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HE. UHABERFREARNE 1-THhf -5 28H R, EEGBH B I m S R b B ERWAL,
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KR LIRVEFRIEFT I PCCP BLHA 3% R AR s 1-C 0 146

RES %S TQ221.21"1 SRR ARD : A

28R M5 #2 (Linear a-olefins, LAO) J& Tk 4=
FEER TR P TR LM TR i A R T P R
At v B 7= o 1 B R AR 20 S R
CEAE LA 5 B HE AL TG 1 | T 46 100 7= 0 43 A LR A 1Y)
GRS NI LAO Tl AE =i £ AR, 2
T R AR BRI ST R BT R . OIRTE
VEPE I 57 3 B R B8 A BBk BT & Schulz-Flory 1§,
Poisson 437 i ac-Mdd " 1 (HJE X F 47 a2 IR ER 1) oo
IR VEPRIE SR 22, T Zoad — R 9 v WA 1) 43 15 3
AR BRI o-dike . BT C, B Cy BYIEER 5 4E
T o B, TR K FE B R T
T REIE AR R T TR . AR R X Ty
SEMEN -0 ) ELAA AR o e B 0k | r 45 7= i 4l i
Bt HIG 257 88 i A 08 | AR B, T A =0k b
e[Sy i re JIOEF PN 78

PEREPE = R AU R 2 S RO p s A,
B R EALIR R A B R VKR B R A RS H
O R IA RTE PR ME = R AU R A H A
RS MPERE, 2 HRTWRoE i) iR R, fEEHE
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PE= RS U R AR R b, W I 20 BB 2R 0E N
BCAR A OS5 H B2 R A, A& PNPYY (anil (=
FEILRE ) (FENEL) BiE) PCCP™ (T (1,2-( &3k
JB) ZH4) ) JPCON" (1 2-( — S AL ) -N-#4) =
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ARSCHR A PCCP FLRE 2L, RG4S T h
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functional theory , DFT) AL % 2% > J7 1 78 i 146 2 P
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FROR R RN B B 16 1 PCCP BiC 44 3¢ B e 18 75 10 1
fig, 60 T,5.0 MPa [} 24 EJ1F, LR LR O b
%R, 78 MMAO-3A ( Modified methylaluminoxane-
3A, P IR AR SUE 3A L, 500 M ED) YTE IR 4%
A0 Fig.1 fiion, B 1/CrCl( THF) , R R R
i ;[ 2CrCl, (p-Cl), ], J&BL &5 CrCl,( THF), S i
BRI RIRG AW, 3-CrCl, ( THF) , 2 Bl ik 5
CrCl,( THF) , JZ )0 15 3 () BA K 285 40, PNP Bt fk 1
AL TS g 1868 kg/ (g Cr-h) , 1-C 4 e FEIE
14.1% , 1-9F M S £ 2 69.3% , PE (5 7= ) i &
0.8% . L PNP FCAA 1 1F Jy %t B, AR S5 44 F, B
TR A OB T AR 2 /XA 21 kg/ (g Cr-h) B94EAL TG
P, I HLr= & 434 16 2 Schulz-Flory 437, # B H T
FEEBEE FF AR R AYHEAE" 5 PNP HL A7 2
SERIIABCAR 2 A R 4 7T M 3¢ B LR A R 1 5 SR 1 A
FEAFRRAIE | 302 PR R 32 BC A A 55 3R B I ) 5 e 3k 4 )
RAET RBEF RN WESE N G i B S i
HERECR AT K P A PRI T R
B AL M BE R S RN IR 3, FEAH [ &

1/CrCl(THF),/MMAO-3A
/Methylcyclohexane

[2CrCL(u-C1)l/MMAO-3A
/Methylcyclohexane

AR T Bk 3 BRSPS % 174 ke/ (g Cr-
h) 12 BN 62.3% , H R L0 5 ik 4.7%
M TR YR IR B i PR BRI E I
S Tl BRI LAl A 7 BRI, 3R 20 o A
B IAR 2278 Tl B AR A EAS i 02
1.2 kP FEMER) PCCP B
A EL T B 3 2 1 MRl T A, 0L A 6 1 Ml
HEALPERESEANOL TS (Fig.2) o BRIKELHERT I AU L 14 4
AL TE PR35 144 kg/(g Cr-h), - M ek h
59.3% , B LI b BT 4.9% S FCAK 5 BT K P
Y Cr BRI e & fad K, BLiR 5 4 08 o JE R i
HUREERAL, S ECAR 5 AL PERE B TR
2013 4, Zhang %" X2 FLAR AT R R, #aE
T AKX PR B A LR A IR Y BCAR 6 AT 7, HE 40 T,
4.0 MPa & 0@ k7 B 3R 3R O e S 3 71 . MMAO-3A
(500 i) Ay B AL A 25 00 T AT 57 RN, &5
TR AT b A I s [ (7 BH SR R LR 7 By
HIT R AL R BE , fHEALTE MR 937 ke/ (g Creh) 1
It 53.6% , RO H 5.8%

Y thp/\ PPh, PrP N P'Pr,

3
3CrCl(THF)/MMAO-3A
/Methylcyclohexane

60 °C, 5.0 MPa 60 °C, 5.0 MPa 60 °C, 5.0 MPa
Act. 1868 kg-(g Cr)"-h™ Act. 21 kg-(gCr)"-h" Act. 174 kg-(g Cr)"-h™
Sel.1-C, 14.1% Sel. Schulz-Flory distribution Sel.1-C, 14.5%
cyc-C, 4.4% cye-C, 12.0%
1-C; 69.3% 1-C; 62.3%
PE 0.8% PE 4.7%

Fig. 1 PNP ligand, PCP ligands and their catalytic performance

/\/\
Ph,P PPh, Ph.P PPh,

4 5
[4CrClL(p-CD)/MMAO-3A

/Methylcyclohexane /Methylcyclohexane

60 °C, 5.0 MPa 60 °C, 5.0 MPa
Act. 144 kg-(g Cr)"'-h" Act. 13 kg-(gCr)"-h™
Sel.1-C, 15.7% Sel.1-C, 8.6%
cyc-C, 8.7% cyc-C, 8.1%

1-C, 59.3% 1-C, 30.3%
PE 4.9% PE 24.3%

Fig. 2 Carbon-bridged diphosphine ligands reported by Sasol and Zhang along with their catalytic performance

[5CrCL(u-CH/MMAO-3A  [6CrCl,(u-Cl)l,MMAO-3A

(8]

Me Ph
Ph,P PPh, Ph,P PPh,
P 5 ;

