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Abstract: Selective oligomerization of ethylene has attracted significant attention in recent years. However, studies on
the effects of co-catalysts and solvents remain limited. In this work, a chromium complex bearing a two-carbon-bridged
diphosphine (PCCP) ligand, known for its high activity and selectivity in ethylene tri-/tetramerization, was investigated.
Triisobutylaluminum (TIBAL) and dry methylaluminoxane (DMAOQO) were employed as co-catalysts, and the influence
of solvent conditions on catalytic activity and linear alpha olefin selectivity was examined. The synthesized catalyst was
characterized by elemental analysis, and product distributions were determined using gas chromatography-mass spec-
trometry (GC-MS). This study provides fundamental insights and reference data on the effects of co-catalysts and solvents
in PCCP-Cr catalyzed selective ethylene oligomerization.
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Scheme 1. General mechanism of ethylene trimerization and
tetramerization.

20043 Sasol A-+7E-2 T3] o}l (diphosphinoamine,
PNP) 217+=(ligand)= Hi91E Cr Fuj o} v d d-Fr| 5491
(methylaluminoxane, MAO) ZZ1)|(co-catalyst)S &H8-3] o
g3l AFA| SH(tetramerization) 75 HAFCH! o] A=
71 s vhE SAle] AlzdlolA 1-5E1E oF 70% 4
oz A 871%<1 Ablolt.

ofgzle] At % AlAsE dnka o= vguirle|E
(metallacycle) M|71U5 (mechanism)°l] 2]3)] 21 ¥t} (Scheme
1). 7] @Al 7 7he] elgdll Exp7T T4 S4lel AkstA
ZA3HS (oxidative coupling) 3FHA wjgetrlo] Z ZHEH Q]
(metallacyclopentane) -7+ (intermediate) S 343 $He}. o] %
wereprto| 223 e Q1o 7RI ol gl A7t Ak =
a7t ST} Bra A (B-hydride transfer) 8-S 7
WA arg] Fx7F ol wgeiatel ol el ). o]
Ay dut o] AAETHS? vk A2 e 24 5EAY
e Fxo) A SJEske Z10E dEA Stk 71=4] PNP
=gt ofuel o] ©hAR AAE tho] 22 (two-
carbon-bridged diphosphine, PCCP) 2]7F=5 Zl= Cr S3A)
T =2 LAO 24& YERITH” 53] ulldl (benzene) =4 €]
PCCP Y7t=2 AFE S A28 5US 259 oY
2209014 PNP 2j7k= 719k S Tiv] oF 500 kg/gCrh 7Hge]
g LAO E4S HATP Eg #H 2ol PCCP 27H=9]
TZ2E HETo A R EL] E] ol @ (polyethylene,
PE) A4S At -5 A9A8S 7 e d+E B
JEHATEE o]H gk Fuff AlAHES & 25, 4,
ZZ0)| Sl w2t e o] A DIt A Sa)
Al Blal olgh whg- Z719] Fakel ik A= HlwA
A gHA] o] T},

2 AFolx= AR gl A slet AR slollA] =2
A7 NS Hole PCCP-Cr |9 =1 TIBAL,
dry methylaluminoxane(DMAO)E 83l &=, 25 93 &

=
= B '
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B A7E Tl 25 SR wkE 2o mE e B
WstE jetetarat gtk FEAow AU =& LAO ML
g 7124<] HolEE A skarat it

A =, EF(toluene), chromium(II) chloride tetrahydrofiran
complex(1:3) Cr(THF);Cl;, hydrochloric acid(35-37%), =4l
Ql(n-nonane)> Sigma-Aldrich(St. Louis, USAYIX T3
o} A9, W Ale]|FZ A 9] (methylcyclohexane, MeCy),
1,2-bis(diphenylphosphino)benzene(PCCP & 7F=)2 Tokyo
Chemical Industry(Tokyo, Japan)ollA] +ul3}31t}. DMAO+=
MAO(10 wt% in toluene)S Albemarledl| A st EF<l3}
trimethylaluminume- A A g $- AR-31T} TIBAL(1.0M solution
in toluene)= Thermo Fisher Scientific(Seoul, Korea)ol|A] —*
o skl th. vl ©F-&(methanol)2 Samchun Chemical Co.(Seoul,
Korea)oll A} +9)sted EE=o] GA| glo] AR5t vhgoll
AREE BE Bule AA S AX ARSIt &7l
&) 4| 21-& Na/benzophenone A|2=E oA 247} wxt

