120 40 54.5 164 175 117 “ernteractions
P1:n=1 R'=R2= R%= "By 4 P4 400/200/1 120 10 80.7 1004 31.4 1.18
P2:n=1 R'=R2=Ph R3="Bu 5 P5 400/200/1 120 10 87.9 1055 33.6 1.15
P3:n=1,R'=R?=R3=Ph 6 P6 400/200/1 120 10 85.3 1024 32.9 1.60
P4:n=2 R'=R*=R’="Bu 7 P5  2000/1000/1 200 20 95.2 2856  87.6  1.20
8

©

P5:n=3,R'"=R2=R3="By :
P6:n =4 R'= R2= R® = "By P1 3000/1 120 40 75.3 190 235 117 P1 shows superior
N1 10000/1 120 40 4.8 36 4.2 1.18 aCtivity than N1

Zhang, Y.-Y.; Wu, G.-P. et al. Macromolecules 2022, 55, 6443. 26
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110 100 9 8 70 60 S50 40 30 20 10 0
Chemical shift (ppm)

Stronger Coulombic interaction in P* than in N*

e PA conversion versus time plots

60

PA conversion (%)
- N w H (&)}
o o o o o
1 A B 1 1 1

o
1

For P1:
shorter initiation time
higher propagation rate

Kope=41.7 h"

0 10 20 30 40 50 60

Time (min)

(A)

B---Br: 2.312 A (in P1) vs 2.271 A (in N1)
B---P: 5.439 A vs B---N: 5.212 A

e Optimized structures of N1 and P1
(A) ; (B)

-0.471 (Br) 0.210 (H)

-0.460 (Br) 0.235 (H)

0.208 (H)

@ ) Bre®/”Bu ‘
= B/\/\N\n
I Bu
P1 "Bu N1

"Bu

B---Br: 2.31 A (in P1) vs 2.28 A (in N1)
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N*-centered VS P*-centered DLMCS catalysts
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cl 0
i PN
DLMCS )k
o) + CO, ———» o) oaji/ © Oa/ + Q7 80-
%CI h m \—k
Cl Cl Cl

0 DLMCS 09\
Br@ “ - "
B/\/\(,?/\/\B PO PPO
Ph/ \Ph
p7 Entry Cat. [PO]/[cat.] t Conv. (%) TOF (hY) M, (kDa) b
"""""""""""""" 5 1 P7 2000/1 8min  22.3 3345 243  1.19
&B/\/\ﬁ/\/\B@ 2 N2 2000/1  20min  26.7 1602 126  1.18
e’ Et 3 P7  10000/1 6h 66.7 1112 2200 1.20
N2 4 N2  10000/1 6h 36.4 606 187.0 1.21
100+
o | N
N

8

L K

Ph/ K
B
P8
trinuclear

/N
"Bu L\_
B
trinuclear Conversion

g o E
.

P7 owns superior
activity to N2

P8 exhibits better
selectivity (86% vs 60%)
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Summary and Outlook




Summary EVE:
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- Triethylborane catalyst N\ - Mononuclear DLMCS ~

o)
R ¢ co,
Et R 0o Oj:

w3
O R e
0
P(NR
Ete_ _Et ”( 2)3 o) Q o] 0 o
;o — N,
= (5 © o n 0 + 0 —> WO%O}
O n
o)
|\ J \_ )
. Multinuclear DLMCS 5
Dinuclear
x® x© o 09\
YEP\YER /N —> n
B/%\B B ®P B R R
Trinuclear
£ @ B@ ) o CO, )I\ a/
& L\/CI "
B B Cl




Outlook
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» Organoboron catalysts are still less competent than metallic catalysts.