[7CrClL(u-Cl)lyMMAO-3A

/Methylcyclohexane /Methylcyclohexane

40 °C, 4.0 MPa 40 C, 4.0 MPa
Act. 577 kg-(g Cr) '+ h™ Act. 937 kg-(g Cr)"-h™
Sel.1-C, 13.6% Sel.1-C, 28.9%
cyc-C, 10.4% cyc-C, 9.9%

1-C, 64.7% 1-C, 53.6%
PE 3.3% PE 5.8%

[8,9]
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1.3 ZFIMFECH PCCP @Eﬁ&

£ Overett %1 Ji23H8 ) — ZR 51] PCCP Fe ik H,
IR EX ) PCCP @ﬂﬁx(ﬁgs JHOAR 8) I &L T
FIMEAL T RE AL TG P = 1 2240 kg/ (g Cr-h) | 1-%
IR YE 56.8% , B L AN 0.9% . 55 1L R0 B 1Y

PCCP PCHAx L & B, BRA ) I P 2 DR AL 1 BE Y
FHEN R Z — IR NIPE AR | 8 AT 55 5 S,
A5 AR IR g rp O O T L PR B AR E
e AL TR A

PNP HEAC I AL SSIT U HIRRE BC AR 3% 055 1

=

Ph,P PPh, Ph,P
8

PPh, Ph,P PPh,
8”

[8CtClL(u-C)]/MMAO-3A  8/Cr(acac)/MMAO-3A  8-CrClL(THF)MMAO-3A

/Methylcyclohexane
60 °C, 5.0 MPa
Act. 2240 kg.(g Cr) h™'
Sel.1-C, 13.0%
cyc-C, 13.5%

1-C; 56.8%
PE 0.9%

AL TR B RV RT JAE 2B B A £ 7], DA T AR i 75 44 £
FE SR m ", Zs &, W58 1A A % %%
T PCCP {4 28 Hp JFLAS il £ 114 41 Ak 750 R AL i) 4 114
LR AW 7E ST RBIERE L2 50, iE T
PCCP BCiAy 2 Fhiés & 7 3, LARCAA 8 (Fig.3) i #il,
55 1 R LU R R ), i CrCL,( THF) ; 5 ECiA
£ 80 C 2 W JE BUME VS 1) — AR 2% 59 [ 8CrCl, (.-
Cl), |, (Fig.4, f&12 (a)) , X G WTEFT R H 4
BOEACTAAE 2 ik Ay LA 5 26 2 b2 A D &0k iR Ay
VT, AE 5 IR RN T 0T I LR 4% A ) 8-CrCl
(THF) (Fig.4, 42 (b)) .
DA I A5 A TR A SN B 45 B U Fig.3 i,
PEAIE P 7 T, RS G W I PR AT P ey PR

pas

_CrCL(THF),

2

Ph,P PPh,

/Methylcyclohexane
60 °C, 5.0 MPa
Act. 48 kg-(g Cr)'-h™
Sel.1-C, 13.4%
cyc-C, 13.8%

1-C, 57.1%
PE 21.3%

Fig. 3 Oligomerization results of in-situ reaction (8’) and ex-situ reaction (8 and 8”)

= Cl
80°C toluene / \\ /‘

CrCL(THF),

r.t., THF PhZP\ /PPh2

/Methylcyclohexane
60 °C, 5.0 MPa
Act. 1543 kg-(g Cr) - h™
Sel.1-C, 11.3%
cye-C, 12.8%
1-C, 53.9%
PE 3.5%

(8]

AW ER 2 , K 1543 kg/ (g Cr-h) , 47 B
JVER AR R BTG 48 kg/ (g Creh) ;oM
SR BEREE DT I, A BRI KRB RO
e 7 I, AR AR O R, iR
3.5% , i BV SN 2R 20 o EEak 21.3% , 3 i B 78
PR R TP KRB Cr, REBCR A W™
W ERN, LR RIS A Y R, R
FHE%A% a 197 208 PCCP BAK 5 Cr 454 5 EAT S i
SRR,

2023 4, Zhang 45" X K FL MR BX ) PCCP i {4
PEATER R 4008 T IR 9~ 15 BUEILIA R BF5E T P
JEF BRI RE AR, 7E 60 C 4.5 MPa
I ETT VR O B \ MMAO-3A (800 4

e

(b)

PPh Cl Cl PhP

pph, €I Cl p

Cr,,
Cl'/ \ e
Cl  THF

Fig. 4 Coordination methods of PCCP ligands'®*"!
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i) Sk B AR R A5 1R AT S R RO, A5 AR
Fig.5 /R, X}L%E%EM& I BCAAR 9 Ak P I v
ik 2132 kg/ (g Cr-h) , 1-CV 0 1 12 S e B PRIk
92.2% 8 1-EM B AL 9.7% , X 22 Hif A9 e {4 1]
DL IR, S A3 H A e 10 A 0 v H e 3 ) T 4
BB 1-CU 7 LA, T 1200 7 He A/, e

oA

[9CTCL(u- Cl)]_/MMAO 3A

/Methylcyclohexane /Methylcyclohexane

60 C, 4.0 MPa 60 C, 4.0 MPa
Act. 2132 kg-(g Cr)"-h™ Act. 1678 kg-(g Cr) - h™
Sel.1-C, 82.5% Sel.1-C, 79.3%
cye-C, 2.1% cyc-C, 2.7%

1-C; 9.7% 1-C, 12.7%
PE <0.1% PE <0.1%

PPh'Pr PPhEt

[13CrCly(u- Cl)]_/MMAO 3A

/Methylcyclohexane /Methylcyclohexane
60 C, 4.0 MPa 60 °C, 4.0 MPa
Act. 1171 kg+(g Cr)"-h™ Act. 690 kg-(g Cr)"+h™
Sel.1-C, 32.6% Sel.1-C, 12.5%
cyc-C, 16.5% cyc-C, 25.1%
1-C, 46.8% 1-C, 56.8%
PE <0.1% PE 0.2%

Fig. 5 Phenyl-bridged PCCP ligands with different substituents on the phosphorus atom and their catalytic performance

1.4 RN EFELR) PCCP B

1E Sasol 2 F)H{E ) PCCP g A H | A4 AU
PREXIFC AR 16 [RIAE B0 T K 4 0 4 Ak 05 % | 1k
303 kg/ (g Cr-h) , 1-FMEEFENE 46.7% , R L4 5 A
PR 5.2% ™1 2013 4F, Zhang 2™ %% 2 PCCP
BOAARIEAT B B, B AS X B PCCP Be A4 B vk W FH T 3k
PEIEFT IRV (Fig.6) . 7E40 C 4.0 MPa M%7,
FRLBR O e A 7] \MMAO-3A (500 244 B fiEfk
IR T AT RN . Bl Bty 1 B KR 25 ]
AR | I AT GRS S WA 1D <k TR ivA
RH R K AABCT SEBC A 19 R I HY d i 9 R 36 1, 35
1926 kg/ (g Cr+h) , BEFMT I, 1-C kPR A

