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[ 6 h AL T, TCP ULEN 96.4%., 24 CCL RN 20.0 kg, MiHT[AE] 10 h B, TCP B8 99.7%, Yk
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Synthesisof 1,1,1,3-tetrachloropropane catalyzed by in-situ reduced FeCl,

XIAO Zisheng, LIU Siyi, SONG Yongxiang, LAN Zhili", YIN Dulin

( National & Local Joint Engineering Laboratory for New Petro-Chemical Materials and Fine Utilization of Resources,

College of Chemistry and Chemical Engineering, Hunan Normal University, Changsha 410081, Hunan, China )

Abstract: A catalytic system of Fe/FeCls/tributylphosphate (TBP) was obtained using FeCl,, produced from
in-situ reduction of FeCl; with reduced iron powder as catalyst and TBP as coordination agent, to catalyze
the atom transfer radical addition reaction of CCly; with ethylene for the synthesis of 1,1,1,3-
tetrachloropropane (TCP). The effects of Fe/FeCl;/TBP system composition and reaction conditions on the
conversion of CCly (0.4 kg), selectivity and yield of TCP were analyzed, and a 20.0 kg scale-up experiment
was carried out under the optimal conditions. The structures, interactions, and energy changes of various
species in the FeCl, catalytic reaction process were investigated by density functional theory (DFT)
calculation, while the interaction between the complexes were analyzed by Hirshfeld independent gradient
model (IGMH). The results showed that under the optimal conditions of n(CCly) : n(Fe) : n(FeCls) :

n(TBP)=520 : 3 : 2 : 6, ethylene pressure 1.0 MPa, reaction temperature 110 °C, reaction time 6 h, the
yield of TCP reached 96.4%. When the feeding amount of CCl, was 20.0 kg and reaction time was extended
to 10 h, the selectivity of TCP was 99.7% while the yield was 92.4%. The quenching of the intermediate
1,1,1-trichloropropene radical to generate TCP was the reaction rate determining step due to its energy
barrier (+92.9 kJ/mol). The activation of ethylene was mainly achieved through the migration of 7 electrons
from C=C to the anti bonding orbitals of Fe atoms in FeCl,, achieving effective coordination. The
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activation process of FeCl, to CCl; and ethylene was synergistic. The second-order perturbation

stabilization energy changed before and after FeCl, activated CCl,; and ethylene were +41.71 and

+39.37 kJ/mol, respectively. The cyclic catalytic mechanism of FeCl, catalyzed atomic transfer radical

addition chain oxidation-reduction reactions.

Key words: Fe/FeCl;/TBP catalytic system; FeCl,; CCly; ethylene; atom transfer radical addition reaction;

density functional theory

1,1,1,3-PUG A ke ( TCP) J2&A g — ek 2R
PRIV 2,3,3,3- DU N M ( HFO-1234yf) &l 5
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PR SR AR BGE 1 ) IRy, RN sk (I £
FIAFR RS, SCBA T SRR XU .

TCP WA ik FEA T A5 Rk B
L R NI L e R [ Ak A S N LI )|
Fe/FeCly b AT . A HLBEIL G20 0 B AL &
B TCP St il A Tl AE = AR . — i, %k
Hfe R 2 508 . B B 59—,
BABELIRE R . FHGIA Y . SRR
SR m R 1,1,2,3- DU SR M A HFO-
1234yf (SR, MR, 1,1,2,3- DU T
WA= EERL 1,2,3- = ARk 3-F N MR,
26 225 JOW A Y, 30 T 3 kA RO AR
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1.2 FHik
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FeCly 1] BEXT 2 56 Br A 6 40 S i 48 1R A e i i) 4=
T, JEAEAE B T WD e B M FeCly, MG T 2
MEEFT . HHED, £ Fe/FeCly/TBP {1k CCl,
5 ) ATRA MR R H, 36 FeCl, 5 FeCly

A4 A1 S g AN 2R AT, i By AR B FeCl,
Al e B A AR HEAL TG . 2R FeCly A FARALF] |
Fe 3 4 Bh Ak 5] . TBP My fic {57 A2, szt S o
FRAE (W5 4 ). 1R FeCl; Fll FeCl, hy HARALF
Fe ¥ h Wik . TBP AELAIFINS, MM REIRAS
AR aE R (S 5), EETMAEE, XA
TR TR A3 2H R S s o B AN K. BT, DU
FeCly AL . Fe #r o BifiEfbsfl . TBP ARLAL
FIH AR FR (Fe/FeCly/TBP ).