L
p—. L
v \R2 Lo, | oL R1\B/—\I\lll“‘\l_
R'-B &) M AN
O\Rs i | ~ :> R/2 A ||_ L
L

Boron-metal
multifunctional catalysts

» Alkylboranes are less Lewis acidic, they can only catalyze ROP of small rings.
Alkyl

| Aryl Ayl 7N\
B
OR B B
I > § o X
Aryl VAN | TAryl

PN
Alkyl Alky! Aryl Aryl

» Develop chiral organoboranes for asymmetric synthesis of stereoregular polymer.
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DLMCS-Catalyzed ROP Reactions HERE S
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® Preparation of DLMCS catalysts

©
Br
X \/\/h 9-BBN (102 equiv) ®
SN, NN - X NN (02 equv) 87 Y NE, B

) EtOH, 95 °C, 48 h |3 THF, 60 °C, 12 h

(1 equiv.) (1 equiv.) 24.9 g, 99.7% yield [BBN-C5-NEt3][Br]
1.9 g, 100% yield

0.6kg |

(a) Yang, G.-W.; Wu, G.-P. et al. J. Am. Chem. Soc. 2020, 142, 12245.

S
Br
n - H .
\/\N/\/ Bu-Br (1.0 equiv.) o \/\ﬁ/\/ 9-BBN (2.02 equiv.) . B/\/\(r?\/\/\s
| CH4CN, 96 °C, 24 h ey THF, 60 °C, 12 h 7/ gy
24.8 g, 100% vyield [(BBN-C3),-NMe"Bu][Br]

2.46 g, 100% vyield
(b) Yang, G.-W.; Wu, G.-P. et al. Angew. Chem., Int. Ed. 2020, 59, 16910.

MgClI P a el
A Z Bfe/J B
(1 equiv.) (1.5 equiv.) @ 9-BBN (2.02 equiv.
Ph,PCl — pnp” N7 > Ph,R (202 equiv),, B/\/\ICDD\/\/\B
/
PR~ Ph

THF, 0°Ctort, 1 h Tol, rt, 48 h \,\ THF, 60 °C, 12 h
1.58 g, 70% yield 100% yield N\ 100% yield

(c) Wang, X.; Li, Z. et al. ACS Catal. 2022, 12, 8434; (d) Zhang, Y.-Y.; Wu, G.-P. et al. Macromolecules 2022, 55, 6443.

[(BBN-C5),-PPh,][Br]
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@ B-N* Bifunctional Catalyst for ROCOP of CHO/CO, fﬁﬁk%
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e Free energy profiles of [BBN-C;-NEt;][Br]-catalyzed CHO/CO, copolymerization

TAG (kcal/mol) ) Q _ OQBr | — j)I_OQ_t

Yang, G.-W.; Wu, G.-P. et al. J. Am. Chem. Soc. 2020, 142, 12245. .
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e Free energy profiles of [(BBN-C;),-NMe"Bu][Br]-catalyzed PO polymerization 1 f assso) 0
: on el [ 05%%0) ;
] /x / \ |478A; !
1 r H :
IAG (kcal/mol) L ON J\ s00iA g 1396A | :
cal/mo | +0.686B1) \ +0.161(H ~1 .
20.10 074 | { ) motsw(sz).
’ . :
‘&& ) ’ TS1 \“ ;! TS2 ] E i J/f i
b:=--Cl i A ! A i 75 -0.374(N) :
<\/® /\/\B : + PO ’ ‘ ' ' ! :
r\l' ll ‘\ ! ‘\ : :
0 138 ' PO 195 ! \ : s 4 :
- Vo227 . X : :
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IN2 IN4 i !
A{,\ """""""""" N ! /§\ """""" VO ey ;
‘-oA«sas(O) ﬁ
\N\ / R O379(C') +0.429(B1) 0.177(C)) / ‘ ‘“")’k v
i) .655&‘0-0 493(Cl) 0.472(0) & 383(351 2400 f. 08500) —,\ ‘1(85“_ \
2659";‘: 2928:\0 626(82&)?71“ MA 1A R sodh 59 (2-7‘3’}"' ' -0.573(0) \ /
3 ! ¢—\ +0.624(81Y/

+o J0170(H)
—

«H0-205(°H)
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|

|

I

|

I

|

I

I

I

:
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I 9
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I

1
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1
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I
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I

+0.170(°H) 9
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&Z? ) O\ 57 Nz 0 i >>
CZ o B d /r - ! ﬂ
Hﬁﬁ %ﬁl}_/ = &B\/\N@Eﬂ $B\\NH“® %/ﬂ
; | =) vl
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____________________________________________________________________________________________________

Yang, G.-W.; Wu, G.-P. et al. Angew. Chem., Int. Ed. 2020, 59, 16910.
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