H

el
=
=
siRom 54 K-35 (freeze-pump-thaw) HH-S 33] HHE-

o
i) om

ste] 2781, WEAl| F 23| A|Q1-2 448k (calcium
hydride, CaH,) 3tollA 247F WRE & 2F SHIIL 5
g 27 A 33 WHESIIT BRE Al EHE
(glove box) W Y5220 Cylr Hasisin}

Al3] EH|. NMR 48 400 MHz FT-NMR(AVANCE Neo
400; Bruker, USA)S A431%10 3}8H4 o]F52 deuterated
] Wi B 710 R BT GC-MS 42 5
)83l Core Facility A1 €] 2] GCMS-QP2010(Shimadzu Corp.,
Japan)S AME3IATE 712 A2rtE vl o] 30.0 m,
W7 025 mm, 7 025 ume] HP-5MS ZH-S ARS-3IATH
2 A Z 2 E{column oven)?] &5+ 7] 90 CollA] 30%
ZF A §, 50 C/min®] 52 52 260 C7HA] 35A1A
1057} 7F5313 ). Al (injection) &-=& 40 CE A3,
split mode(ratio 30:1)Z FY3IAth -1F 7] A (carrier gas)
2= dES AMEEI90H U= 64.9 kPa, A - (total flow)
6.7 mL/min, Z'¥ & Z(column flow) 0.95 mL/min, A &%=
(linear velocity) 36.1 cm/s, HA] - (purge flow) 1.0 mL/min
Fo= BA4S S8t HAF o238} (electron ionization,
EDE AFE-3191.01 o] 2% (ion source)?}t TEIH| 0] 2 (interface)2]
25 200 CE FAIBISITE AaF AT D3 2299 (differential
scanning calorimetry, DSC)<> METTLER TOLEDO DSC 1
(Mettler-Toledo, Switzerland)S AF&-5to] B80T} A A
B Ha 59)7] sleld 20 Coll 180 T7HA 10 CT/ming] &
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Scheme 2. Complexation of PCCP ligand and Cr(THF);Cls.
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PCCP-Cr Complex &%3. PCCP-Cr complexi= 7|0l H
I FEe Fas) e BE AFe 2eE v
o} 79l =3 7|4 (schlenk technique)g ©]&3 AN, 24
slollA] ggint. S w2 Yiox] PCCP 27H=(1.5 g,
33 mmol)} Cr(THF),CL(1.43 g, 33 mmoh)E 250 mL 27
5 vt 2} (2-neck round bottom flask)ol] & 3,
=7 100 mLE H7lste] d3] Szt & &4
85 CollA] 16 AlIZF 5t 718 kst 7 A27k4] W2kl
th o]F ¥hE &S BT AAST e A= AR
30 mLE 23] AlFste] HEZHom b JA APGES o
ATHScheme 2). FAEA] A AL, CoHygCLP.Cry): C,
60.2(59.58); H, 4.07(4.00).

LAO 8. =& vk 871 130 C 2E(oven)ollA] 4
2417k o FE3] xS T ARSI SHE v Yy
F-o| A 300 mL Parr ¥F-3-7](reactor)®l]l PCCP-Cr complex,
| 30 mLE ¥ F &FrE 25WE FA7kekih vk
7l AR 259 oA FEH(oil bath) o & 3087t o d3}
ATt o5 €S 20 bar= 7ITE A vES A7k
At Folle Ig S®(ice bath) o2 W=7 F 2087} Wzt
ste] ¥hg REE W5 27 A S st i i
<(internal standard) =4]1 1 mL2} 2H3 v €h-&-(acidified
methanol) 0.1 mLE 715} th GC-MS 248 A8 E A
F8kaL WhS SFHES 500 mL HERSol] HHE] Ho) A3
ot e AYES A3 F 313 o8 sF AE dx