# 1 Fe/FeCly/TBP i/ 2H M%) ATRA S i 52 Wi

Table 1 Effect of Fe/FeCl;/TBP composition on reaction
cot e—on PO, o)
g n(Fe) : n(FeCl,) : CCly \ TCP TCP
n(FeCly) : n(TBP)  Hefb®/% HEPEM/% W/ %
1 1.5:0:0:3.0 8.6 64.0 5.5
2 0:1.0:0:3.0 86.2 96.2 82.9
3 0:0:1.0:3.0 88.8 97.6 86.7
4 1.5:0:1.0:3.0 99.3 96.8 96.1
5 1.5:1.0:1.0:3.0 97.3 96.8 94.2
6 0:1.0:1.0:3.0 98.7 90.1 88.9
7 1.5:0:2.0:3.0 92.8 96.8 91.7
8 1.5:0:0.5:3.0 57.5 93.5 53.8
9 1.0:0:1.0:3.0 98.5 97.4 95.9
10 40:0:1.0:3.0 90.5 94.5 85.5
11 1.5:0:1.0:0 38.5 93.2 359
12 1.5:0:1.0:1.0 72.5 94.5 68.5
13 1.5:0:1.0:2.0 96.7 95.3 92.2
14 1.5:0:1.0:4.0 99.5 96.9 96.4

T BN 514 A CCly 2.6 mol, TBP 0.03 mol . FeCl; 0.01 mol
LT 1.0 MPa, IR EE 110 °C . [IAY[E] 6 h

1E Fe/FeCly/TBP f1k CCl, 5 2K 1) ATRA i
KZH, FeCl; 5EiA& TBP /BRI AT LAA s i &
Yyl B R4S Y, TBP i@t P=0 bl O J5
F5 FeCls B, B4 FeCly BIRMTE ; Fe Bk &R
) FeCly #B4ri8Jit, A9 FeCl, /& ATRA J b “E
SR AR

MFE 1 B0 LIEH, 7E Fe/FeCly/TBP 4,
FeCl; & X S N AFAE 552 (s 4. 7 F1 8 ),
/D FeCly it I AEA ML CRAE (05 8 ).
M FeCly LR, CClL 4L (99.3% ) il TCP
WEHEPE (96.8% ) BcmE, RI“H (1#) 2#) ikt
SIBEAR (g5 4), XATREZFN, FeCly &g
2, MEAC RN A PR S 3G, DA IR T s g
R B FeCly BMER T CCly Mo TCP 41 i AR G 1K
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PEEE (4’5 7). BIL, B FeCly &G N
n(FeCls) : n(CCly)=1 : 260,

1 Fe/FeCly/TBP fi#fk CCl, 5 £ 4 i ATRA JZ j
KZ 1, Fe M9 FEZAE K FeCly #5338 )5 pLd Jit
1Y FeCly, FeCl, & ATRA S i A Ak 7] B
M 1B LIFEH, 7E Fe/FeCly/TBP AU AL ZH AL
W, Fe Sra b [ NAFTER I (4’5 4. 9 F110),
n(FeCls) : n(Fe)¥EHITE 1.0 : 1.5 B EE (45
4), Fe &3 Z£n}, n(FeCly) : n(Fe)=1.0 : 4.0 £/
BN S0 BRI HLAREE I (45 10); Fe i
1t /Dif (n(FeCls) : n(Fe)=1.0 : 1.0 ), WA RE<x i
SN R R E (HT 9 ).

