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Abstract

Addressing the severe inadequacy of monomer coverage for polychlorinated biphenyls (PCBs) in
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China’s current environmental standards, this paper systematically reviews the green synthetic
strategy based on “oxygen-assisted ligand-free Pd/C-catalyzed Suzuki reaction” and its application
progress in the efficient preparation of PCB standard samples. The paper first traces the develop-
mental trajectory of PCB monomer synthesis from the traditional Ullmann reaction to Suzuki coupling,
highlighting the limitations of current mainstream methods in terms of cost, efficiency, and envi-
ronmental friendliness. It then focuses on evaluating the green Suzuki approach, characterized by
heterogeneous Pd/C catalysts, ethanol/water green solvents, and open-system reactions. This method
enables the efficient and highly selective synthesis of various PCB monomers under mild conditions,
with recyclable catalysts that significantly reduce economic and environmental costs. Additionally,
this paper explores the critical role of gas chromatography-mass spectrometry (GC-MS) in verifying
the purity of synthetic products and evaluating compliance with environmental standards. Finally,
it outlines the challenges and prospects of this green approach for synthesizing highly chlorinated,
sterically hindered monomers and achieving continuous-flow, large-scale production. It concludes
that this system holds promise for providing China with independently controlled, comprehensive
standard material support for addressing emerging pollutants.
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1. 5]

% S 7K (Polychlorinated Biphenyls, PCBs) &S F 209 F A 58 S A4 44 41 il 11 3L 7R RE A 1A LTS 4
(Persistent Organic Pollutants, POPs), K EA E#EME. MEREANE. KEEBTBIE ) LAY BRI, 1
FIN (B ERBEAL)) BRI IERI 2 5[1] 2], EXBRRN S 0Hrd, SO ENE - FOE B E AR
Hom oy Baee. m R KRR A RIERE 7], ©RCAM T PCBs Rl (1 £ 7%, FE4k 3 E 2 Bk
BEbrAEpT RN, I OKBL 2 RBCRRNE A - FUEE) (H1715-2014) & (CEERPIRRY) 2 S
SKIIE ARG - FRIEIE) (H 743-2015)55[3] [4]. SRT, %059 kR V5 AT Stk e B o T a4k
FE . RTIR BB A6 AT ) SRR AERE S . H AT, FRIEIBUT IS RRHE PCBs HUA 7 5 V0 A A IR, 78
209 FlEE S AU TS 34 Bl ERREAL 16.3%. BN, 324 Fh R AENAT 3 FI(PCB-
28. PCB-33 5 PCB-18)# AN NFRifE, R 21 R R br e S sk oG, S BORERE f K& PCBs [/ 21
ToVESL IR E B S VUM, RET A BRI R Al S5 AR B E X B, RESR. Sl
ZTFH) PCBs Bafkdil a5 7%, M7 o S A IR ERE R R, ROV Tk o 5 R 20 e b i —
T BAE 5

FE A 24008, AR SEH) PCBs FRiHEARE il ) 6 12 BB T 5 /K & OB [ 28 M Suzuki RIS . /R
B NLEE SR RIZL . EEEE . B2 AWM Suzuki [N BT SRS AEMRIEG, (HILAE SR N H
VIAFAE— RANIIR R A0 & 5t Hh 2 SUBUR A B IC A SR AL TR . ™A% BT K TSR BT . 3%
AHERN GNP ZE 1,4-Z50NI0) USRI 1 S S I T) 5 45 T o IR B8 PR R 3L [F) 3 305 OB AS e B o 8
TEEBE, 2K B E, P E G2 T PCBs brdEAf il IR B % 5 Sebr M H « IR, BA SR
A LS AN KA S I BOR B RR St 2, DL “ U BIE R i& PA/C AL Suzuki 3”7 AR

ik
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WG R B IR . RRE AR P/C AT AU SRR S
FEMOT AR R AN AT S 2R oy p B AT SEBL R B, 9 PCBs ARAERE SR s R ARARAS . PR A L T
H IO 7B A . AL RGLRIR LSO AR RAE PCBs BN HER & h AN e, XU S51%
GUTEMTEREZE R, A G UGN - FUESOREI AR E T (U RACER, ST HAERTHRE PCBs
DRET I SCREBS GG BRAT 377 T T AEAN (5 N T AT