[10CrCl,(p- Cl)]_/MMAO 3A [11CrClp- Cl)]_/MMAO 3A

Act. 1208 kg-(g Cr) "+ h™

[14CrCl,(p- Cl)]_/MMAO 3A [15CrCL(p- Cl)]_/MMAO 3A

Ho~11 K, biE P JEF R IEZS [ A7 BHE K,
WEALIEME AT BT, 1-C 0 b e B i i v . VDA
WS L F3ON R A B R SE /ot 3 (PR e 36 ) B
AR 12~ 14, BUe (IRt ) BUR A B ik 9~ 11
FEIH B A A AT P PR B E T s At L B

FX THEALTE PR R R0
PPhCy

[12CrCl,(p- Cl)]_/MMAO -3A
/Methylcyclohexane
60 C, 4.0 MPa
Act. 1874 kg-(g Cr)"-h™
Sel.1-C, 38.0%

/Methylcyclohexane
60 C, 4.0 MPa

Sel.1-C, 37.2%

cyc-C, 16.0% cyc-C, 12.1%
1-C, 40.1% 1-C, 43.3%
PE <01% PE <0.1%
h,P PPhCy

[8CrCl,(p- Cl)]_/MMAO -3A
/Methylcyclohexane
60 °C, 4.0 MPa
Act. 1866 kg-(g Cr)™+ h™'
Sel.1-C, 20.8%

/Methylcyclohexane
60 C, 4.0 MPa
Act. 1566 kg-(g Cr)"-h™
Sel.1-C, 33.2%

cyc-C, 12.8% cyc-C, 10.7%
1-C, 46.8% 1-C, 59.3%
PE 0.1% PE 0.2%

[21]

BT 1 AR 35 25 (] 47 BHL A 388 A T 084 o, L 12 04
PR Bt 57 BEL A4 38 K T /N, 30 PR R A T 3 4 K Ao
IOH 35 P 2 1 3 1 33— {0 ) 24 5 i 3k AT, 2 366 il 35 1]
HEIT 8 43 8 v, 76 4 8 v B LT 1 5 in 4 %
FTE A R85, 5 3004 i B EA T 30 3 K I g I 37 31
KB ST, B AR S o 2 30 1 B g A = SR s P12
R Zhang SEARAE YA FRECIAR LB T 85
FIMEAE TG P, (R R T ARTE 1-C 03 A0 125 M ke %

M A 2T 25 0], Jiang 46 B4 P R T
ERUREEE— D R TR R (Fig.7), 7E 45 C

1.0 MPa &4 & 7 H L3R 2 b A7) . MMAO-3A
(500 245 A BMEALF IO S5 b 1555 RO, XL
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Ph Cy ‘Bu
Ph,P PPh, Ph,P PPh, Ph,P PPh, Ph,P PPh,
16 17 18 19
[16CrCL(pu-CD],/MMAO-3A  [17CrCL(p-C1)[/MMAO-3A  [18CrCl(u-C)]l/MMAO-3A  [19CrCL(u-Cl)l/MMAO-3A
/Methylcyclohexane /Methylcyclohexane /Methylcyclohexane /Methylcyclohexane
60 °C, 5.0 MPa 40 C, 4.0 MPa 40 °C, 4.0 MPa 40 C, 4.0 MPa

Act. 303 kg-(g Cr)"-h™ Act. 984 kg (g Cr)"-h™
Sel.1-C, 7.3% Sel.1-C, 17.6%
cyc-C, 17.3% cyc-C, 17.5%
1-C, 46.7% 1-C, 52.5%

PE 5.2% PE 52%

Fig. 6 Asymmetric PCCP ligands with saturated and unsaturated carbon bridges and their catalytic performance

Act. 1926 kg-(g Cr)™~ h™'
Sel.1-C, 39.8%
cyc-C, 8.1%

1-C, 40.4%
PE 0.1%

91

Act. 1900 kg-(g Cr) ™« h™'
Sel.1-C, 23.1%
cyc-C, 14.3%
1-C, 50.3%
PE 0.2%

Ph,P PEt, Ph,P P'Pr, Ph,P PCy,
20 22
[20CrCL(p-C]/MMAO-3A  [21CrCL(u-CDH]/MMAO-3A  [22CrCL(p-Cl)l,/MMAO-3A
/Methylcyclohexane /Methylcyclohexane /Methylcyclohexane
45 °C, 1.0 MPa 45 °C, 1.0 MPa 45 °C, 1.0 MPa
Act. 68 kg-(g Cr)"-h™ Act. 146 kg-(g Cr)™ h™' Act. 204 kg- (g Cr)™ h™
Sel.1-C, 50.4% Sel.1-C, 77.2% Sel.1-C,  79.3%

cyc-C, 6.7% cye-C, 0.1% cyc-C, 0%
1-C, 32.8% 1-C, 11.0% 1-C, 6.4%
PE trace PE 0.2% PE  0.2%
Ph,P PPhEt Ph,P PPh'Pr
23 24

[23CtCl(p-C1)]/MMAO-3A

/Methylcyclohexane
45 °C, 1.0 MPa
Act. 80 kg-(g Cr) "+ h™
Sel.1-C, 47.9%
cye-C, 82%
1-C, 32.1%
PE 0.2%

Fig. 7 PCCP ligands with various substituents introduced on the phosphorus atom and their catalytic performance

WO IR LR 22 BAT S5 AL T 1 35 204
kg/(g Cr-h) , 1-C M Fl 174 L BERE PR IK 85.7%
XF LU BCAR S5 4 SRR R A, P BRI 52
M) 5 e 1 A 356 190 52 i R A A 4B, R [ 4o L ik
HRESEIE 1A A, TRl 1245 A A B
A 21 e B AL TG % 55 (146 kg/ (g Cr-h) ) Al
FEVEPEPE R (88.2% ) MR, B X S Z AT S A
FIZBCARLE B WA AR 81.7°, s K T LA 19
IS A £ (81.4°) ¥ FREHELIAR 21 A2 [ 4 BELIE K F
BefA 19, fH R TR 21 £77E 2 DAk 1-C 9 A i

[24CtCl(p-C1)]/MMAO-3A

/Methylcyclohexane
45 °C, 1.0 MPa
Act. 20 kg-(g Cr)"- h
Sel.1-C, 84.5%
cyc-C, 6.0%
1-C, 2.2%
PE 0.3%