1 Fe/FeCly/TBP 14k CCl, 5 £ 4 i ATRA JZ ]
K& T, TBP &—/EiE M ELIA, TBP g5 FeCls
TE A R B LR A2 R 1 IR FT AR
TBP HI X R NAFLE W (45 4. 11~14),
A H] TBP I, CCly BN 38.5% 45 11);
24 n(TBP) : n(FeCl;)=1.0 : 1.0 i}, CCl, i¥E L nT
K 72.5%, B8 (188 2#) BT 80 (24 4.0% )
K (95 12); 4 n(TBP) : n(FeCly)=4.0 : 1.0 i,
CCl, Wb 56 4, TCP AYIEEAE T 3k 96.9%
(%5 14 ),

LR 1 WS EHE, 16 Fe/FeCly/TBP fifk
CCl, 5 W) ATRA RNk R H, B W
n(FeCls) : n(Fe) : n(TBP)=1.0 : 1.5 : 3.0, CCl, 1k
RIik 99.3%, TCP EFEMEN 96.8%, TCP ULHE N
96.1%.
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CCly AL ZT & I E 2R AP AR ,[H TCP
) 3 R 1 i 7 I IO ) ) P A < S W B T B 8. %
JEE] Tl AR P ad R 2 B s 2 N 2, BERR I N
BFE] 2R 6 ho

1002 *—x
e Ji
CCl, 2.6 mol,

IFe 0.015 mol,
FeCl, 0.01 mol .,
TBP 0.03 mol.,

| Z4E 1 1.0 MPa,
6=110 °C
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o
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—a— TCPILH

1 2 3 4 5 6 7 8

bz i IR X & )
S
<)

W
C100F° e —
@' BRI
b=t 80 | ccl, 2.6 mol.
Jéa\_ Fe 0.015 mol,
& 60 |- FeCls 001 mol,
#® TBP 0.03 mol,
ﬁ, ZHHES11.0 MPa,
40 | =6h
B | ~o— CCLAL%
£ —x— TCPiEREM:
20 - —a— TCPYCR
70 80 90 100 110 120 130
TREE/°C
(v
© 100 F d—k—x
¥
= o0l R
= CCls 2.6 mol,
B Fe 0.015 mol,
8\- 60 F FeCl; 0.01 mol,
® TBP 0.03 mol.
; 6-110°C, .
2 0l Con ~e- CCLE L
i —— TCPHE#EM:
R —a— TCPYit%

202 04 06 08 10 12 14 16 18 20 22
ZJ#HE 1/ MPa

B 1 JRiBtE (a), BEE (b) FLIEES (c) X
CCl, 5 211 ATRA SR Y54

Fig. 1 Effect of reaction time, temperature and pressure on
synthesis of TCP
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M52 . M 1o ATUAE Y, Bl SO0 B T
CCl, AL 3% 1T}, {3 TCP [k 2T
FErka s M VIRERR 110 °CHF, CCl B 785
HeAb, TCP BYCRIN B e fd; ARS8t RO i 2
120 °C, S5t I TR €8, B i AR i i
YR L, gEathih 28, Y E A R AR
FRWAIE GC PRAMIN . 456 PR = b i
B A Pk S R, HE RO IREE R 110 °C,
223 TWEAGHH

& 1c N IETESIXF CCly 5 21 ATRA KL
Fsm . M 1 TRVE Y, HiE OWEETIMTHE,
CCly WAL R TR, [EIE, B =4 i ot i o3 0 bl
Z LT, #E—PINR CHEE I, O R
ARG, ROV AE R R L . R TR
R A PR A R R IR IS, Ik, ®HE O
% J1°4 1.0 MPa,

zi b, £ n(CCly) : n(Fe) : n(FeCly) : n(TBP)=
520:3:2:6, CCly By#ktE 0.4 kg (2.6 mol ), &
W) 1.0 MPa, R E 110 °C. WHE 6 h
HIAEAL 1, TCP BIICR AT ik 96.4%;
2.3 B RMNALIEAIHEDN