2. PCBs B FIZ A ZENAZRSIMRK

RGN 2 EI IR (PCBs) ST £ 5 RAEVF 7046 T Bl 80 4E4R . FHA T4F £ ZAKH T4 3L % /R
2 (Ullmann) fBERSN, 410 Mullins 55 A\ T 1984 4 5 M %07 %1 % JFRAE T — &% PCB $4K[5].
b5, Bolgar % N 54 | Gomberg-Bachman J N EGH AL ] Ullmann N, {HIX L85 3585 ik T 115 7= 26 g
& B2 EPki[6]. 11« #], Lehmler A1 Robertson F-GIMHEHAE Suzuki-Miyaura 185k N+
PCBs [Fl RYIHIE i, I 5 R 5 i 4R 05 R 158 SUIRIE,  SEIL T X455 PCB 7 T 454 G HE R [ 7]
[8]o HUIL, Suzuki fHBEFILALS 1H RE A Bk 5 1 X S B PR GHR AN 262, TRR RO SR8
= PREUEE & PCBs B4R R B 28

FHECT E PR ERFrEHR R, EWEXT PCBs B4k, JLHZ 209 Pl ik i RS dbbr AN R Gk
WFRARIEAIN AT IR . O TAEZ R T2 Suzuki KON EGEEE, 6180 Zhou Yiqing % FH A {4k
P BT PR TC R T B R #1148 7 4843 BAAK[9]; Wang Fengze WA 5 & 4h 5 = ZEMIER 1 5 N & 24
T/b¥ PCBs [10]. #RTMT, BT PCBs ZMRMR GIE K AP IR EA 24 1 R i BE AR B, LA R I 8
HAGEAPRE, X FHAT. REMPAGI S ATREZ . D=, H 24 FnTae A ik
YR 2B TR SCHIRIRE (5 Reaxys B FERTR), 1 il & 4R E S rh T — SUBCOR G R 254 o X PR 5T
PRI T HT PCBs SR ] 28 A3 A7 LR Bk L1 5 A5 o b 4h, B Suzuki S, Stille 5%, Kumada
A BB 5 4 JaB A A2 SR BB S5 37t 84 4 FH /> 591 PCBss BRAR R 4%, (LAY SR o3& 1 7 811 [12]

HAT, 2 T80 Suzuki (LR G R HENE T 2 3REL PCBs B A - B0 . LR 2 M A& AR
N AT, 8 A S BUR AR AL, WP (=R A (PA(PPhs )a) BRI 1, 1'- X0 (2K f
H) TR S HE(PA(dppf)Cla) » X LEHE AT A 17 B ELAS B [ WAL o S5 80 550 Bl 2 SR ek R TS /K R SR A1
FEEHAREANES) RS N7, DB S RTE . EARRZ RAF R, 14- 28NS
BEANIERSKMEIRA B . RN FMEFEBONZ], FEMHAE 80°C~100C, H 4 8 = 12 /b
B EZE IR LL2-EEBR(PCB-) A NG, TEAESE Suzuki &4 BRI R I AL, 708~
AL 61% (7] REZIRARAE LI FMBPUE ST AT AT, (HIHRRRIR B 5 (W1 Schlenk Z&) AR =1 &5 1)
SRS RERERCA VB TE 1) 22 A 5 IR EE KUK, L [RI 1 29 7 JLAE T ) B 5% 20 A T 3% BT 5 1 i 40 L (R A PCBs
PR AE = R 7). 18 1 JBoR T H BT R AIA% S8 Suzuki MR & 2- 5B I 26 26 18 o

Pd(PPh3),, 80°C
(PPh3), ol

Br Na,COs, 12h
L, - OO
cl 61% yield

B(OH),

Figure 1. Schematic diagram of traditional Suzuki coupling for preparing PCB monomers (using PCB-1 as an example)

[E 1. 5% Suzuki 1&8k#I% PCBs Bk REE (L PCB-1 A1)

3. &8 Suzuki R NFRORWSHE
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FH% &%

“ah Suzuki RBAER” BUS T EBERB[13]-[15]. %K RESHEAF]. B SRNAE . RN &=
MO FHEAT T R2getEs, NPl PCBs BRI M. & S afl 4t 7 g,

1) HEATIRIIHT: AIARBIAEIAE, A — A R BRI R Y o 12044 22 SR G RO £ 3 B A i b
A PA/C) B ARAL G & BEIARAR 4 B[ 6], PA/C HAAMAAREE. X2 RKFaE . 2T RIS ERE s .
WFLRM], ZEALFIEIEIAME T 10 IR VIREMRFF>05% M MEALITVE, TS Ak 79458 P A KR A
PA Pd(PPha)s AFENEHATHIL ST o, BARHIR BT PA/C 1 JERHS AR S5 YA AL AT, (R
A H A A A S S (A A TR BRAR B AR G2 7 VR 1710 LUK, 8T T il % 1 R I &5 il AT 1