[23]

ke et By 7 I A, -0 ke B v B AL TR
19,

[F4F, Zhang 46 WF5E T ke LA FIURIE R P
JRF AN [R] R BE X6 55 2R B2 Bz 9 52 ) ( Fig.8 ) , % %%
TR RN R 7 XA TE P e PR B R, FE 60
C 4.0 MPa £ 1R 77 H R 3R 2 B i 77 . MMAO-
3A(800 i) Sk B AL 0 09 2540 T R 47 57 R M,
BeiA 26 F 0 A e i f L s |, 35 5243 kg/ (g Cr-
h) , 1-C M F -0 Ht 2k 88.3% , R O M Hed<
0.1% , HAWBECAAR B AL 5 PR35 3] 1000 kg/ (g Cr-
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h) Vb RO EBEESTE 1% LUT . BREC A 33 L
Ah HAT AR R I BT 47 80% LA b, AHER T EC AR
17~19 e PEREMS 2 B E 52T

BefAk 25 ~27 MR M 151 A T R JE (W L 2
) FRC AL (el 1 B PAT ) AT i (A7 LAY (v
THEM) |, e HAR AL 1E M o] DU& B, A 5| At
HLFSE A R A BB T AL 16 P BT Sk RO it i
FEPT KA 25 [ BE A ] T o 5 2
BCAL S SIORE 1A 10 P BB AR T 34 ) SR B i e A4S
BT R 25 #1126 6% P JRF LA ERC 3R 40 R 25 )
A7 BELAF X352 /0N g S5 TR 35 R 2 3645 31 i 44 28 ~ 30, 1%
TR FR AR T A A AT 1 (38 3k R AP 23 ] 37 B it
LIEREHE— LA, T4 = 1 1-F ik 8tk &

Ph Cy

Ph,P
25 )

[25CrCL(p-C)]l/MMAO-3A
/Methylcyclohexane

[26CrCl(p-Cl)[/MMAO-3A
/Methylcyclohexane

FEFL AR 30 Y28 [E) o7 BH e /I, 12 I ve PR M o i, 358
49.6% , AEL/BEFE (FRREIE ) 41 A R BCAR 31 ~33 7
YA i A T M 0 TR A SR T T 1 e
o s [l 07 BHAR X 4/ B Tid 44 33 R BLH e i 19 1-
VIR RENE (63.6% ) o [EASTE AU, BUGEHE (e
B5) WEFCAAR 26 F1 29 Y HEALTE 1 B & T S A5
AR I PR R/ ot 5 ( RJGE ik ) I TRC A4S 31 A1 32, ixX
ZE 5 I T AR FEL R T A 3 1 S B R )
e FRE R A E S R A SR PO T &
W AR D EALIEER T 205 115 AL S8 A DO 3L
PEFHEAL TG M, Bl I3 A R T A 12
I3, PRI, RUGE s ( PRI ) T 4 26 i 29 fiii ) T &
fis =B, R/ B (PRBEE ) LA 31 A1 32 1A

‘Bu
PCy, Ph,P PCy,
Y2 b 27 Y2

[27CrCl(p-C))[/MMAO-3A
/Methylcyclohexane

60 °C, 4.0 MPa
Act. 4547 kg- (g Cr)™- h™
Sel.1-C, 79.7%
cyc-C, 0.4%
1-C, 9.5%
PE <0.1%

Ph

Ph,P P'Pr,

28
[28CrCl,(u-C1)]/MMAO-3A
/Methylcyclohexane
60 °C, 4.0 MPa
Act. 2651 kg-(g Cr) - h™'

Sel.1-C, 75.4%

60 °C, 4.0 MPa

Act. 5243 kg-(g Cr)- h™'

Sel.1-C, 74.9%
cye-C, 0.3%
1-C, 13.4%
PE <0.1%
Cy

Ph,P PPr,

29

[29CrClL,(u-C1)],/MMAO-3A
/Methylcyclohexane

60 °C, 4.0 MPa

Act. 4490 kg+(g Cr) "~ h™

Sel.1-C, 72.8%

60 C, 4.0 MPa
Act. 4523 kg-(g Cr)"-h™
Sel.1-C, 75.8%
cyc-C, 0.2%
1-C, 11.8%
PE <0.1%
Cy

Ph,P PEt,

2 30 >
[30CrCL(u-C)]l/MMAO-3A
/Methylcyclohexane
60 °C, 4.0 MPa
Act. 2454 kg+(g Cr)"*h™

Sel.1-C, 33.0%

cyc-C, 0.5% cye-C, 0.4% cyc-C, 8.2%
1-C, 16.0% 1-C, 15.0% 1-C, 49.6%
PE 0.1% PE 0.5% PE <0.1%
Cy, Cy, Cy
Ph,P PPhCy Ph,P ) PPh'Pr Ph,P ; PPhEt Ph,P " PPh,
[31CrCL(u-C1)]/MMAO-3A  [32CrCL(u-C1)]/MMAO-3A  [33CrCL(u-Cl)]yMMAO-3A  [18CrCl(u-Cl)lyMMAO-3A
/Methylcyclohexane /Methylcyclohexane /Methylcyclohexane /Methylcyclohexane
60 °C, 4.0 MPa 60 °C, 4.0 MPa 60 °C, 4.0 MPa 60 °C, 4.0 MPa
Act. 3944 kg-(g Cr) '+ h"' Act. 2420 kg+(g Cr) "+ h™ Act. 1760 kg-(g Cr) '+ h™' Act. 1774 kg+(g Cr) "+ h™'
Sel.1-C, 29.1% Sel.1-C, 28.8% Sel.1-C, 11.5% Sel.1-C, 21.3%
cyc-C, 6.6% cyc-C, 8.7% cye-C, 16.7% cyc-C, 14.4%
1-C, 54.8% 1-C, 57.2% 1-C, 63.6% 1-C, 60.0%
PE 0.1% PE PE <0.1% PE <0.1%

Fig. 8 PCCP ligands with diverse substituents on the phosphorus atom and carbon bridge, along with their catalytic performance

[24]
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W LT (R 2R3, 7 R S FIe 3 (IR Je 38 ) 1 i W) A
LR R T ) F U 3R 9 Bl TS A kTS
A1, HARAL 36 P A T AU R AL AR 18 (1774 kg/ (g
Cr-h) ) ¥IA AR EE W EE T, 2 IR FL A Ik ( b
55 00 O IR AE A R T R 4 7 9 4 A T2 4 A Ak
b,

2024 4F, Zhang 557 PE— B 5Y T K BE BUC 3
FIORIL/Jot 3 (R Je 3k ) 9l TC A X 5 2R IS O 114) 52 i)
1E 60 C . 4.0 MPa 2 JE 77 B 3 38 & e R ¥ 771