Fe/FeCly/TBP &ML AI ) A fb- i i bR &R, —
Ml il ATRA J by Al e 8 1 B =X A fb 340 )i
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PEFR BN HLER DY S R 2 iR, BiEE 14,
Fe ¥4 71 FeCly i I il id R A5 14 FeCly; 25 2 25, FeCl,
fERTF CCly, WS H ™4 [ H3L-CCl;, FeCl, 4
AALRL FeCly, HizFoo R je— A nliid f2; 46 3
#, oCCly AL E| LR B C=C # =48 A h %
CCli—CH,—CHe; % 4 %, CCli—CH,—CHe+ M\ FeCl,
AR R F A ) TCP, [l FeCls #38 J5 AY, FeCly,
MTTHEA T — N EIEIR

FeCl,y

Cl;C—CH,—CH,C1

(TCP)
FeCl,
—CCl,([ +CCl,
R4
Cl;,C—Cl—FeCl,
Cl,C—CH,—CH,*

+ CH,=CH.
L3

Kl 2 Fe/FeCly/TBP fift ATRA JZJ i AJ REHL B
Fig. 2 Possible mechanism of ATRA reaction catalyzed by
Fe/FeCls
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2.24 Y Ny el
7
e, 1‘ 220
’ D
3

A REYREER, I X ] e B VA T R S
N, PAF T MBI 3 A IESLEM, RN SR 4
YR ES S e LK 3 iR

M 3 LA 1, RN IFIRE, CClL 5 M5
T BT FeCl Wi Fe( I1)HoC, d8 5 5540 BAE
EMECA Y Coml, [FII Cl—CCl, ftpkhifd, ek
25+64.0 kJ/mol [HEEZ:, LB TSI A LW,
e Com2 WA, Hafi{bl FeCls Fl«CCly, FEIM]
TS1 FAbid fEdr, Cl—CCL 28 M 0.1761 nm (JiEES5 2
) CClL 23T ) Hifh3] 0.2209 nm, EHWREMRK C—
Cl 48 (#fEN+290.4 kI/mol ) BV 54k FeCl, 11k

TERE)S R EFE T, «CCL M RES C IRtk 2
KA H N R, «CCls H 3w IR 4
+3.4 kJ/mol WIEER U T 5 2 & 45 &8 i d A
TS2, [AlEt FeCly K A:MF%, 507 —4 C i+
54, AR ER 1,1,1- =N A B3 Com3, X
—BE 0 R W S R 249-50.6 kI/mol BV L 7E TS2
i C5—C9 By R ATt ek A8 4 0.2436 nm,

I A ISR KB, T ABE Com3
1 Fe, CI3. C10 = Z MM EAEN, JER—1—
I RS X, Fe(D) Ay HL fa Tk, 4B AL RIS 5
Com3 P K4 B TCP A #2 HA7+92.9 kI/mol B fiE 22
TR R S ) pe A0 R, sk e Fe B P RIAE
T, Hd 3 BET5 C10 455 X iUH i) C—Cl 4,
M A% TCP 5 FeCl, ELA# Comd, )5, TCP
JIi B IR Y FeCly, FeCly 4k4L 5 CCly M AR HLAE
PV IT A N — e iE a8

CCl+FeClL+Z. 4%

X R /(kJ/mol)
5 B

|
[\
>
(=)

—240

(=229.7)

SRR
& 3a~c P YA A, 1 A=0.1 nm
K3 FeCl, fitft ATRA SO i EZ P TS (a). TS2 (b) M TS3 (c¢) MIS5H LK fE It 431 [F]
Fig. 3  Structure and energy of main transition states TS1 (a), TS2 (b) and TS3 (c) of ATRA reaction catalyzed by FeCl,