2) RS RBGRE RS Gl WE . BRI RLE . MOT R R, RN L, ZEREHC
/7K (ARFREL 2: )R AT B AL Ge A B ML R 2R 1,4-50NH), AMUBRAC T RIS fR e kb
AR, HARILT G RIEA RN . B E B, 8T NE B AR, SRR F 7R A
17, BREWESARRY, ML T EIERAR, BT 0L AR &R, $m T S8 a5 R
o

3) N AMAREA L N ERK B =R PGE. S5E5 AT 80°C~100°C R M 8~12 /M5
ML, Za R REZIRE SOCKH N, AT 2 /N R AT 58 BB S M fELL IR A& R, 2 PCBs
FARR) S B FARELE 90%LL b, B Al FE T R R B R (299%) . W] 2 i, 4k Ak RALFR
PR 238 T 200 AR R R S R L, FCBR AR B 2% BE 5 5 MR s B AH 24, T 75 R A 2 B ™ A 1
AR, REERRCT SIS B A .

Figure 2. Comparative schematic of experimental apparatus for preparing polychlorinated biphenyl
(PCB) monomers via traditional Suzuki reaction versus oxygen-assisted Suzuki reaction

B 2. 5% Suzuki R S ESHBN Suzuki & N #& % SEA(PCBs) B R H) 80 3 B R B EIXT EE
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LR LTk, 2Rt Suzuki VA ZEILMEACFIAERIAAL . WERIZREAL . SAETT UL S R AR )
FGIH, AR T Ga BRI 2 M 9 PCBs MEARFERI AL . IRARAS R %t il 6 B5E 1 4%
ARIER . F 2 ProsfIseit B3 B B 7 PIM A BRI LS Suzuki E—— AR . 2R
PEARORY . OB AR MO BERERDAT,  BRAR SR A S R bR R A S [ A R AEE

4. K3=1% PCBs BIFRIR ASEHI SHIEL

NIRAEFTIR SR Suzuki AR REFE M, HFFC A ORI LR F— R A B AR FEHD PCBs
FRE R Bltn, il 3 Fias, 16 2,3.5-=SUEE(PCB-23) kil &, 14K RN 2S . 50°C IR %%
PER, AUH 2 ANEFEIATSREL 91% 077, HACR S TAEME MRS T 80°CIRNL 12 /N IE G5 (F= %
90%)HH 21, (HAEEREMRIMEME . IS5 25 A RO B E R B16][17].

Br ClI Cl Cl Cl
@ N \Q/ Classic Suzuki coupling (1)
. Modified Suzuki coupling (2) O O
Cl

B(OH),

Figure 3. Comparison of traditional and green Suzuki synthesis routes for PCB-23

& 3. PCB-23 B4 54 & Suzuki & RRESEITEE

EHRYRST M2, g R I R E Re 5 S AR B 218, 124 Sz 2 PCB-1 (— %),
PCB-14 (%) PCB-22/23/28 (=%&). PCB-77 (J4%&). PCB-126 (TL50)E it 15 Fhom spk i) s 30 A ik
[18]. IXEEAARTE T 7 20T Ehs A R ZA A, B E A REER 5 S G0 - FREEIIE, 40
FE$>99%, 5S4 R IR EEARHEY IR IR o X — RAUBIIIISER], AOGESE T2 MBI BRI PA/C fiE
AR Z A5 PCBs A HES B Hb IR TSR, o HAR AN R EFRRE BRI K — S B SR AR SR L 1 LB HE

5. SHEBIE-RIEKA(GC-MS)ERERIES R ETRR A

ASAREETE ~ SR B F (GC-MS) R AR SR T AU (3% ) i 28000 5 5 s Y e Bt S s 6 T, AR MR
PCBs XKk [F 245 R MIREWHIBUE T F B, gk E OKB 2 8BRMME <Ak - i
WA (HI 715-2014)F0 (HSEAGTRY) 2 @IBORMIE A - BHEE) (H 743-2015)% 2 DA bR
HERGINIE BN T2 . GC-MS 1E PCBs FrfEAF: il 9 5T 42 ] i v XCE fg . — R Jd i AR R i ) 5
RFAIE 0T 0 I CRR A2 20 B8 T O A S OURRAE [ A 3 T FE b, I =GR MYy (M + 2%). (M + 47)i) 523
SERRIHERG e s RS TR R T R (SIMYBE AT i R e &, R4S S A — ST B
TEA PR RE AL 2 Al B . SOk E T, i 4 (5 Suzuki BRAZ G 1) PCBs 44k, 2 GC-MS FAFH 4l ] ik
>99%, 1 A PRI BRI 5 XoF 40 1) AR R