MMAO-3A (1000 ) 4 B Ak 7 i 45 440 T i 47 5%
R, A5G0 Fig.9 FR . BLik 24 75 4 MPa T fii
fiEMETEZE 1895 kg/ (g Cr-h) , 1-F4a de P42 = 3|
61.5% ,1M7E 1 MPa I 1-"FMik SR 2.2% , 55
FEPRFHEAIE PR RN |- B M S5 R AR AT . A
36,24 ,34 F1 35 ()7 [ BEAR Y38 I, A4 4k 376 14 Bl
25 ()2 BELAE g b, B ik 35 i Ak s pE ik 3 4172
kg/(g Cr-h) (HFRIH AW 174 B4 AL
43.3% , BLHA S ()57 B I -850 1B @k bt TR, 5

‘Bu Ph
Ph,P PPh'Pr Ph,P PPh'Pr Ph,P PPh'Pr Ph,P PPh'Pr
24 34 35 36
[24CrClL(pu-CH[/MMAO-3A  [34CrCL(pu-C]/MMAO-3A  [35CrCL(u-Cl)]l/MMAO-3A  [36CrCl,(u-Cl)|/MMAO-3A
/Methylcyclohexane /Methylcyclohexane /Methylcyclohexane /Methylcyclohexane
60 °C. 4.0 MPa 60 °C, 4.0 MPa 60 °C, 4.0 MPa 60 C, 4.0 MPa
Act. 1895 kg-(g Cr) - h™ Act. 2536 kg-(g Cr) "+ h™ Act. 4172 kg-(g Cr) - h™ Act. 1721 kg-(g Cr) - h”
Sel.1-C, 22.0% Sel.1-C, 24.5% Sel.1-C, 39.5% Sel.1-C, 22.7%
cyc-C, 10.5% cyc-C, 8.6% cye-C, 4.5% cye-C, 15.2%
1-C, 61.5% 1-C,  60.0% 1-C, 43.3% 1-C,  57.7%
PE 0.08% PE  0.04% PE  0.02% PE 0.15%
Ph ‘Bu
Ph,P PPhCy Ph,P PPhCy Ph,P PPhCy Ph,P PPhEt
37 38 39 40
[37CrClL(pn-C)],/MMAO-3A  [38CrClL(p-Cl)]/MMAO-3A  [39CrCL,(u-C)[/MMAO-3A  [40CrCL(p-Cl)]/MMAO-3A
/Methylcyclohexane /Methylcyclohexane /Methylcyclohexane /Methylcyclohexane
60 C, 4.0 MPa 60 C, 4.0 MPa 60 °C, 4.0 MPa 60 °C, 4.0 MPa
Act. 3662 kg-(g Cr) - h™ Act. 3994 kg.(g Cr)"-h™ Act. 2113 kg-(g Cr)"- h™ Act. 2071 kg-(g Cr) "+ h™
Sel.1-C, 28.7% Sel.1-C, 29.3% Sel.1-C, 23.7% Sel.1-C, 23.1%
cyc-C, 7.8% cyc-C, 5.1% cyc-C, 14.2% cyc-C, 18.6%
1-C; 56.1% 1-C, 53.7% 1-C, 57.7% 1-C, 52.1%
PE 0.02% PE  0.02% PE 0.09% PE 0.08%
Cy, Cy, Cy
Ph,P 41PhP4\_\; Ph,P 42PhP‘\_< Ph,P PPhBn

[41CrCL(u-Cl)]/MMAO-3A

[42CrCL(u-Cl)]/MMAO-3A

/Methylcyclohexane /Methylcyclohexane
60 C, 4.0 MPa 60 C, 4.0 MPa
Act. 1162 kg-(g Cr) "+ h™ Act. 1268 kg-(g Cr) - h™
Sel.1-C, 13.3% Sel.1-C, 14.3%
cyc-C, 20.8% cyce-C, 19.2%
1-C, 56.8% 1-C, 56.8%
PE 0.28% PE 0.55%

Fig. 9 PCCP ligands with long-chain and branched substituents on the phosphorus atom and carbon bridge, along with their catalytic

performance !

[43CrClL(p-Cl)]/MMAO-3A
/Methylcyclohexane
60 C, 4.0 MPa
Act. 3020 kg-(g Cr)"-h™
Sel.1-C,  39.1%
cyc-C, 9.5%
1-Cy 44.2%
PE 0.02%
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ZHTHEEIE—3, P LI FEBUR A B IR 37~39 %
PR O TN 3R U O BC A 24,34 1 36 BT A AL
T TS NSO A ECR 35 L 2 3B Y iC 4 40
T A AL TS T, 2 WS 2 b i s ] 7
BELRE X 4 J 145 1 0o JE2 3 B 4 A R 1, AT 42
AT

W9 BN THER R PNP FL/R N _E B 5L 552 i
Bt 2 BR, B B 1 ( B3 3% NP AR T ) X4
AT T A 3 R ) 2 i oA 3 Bk SR T 1
M)V =2, A7 125 3 P Al DA~ i, BSUAR 366 118 55 v 5% 4 i
55007 AR 34 ] IA A SR 7E S PN R g E K A
RHGIMBECAR 24 Bz RO RH , fHO2 LR —F 55 R R
IO 45 SR ] 2 B, 3 4B T R I I AN 4 I 355 I 4 £k

ARGV, U] 1R S5 1R 7E PCCP ik
RRPWIEH, T i — D05 SCRE R RE I, 5T
HNEWT PIRF L HAT AR MBI 41y SCEEMY
Kok 42 F1 B SZEEMOECIR 43, 5 2 IEBUC B IA 33
(Fig.8) Xt BB, JER AR B o 51 A v SCHE ) 3R B X
PREAR I RS A, (HR R Y BRI R A e A 43 3R AL
LSRR HEALTE R B T 3020 kg/ (g Cr-
h) , 1-C A -4 1 e B Ik 83.3% , R LM 1Y)
THFEINE 0.02% , X ULHATE P IR FHUCIE [ B
ST 38 Ao 2 () BHALON A 4 T o LAV 3R B
W E TR AP RE
3R PCCP Be A 7E Rk B U EL (9 [W] ) P )i+
AT, A eI P JE T B BRI A AR 1

‘PrPhP

PPh,
44 :

[44CrCL(u-Cl)]/MMAO-3A

/Methylcyclohexane
60 °C, 4.0 MPa
Act. 1493 kg-(g Cr)'-h™'
Sel.1-C, 44.7%
cyc-C, 82%
1-C, 45.5%
PE 0.24%

) PPr,
JPrP 43 T,

[48CrCl(u-C1)[/MMAO-3A
/Methylcyclohexane
60 C, 4.0 MPa
Act. 1394 kg.(g Cr) - h™
Sel.1-C, 83.9%
cyce-C, 3.8%
1-C, 4.7%
PE 0.27%