Eeg

g A0 250 e vl 463

Az o gl A st B ALEA SHE 918 PCCP-Cr
complexZS A3 Th PCCP-Cr &4 &8 wut A 73k
Ao A vkg & had Eo] mdg Wtk &u AlA
o} AHE Pt & Ya A48 B3l S 3 AHE &
913it}. ©]F TIBALS} DMAOE ZEmj2 83l 300 mL
23 W7ol LAO 48 A= tH(Scheme 3). HA] wt
= 70 C, o€l 20 bar ¥ ZAolA TIBAL 23|
g3 23S 435 th(Table 1). [TIBAL)/[PCCP-Cr
complex] H]E8-S 20002 75l Sufl 35 viwc} &
Fa o 308 B9 LAOZ} 144 mg AA H9low
LAO 34 57.6 g/mmol Cr/hE YERNSITHentry 1, Table 1).
S A FAE-S 0.8 mg AAAEATE Sl 2=
1 A28 =94.7:530103 =2 1-84 S B3
LAO A &S W7 357 =911 mL, 5.6 mmol)=} 1-3417}
1-58le] GC Z=HERe] HWAS Hwelal ol &5 &
(mole) B BAEE F(gS AlLtste] 3kt B3k LAOS]
AL ARE FHujjof tidt ST AR E 1843 1-
SHlo] A7Fe 7o ® Flksle] ALk tHTable 1, 2 7F
F Zx). A9 gujdlrds LAO A F] 111 mge &2 7+
A3l or A% 444 g/mmol CrhZ SHolX Thentry 2).
A BAEL 5 mgo 2 Z718IQA L LElan M E

it oo f
fo T

o

O QO
GO GO
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co-catalysts, solvent

Scheme 3. Ethylene tri-/tetramerization using PCCP-Cr complex
under various conditions.

Table 1. Ethylene Tri-/tetramerization with PCCP-Cr Complex and TIBAL Co-catalyst at 20 bar Ethylene Pressure

Enry [TIBALY Solvent Temp. Time  LAOactivity — PE LAO Oligomer distribution (mol%)’
[Cr complex] (°C) (min)  (g/mmol Cr/h) (mg) (mg) 1-C, 1-C,
1 200 Toluene 30 mL 70 30 57.6 0.8 144 94.7 53
2 200 Hexane 30 mL 70 30 444 5 111 94.1 5.9
3 200 MeCy 30 mL 70 30 70 22 175 97.1 2.9
4 500 MeCy 30 mL 70 30 58.8 0.8 147 96.3 3.7
5 500 MeCy 30 mL 70 45 51.2 3.6 192 96.4 3.6

“Reactions were performed using PCCP-Cr complex (5 pmol, 6.05 mg) with TIBAL as the co-catalyst in a 300 mL Parr
reactor. "LAO activity (g/mmol Cr/h) was calculated as [(1-hexene production (mol) x 84.16 g/mol) + (1-octene production (mol) x

112.21 g/mol)] / [([PCCP-Cr complex 5 pmol) x reaction time (h)]. ‘LAO yield was determined by comparing the GC peak areas of

1-hexene and 1-octene with that of the #-nonane internal standard. “Ratio of molar amounts of 1-hexene and 1-octene from GC data.

Polym. Korea, Vol. 50, No. 3, 2026
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Figure 1. Comparison of LAO activity and oligomer distribution
depending on the solvents used.

94.1:5.9% &4 2703} fALIATE WA, MeCy &ulfollx=
LAO A/d%°] 175 mge. 2 F71sbH €432 70 g/mmol Crh
2 7P =& 78 Yelthentry 3). 23 TS 2.2 mg
o7 E747} AM1e] F7F oIt TIBAL 251 AME-
Al Al 7HA] Gl B AdeiA o2 13 dlo] AP AT 2 F
offdall AEAIs), AFFA|SIoA E3] 2o]= MeCy -&vlollA]
33} 184l deldo] 71 =9kar EFla) FAIRL vl
MeCy 819} vl e 48 RS thFigure 1).
o]Fole 7P Te TS HSl MeCy &1 ZANM %
Zv) Fe 59 43¥S 1335k [TIBAL)/[PCCP-Cr
complex] Hl-&S 50002 &3 23} LAOE 147 mg A3+
At} EAe 588 g/mmol Crho 2 74319 1A Fakee
0.8 mg A=A Hentry 4). 2820 ZAH= 1-34:1-%
©=06.3:3.7 22 200 FHe] A3 A} FAIT e
ZEvl= Q3] v S48 JAEIITE FAEE AAldl=
ol oy AiAl & e 71odskA] Kk
MeCy Svi9} Cr B35 &8s 2/9v] Hale] d32 A

‘E .