Ut B S G RS TE BT RS AR R Y S BR o B ARRE, [ 4 51 T CRIERIpURRY) 2 SR RE R
FHETEE) e 1) 18 P 2 GUIIRARERE i 1025 S AR I E[19]. i EIEE M 7R 1 EAS [F &K
SR PCBs [RI RPN 55 AT A5 OR B U, BEDWLAARIIL 1R G VR AR o BAR 7 VA% 0 43 1 5 e A
XD ENIE, @R AT SR TSR PCBs ARFER R, & CHZIARUE T VEHER ST . T BRASIN
X 5 e sk it

A KE, GC-MS AU A s B 4l A 45 MW i oS8 T, T I BEAmf i 4% 5 & oy PR B 4G 1
PRAERIAZ O R . SREE R AR BT & I e A8 . R 5E) 1 PCBs brkf, HA B FRHELT GC-MS 77
AT RAES IR, AR IERANE R RN R, A Cois EWiaETs) 7 £) ALl SE sy
JRSCHE
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Figure 4. Gas chromatography examples of polychlorinated biphenyls in soil and sediments according to national standards

E 4. Efrh LR S RBEEN SHERIEES

6. 4518

WG CHrim RPia AT a7 520 e, I8 2 SR (PCBs) FRAR AR AEY) T 77 oK H 2 B 1, AL 48
WRAGRE L1 A% B HL RS2 IR IR PR A A TR o . IR AESR, BT “ASIBI R R PA/C AL
Suzuki B” HIZRE G ORISR AR PRI . AR RR . FREE AP SRS, BTN PCBs Hbn il £ 1
WA AR RN FFBCGRAT T B AT SEIE 2 AL FH PCBs SRR w280 B, AL T
AR T IR MU R, R RIS RT . SR, RAEZRISE AR 2,35 = 5K
AR P H RS RIS, HAE RO P, F SR PCBs Bk & R iR BR IR H 28 MR . BL2,4%6-=
SEEEM ARG, FOBRTAN 1,3- &-2-IR%K, C-Br 88 BIAA 1 AL EUR T, 25 (A7 PH 5. 25 3
e W TR Y, ZA ISR AM R ZE IR T AN B BRI AL RE(AG #5415 kI'mol ™), &%
B Pd IS AT sTHE LA BT R s N REANM AL AE B (13 2 He s AP IR [20]-[22]. BN RBER S, Pd/C fi
WHITEZRIRYMER T 5 RAE “ ZIRKIE” BLR. i XANES 5 EXAFS W FtiEn, fERMNYIE, 0,5
Pd RHTE K - E AW, ZYFEE dn RIBHLHIE#E Pd PO T35, B RIENRREE 2,
NI I8 s B JE 2 [ 23] [24]. SRT, R FHIE R . RN A R BRI, Pd 75 R AR i B I [R) 24
R Ostwald BALILER, KR T HBILE 3~4 nm K KA 8~10nm, i (corner)iF A7 ELBI H 18%F4 & A
B 5%, MEATEME R T RE25]. X — “ArPH - 27 PhFETENLE], Mo 2 EARRE T T R AEAE 4
AR, PA/C A R AE DA KA B AT ME DA 5 i U AL

JRY Rk, E/H BB AA PA/C-Suzuki 1A RBESCHIN “SEOBA7 3] “SmBER" KB, J5E
LU THRRSE R 1. A SRS @ /BB A R e s i «“ BELR” Morse,
W58 Pd WA S BT S A G N, DRI R, FR TS A PR A AR s O AR
o MG B RSB, wAAE TS /E 7T, SEILON I [BIZE 70 B4R . B AL SRAEBIE & T 90%1H)
v - TRIR, I TEREES BN, RYER AR RGP RS A IR B X %
RIVERIREI, EENT “JRPD - AT - A7 —JoULECEE E, TR S m A BRI E A R RS
PREVAER R B S5 EE - FULB AR ARGC-MSMS) 5 R BFiRkE, B NE K. difk. &
B ZVR H) R RARPRERTE, BAORE T PCBs BAARAEMGEIEN . FEER P4 A [H b Hooxf o i) m] S 5 HL A
P,

2E FFTHR, A EBIRI R A PA/C-Suzuki 14 24 PCBs ARUEVIIR (R 2k SR &4 40L T PIsEar 4T
(AR B AR, AR BE | B/ AR B Al e B S 3 A 3 o SR, SIS KAZFE PCBs
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AR A S, IRV, PR 5 TREOREE J5 i SLR A /e . 3 2 22 R R 5 4t
REIRAL, A EME 2 H R, SO, 200 AUN 6 PCBs ARFEAENIGE, Jh3E s depin Bt
RARFEMEIE S ATFFEEIER 55 S0
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