« 2516 ¢

M 4m 4 T FINE CHEMICALS

42

£ Com3 RiE T, fERifE£-73.2 kI/mol
Y BCERAE I A2 BB UE 19 7= ) TCP, FEZ M ALAE ER
W EY Rl FeCl, fE MMM OLD T
Fe( I1)/Fe( )% 40, DA 5 07 75 LA 4% B 480 £k -8
JE ML AT, X dE—2 1000 FeCl, /& ATRA
PEAAE 2R 3 R A S e Ak 7)Y,
242 ABALTEM TS AT

Xt FeCl, fi#fk CCly 5 2K ATRA SR it 72
A RER AP A S TR ) Fe I C JRF Y Hirshfeld
HLfaf 5 Mayer S0 ITE LA 4r, S5k 2
Fi7R o

MW 2 AT, FERN R, AR M
> Fe B9 Hirshfeld B faf S Mayer 882 & 4 T B B /Y

754k, , Hirshfeld B 1 Com1 £ 0.264 272y Com3
1 0.293, AN ) Mayer 8t 2.81 Z8fL = 4.51,
R Fe(IHZ D 7R A TR, 23 Fe(ll)
Yk, )5, Hirshfeld FE a7 &2 Mayer 8#2% 5351 01 7%
2 0.192 F1 2.60, X472 Fe(Ipyid s, ik,
M Fe J5F HLff F E 0T, 7% ATRA SV 2805 T #L A
H A L-iR R #2, CS5 %) Hirshfeld Hifif 2 Mayer §#
FASLRANFRH, CClL, H C—Cl #W AR T
*CCl3,CY HL i} 55 A2 AL XT 1 «CCly Y it 72
C10 Fri A FL AT SR 2, BEI-CClL 5 4
S IR B A B F R JETE FeCls MIBCAZAE T T B
AR, Wik, TRk FE A b3 A
A B AR =0, Nl R T TCP B A i

F 2 KYFhd Fe K C JETHY Hirshfeld Hifaf 5 Mayer §4%

Table 2 Hirshfeld charges and Mayer bond order of Fe and C atoms in various species

Fel C5 (CCly) C9 (L) C10 (L)
o Hirshfeld Hifaf  Mayer #4¢  Hirshfeld Hiff Mayer &2t  Hirshfeld Hifaf Mayer 4%  Hirshfeld Hifif  Mayer §:%%
Coml 0.264 2.81 0.142 4.61 —-0.033 3.74 —-0.026 3.70
TS1 0.245 2.88 0.163 4.47 -0.030 3.74 -0.032 3.71
Com2 0.253 2.85 0.161 4.51 -0.030 3.74 -0.031 3.71
TS2 0.267 2.36 0.174 4.47 —0.083 3.74 -0.023 3.72
Com3 0.293 4.51 0.118 4.42 -0.044 3.83 -0.067 3.71
TS3 0.162 3.45 0.124 4.49 —0.040 3.50 0.055 3.76
Com4 0.192 2.60 0.124 4.29 —-0.051 3.80 0.009 3.88

2.4.3 AAZAEA 4 IGMH 4 #7
IGMHP7E 3 T S PR 7% B B0 fL 22 R R N
B A EAE B EDE &R U5k . IGMH BEREH 3L
JER RGN T R B2 R S5 A BAE T, tpE R B
WEMTZ AR EAER (feedamig ), Haodr
25T DA — L s A T SR Y Z M DL 2

R EA/ER (MADI) #9380 P R AL SO0 3R fEE
PECS ML IR Z g CCly (Cl 5+CCly ). FeCl,
(5 FeCly) MM (B CCL,CH,CHe) 5 X R4r+
FB, ESEE N 0.01 au., R IGMH 7387 T
AR R 4500 F R Be I AR EAE T, bl S
Kl 4 FiR

a—Coml; b—TS1; ¢c—Com2; d—TS2; e—Com3; f—TS3; g—Com4
B4 SYFh s R Bz WA BAEFE

Fig. 4 Interaction diagram between molecular fragments in various species

ME 4 mTRIEW, Cl4 5 C5 Z[H], Cl4 5 Fe
Z | Fe 52 “BIE” WEER CCl. &
Jis B FeCly A 22 B) 45558 1) T 57 1 FH AR - b Ji B
Fo TE CClLHY CI—CClL #hr i #Erh, C5 5 Cl4
Z I SEE T “AEJR” AR/NAE, RUIWHE Z ]