b
2

T Kulangara er al.®] 7 A¥ME Al/Cr Hl&S 57
Al o], 574 H)& o)dollA EAdo] AslE= A7t fA
Al BSEHAUTE WES A7 45802 A4S entry 59
A= LAO A o] 192 mge 2 7ot 22 vhg A
7] F7F= QlEl LAO €42 51.2 g/mmol Crhe = ¥
AlZF 308 A3 (entry 4)0F 2 ZolE HolA] eiglrt. JA| A
A 36 mglE AZ FUHglon Sl 2ARE
96.4:3.60% o] S FARITE THH S E TIBAL =
5 83 RE oM dv o g FAdEo] g
A AAAEAE. g 1S 94% o) Aoz A4
g U gl

222 DMAOE %=1 2 ARE3l PCCP-Cr complex?]
LAO A4 ®ks-S H7I8ITH(Table 2). TIBAL ZEw) 270
A 7 e F4S HAW MeCy 2iS AR83l [DMAOY/
[PCCP-Cr complex]=200, ¥+-5- 2% 70 C, oll&#ll 20 bar =
Ao A 23S A3 thentry 1, Table 2). Z 23} LAO
QS 274 mge® T3] S7FIAL LAO B4 109.6
g/mmol CrhS=Z TIBAL 7 thH] gt 12fvt LAO
AG7F 7k} SAlol R E ES 273 mgoE Z7HIL
o] PCCP-Cr complex A|2=8lo|A] DMAO ZZwj7} H&
g Froe FEAR FANE 9A sHol= AV
WS AAFeHE B ST A EC] et Aol SE]
DSC #41& Fasiinh. 4 2o, 71 3padoA] 131 Cof
133 C2] &<¥ 3] F(endothermic peak)”}, ¥z} =/ of A
118 C, 117 Col|A 2 3] F(exothermic peak)”} T+2HE] T}
(Figures S1 and S2 in Supporting Information). ©]= L%
Z2]o| 2l (high-density polyethylene, HDPE)®] -8-§7 (melting
temperature, T,,)2 A3} & (crystallization temperature, T;)
o} Ax)5h T EZ HDPEZF A EIS-S HolFth! &
o 2ARE 1341 1-L81=42.7:57.30 2 1-2Hlo] AgAlo]
AL o] % FAs A ARl Sule] S Bt
3% CHentry 2). LAO /32 302 mgl & 715t Zv)
A% 120.8 g/mmol Cr/h &2 FAHUTH TnFAE A

Table 2. Ethylene Tri-/tetramerization with PCCP-Cr Complex and DMAQO Co-catalyst at 20 bar Ethylene Pressure

Entry” [DMAO)/ Solvent Temp. Time  LAO activityb PE LAOC Oligomer distribution (mol%)”
[Cr complex] (°C) (min)  (g/mmol Cr/h) (mg) (mg) 1-C, 1-Cq
1 200 MeCy 30 mL 70 30 109.6 273 274 42.7 57.3
2 200 Hexane 30 mL 70 30 120.8 235 302 16.4 83.6
3 500 MeCy 30 mL 70 30 158.0 394 395 354 64.6
4 500 MeCy 30 mL 50 30 142.8 553 357 38.8 61.2
5 500 MeCy 30 mL 100 30 165.2 2140 413 31.2 43.6