Fig. 10 PCCEP ligands with different substituents on phosphorus atoms and the carbon bridge, along with their catalytic performance

e

[45CrC1_(u Cl)]_/MMAO 3A

/Methylcyclohexane
60 °C, 4.0 MPa
Act. 2087 kg-(g Cr) - h™'
Sel.1-C, 64.5%
cyc-C, 2.8%
1-C, 27.7%
PE 0.10%

Cy,

PiPhF PPr,
T g TR

[49CrCl,(pu-CH]/MMAO-3A
/Methylcyclohexane
60 °C, 4.0 MPa
Act. 2111 kg-(g Cr)"'-h™
Sel.1-C, 42.3%
cyc-C, 8.2%
1-C; 45.5%
PE 0.24%
Cy

Cy,P PPh,
Y2 50 :

[52CrCL(u-C1)]/MMAO-3A

/Methylcyclohexane
60 °C, 4.0 MPa
Act. 1929 kg.(g Cr) - h™
Sel.1-C, 74.0%
cyc-C, 2.0%
1-C; 19.6%
PE 0.07%

%ﬂ

PrPhP

[46CrCl(p- Cl)]_/MMAO -3A
/Methylcyclohexane
60 °C, 4.0 MPa
Act. 1297 kg-(g Cr)"-h™'
Sel.1-C, 80.3%
cye-C, 3.7%
1-C, 12.0%
PE 0.19%

k.
PrP PPh,
2 r 50 2

[50CrCl(p-C1)[/MMAO-3A
/Methylcyclohexane
60 C, 4.0 MPa
Act. 1450 kg-(g Cr)"- h™'
Sel.1-C, 53.5%
cyc-C, 4.8%
1-C, 37.7%
PE 0.23%
Cy

Me.

Et,P PPh,
2t 53 )

[53CrCl(p-Cl)[/MMAO-3A

/Methylcyclohexane

60 °C, 4.0 MPa
Act. 1186 kg-(g Cr) "+ h™

Sel.1-C,  32.7%
cyc-C, 12.6%
1-C, 49.3%
PE 0.45%

%ﬂ

PrP PPh'Pr

[47CrCL(p- Cl)]_/MMAO-3A

/Methylcyclohexane
60 °C, 4.0 MPa
Act. 1536 kg-(g Cr) - h™'
Sel.1-C, 72.0%
cyce-C, 1.1%
1-Cy 22.6%
PE 0.21%

Cy.

'PrP PPh,

51
[51CrCl(p-C))[/MMAO-3A
/Methylcyclohexane
60 °C, 4.0 MPa
Act. 2401 kg-(g Cr)"-h™'

Sel.1-C, 69.9%
cyc-C, 2.5%

1-C, 22.7%

PE 0.10%

[28]
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BCR AL M BB — 25 T, 1-C A 12 05 L 3ok
PRIE I TE 80% Lh I, Fe B AT Gk 94.6% . M AL 1A 24
(Fig.9) 1 44 ()55 REERHKT | BORTEMAM U QL SR
ARG AT M IE TS 1493 ke/ (g Cr-
h) B 1-C BT = 4.7%, Wk BT =
90.2% , H .2 24 il ™= ) E i e R AE AR OK OF, 3 5
A EHURIE S48 P 1 A 22 6] 5 5 A HE
VEFR 3 FhHE R A A 24 384 0 T e A 9 23 18] 2 B
Bt PR b S5 N A (oA 44 % 48) ,1-C
IGTERREAR W LT, T 1R P b 2 TR,
IEAWTHBHES 2 545 3] T 255 M RE i A B B 14 47,
IR R FI 1536 kg/ (g Cr-h) B E AL TE 1, )
B 1-CM R - i e PR A S IR 94.6%

BoiAk 49 SES B bF LIRS P E RN AP

PPh,

Ph,P

Ph,P \
PPh, |

Ph,P Ph,P

54

54/CrCl(THF)/MMAO-3A
/Methylcyclohexane
50 °C, 1.0 MPa
Act. 1 kg-(gCr)" h”
Sel.1-C, 1.7%
cyc-C, 29.1%
1-C, 0%
PE trace
PPr,

Ph,P
PPh,

JPrP

57
57/CtCL(THF)/MMAO-3A  58/CrCl(THF)/MMAO-3A

/Methylcyclohexane
50 C, 1.0 MPa
Act. 54 kg-(g Cr)". h™
Sel.1-C, 62.0%
cyc-C, 1.1%

1-C,  27.4%
PE 0.1%

Fig. 11 Binuclear PCCP ligands and their catalytic performance

55

/Methylcyclohexane
50 °C, 1.0 MPa
Act. 1kg-(gCr)" h
Sel.1-C,
cyc-Cq

1-C,

PE

[FFEH], ZE484% 2111 kg/ (g Cr-h) @G HERTIE T,
SEEL T 45.5% M 1SR IE R R 0.24% MR O
i, BRI T LR G PERe, K oR S A ki
1SN AR BIBC AR 51, B B H 5 A B & T
feis 2 E T 1-C 0 0 7= A AR S PR K 2401
kg/(g Cr-h), I-CEEBEMESE T 2 69.9% . 1545 T
1-CF R PEPE M 48 1 TR FC AR B L Bk 3k 92.6%
FEBCAAR 51 1% S5 9 8 48 4 1L F 78 ) T 0 A 3 O
JEAFEIECAR 52, 1-C @ A B bR T 2 74.0% |, (B4
PRI PEIE A HE— 2B HE T, 3K UR 2 (B4 BE ) 5%
ZECARBRR AT 1 E 28] AT K28 [ B 3R O3,
FERRIE Y P JRF R4kEg | A 2 N3RS 4 S8 ]
DB, XF 42 I o0 T8 i BE AR A, BEAS 2,06 19
NGNS 1 2 P AT T O N /AN [T A E SR
() 23 (BCAR 53) B S 30 T AL IR R BRAR, o 2
FEZS [ RS, Tkt 4 Ja ot T A 3R, =
AL TR TR E - E R 2 R O, AN/ ZS
B2 B Ry 20 B afE— 20 4 AR T 23 ), Rt 127
PPh, PPh,

PPh,

Ph,P

56
55/CtCl(THF)/MMAO-3A  56/CtCl(THF)/MMAO-3A

/Methylcyclohexane
50 C, 1.0 MPa
Act. 1kg-(gCr)"- h
Sel.1-C, 1.8%
cyc-C, 25.0%
1-Cy 0%

PE trace

0%
17.6%
0%
trace
P'Pr,

Ph,P
PPh,

,PrP

58

/Methylcyclohexane
50 °C, 1.0 MPa
Act. 10kg-(gCr)"-h”'