MEAERZ AN SFEE, 2@ B K Cl RET
(Cl4) 7] Fe HuO5Ed, PIE 2 A0 (A AR5 0
“REJEE”, 1 BH R AR AR

[FH, «CCl, 544218 (C5~C9) A EAEM
B 35 AR 5R , SXN R FE Z R C—C 4
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WA R, S JELIE R FeCly it a % 1,1,1,3-PU4 N4
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B4R Cl JEF (C13) 5 CI3,CCH,CHe # 2 [H]
( C10~CI13 ) A EAE HHL A I ph 55748 5%, 36 W T
Wi Z [ C—ClL AN (TS5 %R 3
Y Comd JFF45 ). M Fe fifbidth o b S5
T A AEfE AT AL, 78 ATRA Jhad 2 H, FeCl, i i it
MERNST CCLH Cl4 BT 52 C=C Witz
6] B g () 322, DRl iE AL T CCly K 2 iy C=C i,
M T «CClLy A= i S CL,CCH,CHRg K, 52
LT X ATRA J2 N 4 B[R] 4R A o
2.4.4 B REEE SN
XML IR R 1) A SR EEE (NBO) #6547 T 40 #7,
LA FeCl, X CClLy 5 &4 1) W i A2 € g
( EQ2) ) &1FAL FeCl X% CCL, J 2 M s AR it 233
EQ)W R /INAT LA 7R B TR T L T 32 (R L =2 1]
A EAE A XT SR 55 . NBO 45 3 3 FiR.

M 3 ATLLEH, 7E FeCl, 5§ CCly M Z M lic i A
M, cCly FZERZEUH Y B —A Cl1JE+ (Cl4)
LR (LP) fE N FARETE Fe i1
) S EERLE (LP* ) B sk B A BLAE AT, CCly
TEIGALHT G 1Y EQ)ZEL(EA+41.71 kI/mol, SZIHL
FEITAF, Cl4 JEFHAY LP 5 C5 JiFhHy H i
REIE (RY* ) 2Z00] 2 5 C5~Cl16. C5~C17 1 C5~CI8
BB BB (BD* ) Z A EQ)WE/N T i
50%, W CCly 5 FeCl, Bl 5, CCly Ay HiAth
C—Cl AN Mok i 1k, A CCls HL FHLIE 1Y F 87 43
AT £ W 3BT LI, FeCly X M1
WAL FE IR C=C 1Y = B, T 81T & Fe J5i T LP*
ML, LG ET G M EQ) A LN
+39.37 kJ/mol, NBO 73 Hr & R 13k W], FeCl, X} CCly
B s WG AL R o] e W A2 7 1Y) o

3 FeCly X CCly )t Al AL/E I B il hE 73 B

Table 3 Second-order perturbation energy of activation of CCl, and ethylene by FeCl,
@ ccl A
/ a 4
% @ @ Cl4(LP)— Cl4(LP)— Cl4(LP)— Cl4(LP)— Cl4(LP)— C9~C10(BD)—
w ,,..5}3 Fel(LP*) C5(RY*) C5~Cl6(BD*) C5~C17(BD*) C5~CI8(BD*) Fel(LP*)
2
HALHTHY EQ2)/(kI/mol) — 34.52 4.14 4.14 4.14 —
1%L JE ) E(2)/(kJ/mol) 41.71 17.57 19.79 21.09 23.64 39.37
He =" RoRIEE
25 MAXRK T 4 WU, TERALEIE T, CClL ik