“Reactions were performed using PCCP-Cr complex (5 pmol, 6.05 mg) with DMAO as the co-catalyst in a 300 mL Parr reactor. "LAO activity
(g/mmol Cr/h) was calculated as [(1-hexene production (mol) x 84.16 g/mol) + (1-octene production (mol) x 112.21 g/mol)] / [(PCCP-Cr complex
5 umol) x reaction time (h)]. ‘LAO yield was determined by comparing the GC peak areas of 1-hexene and 1-octene with that of the n-nonane
internal standard. “Ratio of molar amounts of 1-hexene and l-octene from GC data.
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A AR B F 1-5H19] HlEo] 83.6%7FA] E=olXlt
ol AR guljollA FiH oz =2 dgl gl 7]
olgl Zlo =2 3|MET} Gao et alo] Kl w2 Alo|E2
A2 (cyclohexane)} EF4le] g 83== Aol FAFSH
1% Sahgal et al2] ATl A FAEE Sl=E
7H<1 3|l (heptane)2] A€l §38l=r EFAlRTE EThal
B wpebx] A9l gufjollA= MeCy §vl|:t} o
gl gt ol Sujl e el st Aoz
7kt F7HARL olgdl A 7137 BobA] 1-58l A8
dol F7ret 2102 A EL: £ A= olge] &5
S5 AH SAEA 7] wEe] 8= ole]o] it &=
2 Za EH9| =4 F 5 (local concentration)ol] 2]3F G
7Fs7go] dnt. o] Sl gl mE 83E IRl flal
MeCy &-rfollA [DMAOJ/[PCCP-Cr complex]=500 B]-&= Wk
35 33 (entry 3). olw] LAO A FE 395 mgl =
[DMAOJ/[PCCP-Cr complex]=200 tH]| Z71gich 22v} A
TAHE B3 394 mgo 2 g A E AT DMAO &3+
FEF 7 B Pelle s FALE A=
J3S 2] oS ondin), A E 28| A8 oA
S8l SRS 64.6% ©3TE o] Foll= MeCy S0l 2%
HslE Bl Bk 549S vlwstSithentries 4 and 5). 71&
70 CollA] 50 CZ HkS 2=E5 U] 28-S 23513 thentry
4). LAO A% 357 mge]al LAO 432 142.8 g/mmol
Cr/ho|Jth AL % 70 C &% 27} vlwalA H|$=3
LAO &4 At 2oy #A88E2 553 mge = 5
7¥slth W 2molA gl §3l=rt Sk AR A%
2 u)AeE Wke-S FEd Ao sEn o g Wk
2% 100 CollA] AgE a3l tHentry 5). LAO A7
413 mgQ 2 T/ FAGE-S 2140 mgo 2 F43] £
stk 53] o] 2= G, oVl LAOZE 24 AAE &
A Z2AdElo| A 25.2% 7HF AESEUTE A2ollA Al A
b uk-go] ehdks] Yoyt WjEo = s H e

FoslH, TIBAL 250l ARS- Al A S2]30 5 90% o3
o] 18X AEALS BT, T AR Fago 7 A
FQI} vEH, DMAO Z31)= TIBAL 231 tiH] =& LAO
S HAARE A A 582 thh "ojHn B3 &
o S5l met o 22 AgdS Boe, AR &
oA 7Fg =2 128 AElX(83.6%)2 Bt ol e A=
ZZ1|(TIBAL, DMAO)®] F-7ol e Cr o4 259 3
A zo|7t Fuf 4 g A E L2 wsll F831A 7]
AAFPLE-S AAREIEY YukA o = pCCP 7k=9] 738 6-3]
SEI T2A I A FA FE] AR dEH 2 YA
3o P Fo S| Mede Fhshs 8%le g 7}
Gsk=tl,) & At oldl Yl 2Fvulote] 23S Sl 4
AE 27 OS FasH AlolE F eS B 4
£Hoz, xFu|9 FR9} ke 27 LAO AR Ak
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Zolo} Fika FAdell 24HQ] I vIRInh TIBALE 22A]
S IAlskE H 28 5 3tk DMAOE £ Whe
L FRE F glont AdEE LAO S fsliM= &l
dele Este] olgall el Ale A WhE S o
FE ge Aol st wdEn

AolA= PCCP-Cr 5§ A|E TIBALS} DMAO %5

=R
e Bgstel U HAsh L A ST
S, G491, MeCy §olsh 250} P 0 Lo e
NES 542 H71SIITh TIBAL 2501 thite] gojolA

12

94% o)’de] 134l AMed-& Bt 53] MeCy Sviiol
e 7P =& LAO E4(70 g/mmol Crh) 1-3 4 A=
23(97.1%)& JERATE DMAO Z3vl= TIBAL ZZv) ti8)
e LAO A3 9418 1-381 $K(>57.3%)2 BT
£3] 9k 2% 70 C, A g0 ZANA 83.6%2] 1-5El
Aeide Bt olgfst A3= PCCP-Cr complex A|Z=Fl
oA ZZn| F79} wks 2o wEl AAHE BT} xo)S
HY Q18-S HojFEt) o= g5 AelE LAO TS A%
g 27 Aol T83% 712 ASE E8E F US Ae=

7=t

ba

#Ale| 2: o] 7= FHtiek skadrHel oJal A

HAFH

(¢3

OlaetE: AAES olalldFe] fle= Adgth

Supporting Information: ¥ Aol A E J1A| FakEe]
DSC &4 A3t Z3t=lo] lFUh 2 H8-2 tha A}
o|EX 1T 4= )5 th(http:/journal polymer-korea.orkr).
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