Sel.1-C, 84.0%
cyc-C, 5.3%
1-C, 0%
PE 0.2%

[33]
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I R BEPESE T 28 49.3% . FLAAK 50,45 F1 51 AL
ARIE N 2 )7 BEAR U3 38, HE AL 76 P AT 1-C M e B
PERCURIG I, Ui B2 A 2R r i i AR 56 1) 255 1] 6 BHL
X HEAL P RE R A DG HAE
1.5 %= PCCP Biik

TE %55 PNP B (AL vE RE A RE v, F5E 5 A1)
RIZ AL pi PNP LK [ B B A R 45 0 i 1 s
P22 PNP i fA 5 PCCP M 78 55 AR R i 3k
AR R, X a & TR E TSR R4
e HAG 24 5 ) PCCP Fii&, Jiang %5 DL — 4k

J2 A EORE R A BT ORUAE A5 PCCP it f&, 7E 50
€ .1.0 MPa & s 1 B L38O e 0 %5 71) . MMAO-
3A(500 i) Ky B AT G S50 N 64T 55 RN,

ZEIAN Fig 11 Fis . Bk 54 ~56 ()57 RIE M AR,
H 1-CE A 1w B A 5, Bk 57 R
5 57 5 PCCP BCAAR AT AL MR, 1-C Rl 1-
VAR ILBEPEE I 89.4% , X Fh 25 UR A FLAA 57 A
RS P 3 LA 7 RE A SR T T b R R
T3 —J7 I WA R BT T A M et A DG SRR ), ¢
TR BT S5 T BRI IR OEAL T 48 bt 1 il

Ph,P PPh,
59

[59CrCL(u-Cl)]/MMAO-3A

/Methylcyclohexane
50 °C, 1.0 MPa
Act. 0.56 kg-(g Cr)"-h

Ph,P

[60CrCLy(u- Cl)]z/MMAO-3A

/Methylcyclohexane
50 °C, 1.0 MPa

Act. 28.88 kg-(g Cr) ™+ h™'

Sel.1-C; 42.3% Sel.1-C; 60.0%
cyc-C, 10.4% cyce-C, 11.2%
1-C, 4.2% 1-C, 14.2%
PE 15.0% PE 0.1%
F
Ph,P PEt, Ph,P )
62

[62CrCL(u-C1)]/MMAO-3A

/Methylcyclohexane

50 °C, 1.0 MPa 50 °C, 5.0 MPa
Act. 69.85 kg-(g Cr)™+ h™ Act. 2755 kg (g Cr)'-h™'
Sel.1-C, 47.1% Sel.1-C, 29.0%
cyc-C, 8.0% cyc-C, 3.9%
1-C; 32.9% 1-C, 62.8%
PE 0.2% PE 0.2%
| Q%:\
(CH;F-2),P PEt, (CH,F-2),P
63
[63CrCl(pu-C)[/MMAO-3A  [63CrCl,(p- Cl)]Z/MMAO-3A
/Methylcyclohexane /Methylcyclohexane
50 °C, 1.0 MPa 50 “C, 5.0 MPa

Act. 140.71 kg- (g Cr) “ h™'
Sel.1-C, 70.8%
cye-C, 1.0%

1-C, 6.0%
PE 0.1%

Fig. 12 PCCP ligands with ortho-fluorophenyl substitution on the carbon bridge and their oligomerization results'*"!

[62CrCLy(u- Cl)]Z/MMAO-3A

/Methylcyclohexane

Act. 5554 kg (2 Cr)"+h”

Sel.1-C, 50.0%
cyc-C, 0.7%
1-C, 41.1%
PE 0.1%

CQ

Ph,P PPr,

[61CrClL(u- Cl)]z/MMAO-3A

/Methylcyclohexane
50 °C, 1.0 MPa
Act. 33.23 kg-(g Cr)™- h™
Sel.1-C, 74.3%
cyc-C, 0.8%
1-Cy 17.1%
PE 0.2%

: F
Ph,P PEt

[62CrCL(u-C1)],/MMAO-3A

/Methylcyclohexane
100 °C, 5.0 MPa
Act. 1808 kg «(g Cr)'+h™
Sel.1-C, 60.7%
cyc-C, 3.3%

1-C, 28.2%
PE 0.1%

Cp

(C,H,F-2),P

[63CrClz(u-Cl)]z/MMAO-3A

/Methylcyclohexane
100 °C, 5.0 MPa
Act. 2119 kg (g Cr)"'+h™
Sel.1-C, 59.7%
cyc-C, 0.8%

1-C, 30.5%
PE 0.1%
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TR S DR i S ] s S A4 Ak Sy TR 76 BT Jiang
SECOE AR AR IE A F Rl m AL
HyFFEENE, 75 50 T 1.0 MPa ZJ& &y I ILFRC
Y NV MMAO-3A (500 2448 ) S WAk 0] i) S 1
T AT RN, 45 B0 Fig. 12 iR, A3 B
PIFCHR 59 fiEfbim M2z JF H R O IR 23k 15.0%
VPR AL 07 S g el A P OR R T HAFTE R B U
HITEPES Rl . FCAK 62 F1 63 7 1 MPa I 35 L H3 f I
PHEALIE P | G 2 N ELIATE 100 T 5.0 MPa

I R N AT RONE, 6 R 62,50 C B AL P
J 2755kg/ (g Creh) , 100 CHH/3HEA 1808 kg/ (g Cr+h)
PIMEALTE M, T R IR B IR AR, B TR E BT, 12
IHEBEETE 2 60.7% , B’ LM BEFEPEAL 0.1% 5 e i
63 7 50 THIEfLIE M ik 5554 kg/ (g Cr+h) ,1-C0
v Bl = o 172l W WM B I S0 vk < 2 B 7Y
91.1% ;100 CH A MALIE TR T 1 4%, B4
ik 2119 kg/ (g Cr-h) Mk FEPEIR 90.2% , —H YR
P BRI ERE T, 7E 100 C REA R 3R 2 4%
R F= P A B, k2D Tl B2 b 2 R A W DUR T 8
FIAEIEIE FEIN G, HoA RAFI Tl AR FHE 7
1.7 R4 PCCP Bk

Zhang %5V HGE T —Z8Hr Al PCCP A4, %35
P A a5 A SRR A T R IR, B R IBCAR 2 151 A
T ISR TG, PR R 2 R PCCP LA %
1A Z2 AT AE XSS R BT AN 2 4> P U JE A Ak kA7 45
Ffetti, 7F 60 C 4.0 MPa IR 1 RO ke H
%71 MMAO-3A (1000 i) S B AL 9 45440
BTSRRI, 45 40 Fig. 13 FiiR, P XUEFEE
RIVELR 64~66 HIFRILH T R AT YRR,