FEFXF AR JF ) FeCly {4k TCP & Wi AL
il R A B AR, XL 554 TCP WA B W 7
T HROKR LS, REF n(CCly) = n(Fe) : n(FeCls) :
n(TBP)=520: 3 : 2 : 6, ¥ CClL, i kHEH 0.4 kg
SJEK 10 52 4.0 kg, PR 50 5% 20.0 kg, B
FEXT AR 0.5 LAWK R 2 5.0 #125.0 L A9 [
AR AT UK SL8R, ZE S 1.0 MPa, SO0 iR
FE 110 °Co Ay B i S50 il ask 8 v R 4GB0 46 PR 3R
AT BB R A SR AR S A ], R I vk LA,
T O, R BUAEROR S5 v 20 1 I FE
S 19 N oy 1 1 )1 K R (1 A 8 [ B 2 S
AR T OB, Wik, X CCly ik}t
4.0 F1 20.0 kg AYRCCSL I S W s (B 40 513G fin 2 A0
4h, ZERIME 4 PR,

4 TCP & R AR S B 45 2R
Table 4 Experimental results of amplified TCP synthesis

process

S48 ccCly CCly TCP TCP

kgL BeklE/kg  HIER%  EEME% BCR%
0.5 0.4 99.3 96.8 96.1
5.0 4.0 96.5 98.5 95.1
25.0 20.0 92.7 99.7 92.4

. TCP Wy B FCR Y R SRR = K. /R
SR CCl Bkl 20.0 kg R SEE H, TCP YR K
92.4%, CCl, HALFE N 92.7%, HLIE X 99.7%H
TCP WEF 315 i i TCP #L&Sh . CCly AL R
BEAR AR N AT RESE R o, IO TR T L
T SR A AR O AR R DN, BRI
6] PN 20 B A B SR A . PRI, A S22 4 A
SR AARE K, AR RO T AR &R R R
PRI 2B, IMTEE i TCP 2B P30, B—J7i ,
AU Bl 7= M R D S S VR T2 B A B
Ky WS BR A 7= o R AR 20 43 HUE s B Al Y
FCSEIET] . sk, Aifanis TCP 4 kit h i seal
LA T2, XARE IR ARSI,

3 #it

LA CCly F1 25 R J5kL, 7E Fe/FeCls/TBP k{4
ZH, 4 ATRA WA TCP, %8517 AL 2H /L
F N 45145 T A S0 IR 520 5 % ] DFT #
WIFE, WS T SO ad A v A 5] 9 1V AL B 4%
YIRS FRRE . M EAEH KRR {L; SR IGMH
BE TECE WS R Bz Bl A B AR .
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(1) 7 n(CCl) : n(Fe) : n(FeCly) : n(TBP)=
520:3:2:6, CCly ¥ plE 0.4kg (2.6 mol), &
M7 1.0 MPa, JNREE 110 °C. JWiAT[E 6 h
AL AAE T, TCP BCRATIA 96.4%; X4 CCly #%
BHE 20.0 kg, KMEFE] 10 h B, TCP #kHMEN
99.7%, WFEH 92.4%.

(2)DFT #HUg AR, 1,1,1- =& A i3
VER AR TCP A3 B2 B A +92.9 kI/mol FYRE £2 1 il
KRR P AR LA BTG AL R C=C
B 7 B T8 & FeCl, H Fe i1 R f 838 1M 52 LA
BB 3 NBO 43AfriE— A UESE T FeCl, X CCly K 2
I W AL R DR R AT . 281155, FeCly 14k
CCly Je LIGHTIG B EQ2)E 4653 5 R +41.71 F1+39.37
kJ/mol,

Wt SLE S DFT A LR /R T FeCly AL
R ALER, IR T X ATRA By4% 2 48 Ab-14 5 5 v 16
LRI AR, wT Lk CCL %M T & TCP 1Tl
oA PR AL BE e B S H AR I HE

SE k-
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