4 Ph
Ph,P o PPh, Ph.F o PPh, PhP . PPh,
[64CrCL(p-C1)]/MMAO-3A  [65CrCL(u-C)]l,MMAO-3A  [66CrCl,(u-Cl)l/MMAO-3A
/Methylcyclohexane /Methylcyclohexane /Methylcyclohexane
60 C, 4.0 MPa 60 °C, 4.0 MPa 60 °C, 4.0 MPa
Act. 267 kg-(g Cr)"-h™ Act. 259 kg+(g Cr)"-h™ Act. 644 kg-(g Cr)"-h™
Sel.1-C, 9.9% Sel.1-C, 10.4% Sel.1-C, 13.3%
cyc-C, 15.6% cyc-C, 14.7% cyc-C, 13.5%
1-C; 63.3% 1-C, 63.7% 1-C; 63.2%
PE 8.5% PE 6.7% PE 6.0%
CyPhP PPh, Ph,P PPhCy
68
[67CrClL(p-C)]/MMAO-3A  [68CrCL(u-Cl)]l/MMAO-3A
/Methylcyclohexane /Methylcyclohexane
60 C, 4.0 MPa 60 °C, 4.0 MPa

Act. 582 kg-(g Cr)"-h™
Sel.1-C, 26.0%
cyc-C, 6.3%
1-C, 63.5%
PE 0.7%
Fig. 13

PCCP ligands with a semi-rigid backbone and their catalytic performance

Act. 274 kg+(g Cr)"+h™
Sel.1-C, 16.6%
cyc-C, 27.5%
1-C, 44.2%
PE 2.5%

[37]
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FRECA 66 HIfEILIEPE IS 644 kg/ (g Creh) , 1-F4 1k
Pk 63.2% (HIX 3 DMECIARY R OG- RS, P
FEIARC I ALK 67 F1 68 R Mwr=mi /b,
B 67 RIS ERE , 1-CR R 1-2E 0
LB PEPE IR 89.5% , A e PEIIRA 45 5 & B, e fk
66 T i i B A KR M d5cdig, 100 C B, AR S M5k
1259 kg/(g Cr-h), 1-C° #s Al 1-9F 4 30 ok & v
83.0% , B LM =5 1.9% ; i 7E 120 °C B, 44k i
{154 570 kg/ (g Cr-h) , R M7= 2.9% , e FE 1k
FTFEE 89.9% , X T EAG 5 T IR AT 1-C 0 R
Tt
1.8 #1882 3% PCCP BikiZit IR A

MEAERE WL 27 2T H A AE A Ak TR0 152 40 3 e B
HE RSB Jiang 251454 DFT iR 5 AT
i 25 4% ( ANN) T PCCP AR 1A 28 174 T A 754

X

L

B

> i
b

H [
bl

Bite' IXy |
angle - 1 :
N b
) >
b

]

)

]

“Bond
Oon
- I X,

length |
%

. Input set
Bond lengths, bite angles, and

NBO charges obtained from DFT
were used as input descriptors

Artificial neural network

(Fig.14) , W52 A BA B SEF FH DFT Xf 24 #0101
PCCP/Cr R R 4T LM AL 5 i F 2549 11530, $2 1R
A Cr—P HEK e M 3 38 1R B & [ 4R B L 0E
(NBO) HLfij 43 41 55 18 />3 [] {37 BH 5 HL %500 i ik
fF, it Levenberg-Marquardt 8.3 Il 2k il XU H3 #h
5 RT3 B SEIE T X 1-C R -0 e R
FER RETION , 3AE Y JeE R B A F 0.962
0.976,, FFAFFEME T & B, 25 [ 457 BH A% 1 57 ik
(68% H1 62% ) =5 T HL F &0 (32% 1 38% ) , H
P—C K5 Cr Hub A LT 2 B R OG22
TR TN ) T R A AR 69 7E 50 C 4.0 MPa Z 05 %
I3 AR O BE R . MMAO-3A (1500 45 ) iy Bl
PEALFI A 261 T R 2181 kg/ (g Cr-h) By fiEfk
TEPES 65.8% [ 1ML 8 PE (Fig.15) , S R 5
PR T — 2,

P R.

V1] \

| |

P I R, /— R,

i i \P P/ »

ST S Y
Output set

PCCP ligands were predicted
and the model was validated
experimentally

Fig. 14 Prediction of high-selectivity PCCP ligands using a combination of DFT and artificial neural network model'*"!

F.C F.C F.C
Ph,P PPh, Ph,P PPh, Ph,P PPh,
69 69 69

[69CrCl(u-C1)[/MMAO-3A
/Methylcyclohexane
50 °C, 1.0 MPa
Act. 46 kg+(g Cr)"+h
Sel.1-C, 41.5%

[69CrCl,(u-Cl)[/MMAO-3A
/Methylcyclohexane
90 C, 1.0 MPa
Act. 12kg-(g Cr)"-h™
Sel.1-C, 55.0%

[69CrCl(u-C1)[/MMAO-3A
/Methylcyclohexane
50 °C, 4.0 MPa
Act. 2181 kg-(g Cr)"+h™
Sel.1-C, 21.4%

cye-C, 5.3% cyc-C, 1.5% cyc-C, 4.7%
1-C, 38.0% 1-C, 24.8% 1-C, 65.8%
PE 0.8% PE 0.2% PE 1.5%

Fig. 15 Oligomerization performance of PCCP ligands predicted by DFT calculations combined with artificial neural networks

[40]
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Advances in Selective Ethylene Oligomerization Based on
Chromium Catalyst with PCCP Ligands

Long Chen, Zhen Liu
(School of Chemical Engineering, East China University of Science and Technology, Shanghai 200237, China)

ABSTRACT: Ethylene selective oligomerization as a key technology for preparing 1-hexene and 1-octene, holds
an important position in the field of advanced polyolefin materials and fine chemicals. Catalytic systems based on
PCCP ligands have attracted substantial interest due to their exceptional catalytic performance and tunable product
distribution. This review provided a comprehensive summary of various PCCP ligands under diverse reaction
conditions. By comparing experimental results, the influences of temperature and pressure on the oligomerization
process were elucidated. Furthermore, the regulatory effects of steric and electronic properties—originating from
substituents on the phosphorus atoms and the carbon bridge—on the catalytic activity and selectivity were discussed
in detail. Finally, the integration of density functional theory (DFT) and machine learning in mechanistic studies
and high-performance ligand screening was introduced, followed by an outlook on future directions for advancing
ethylene selective oligomerization technologies.

Keywords: selective ethylene oligomerization; PCCP ligands; chromium catalyst; 1-hexene; 1-octene



