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Reaction Mechanism and Regioselectivity of Cu(l)-Catalyzed
Hydrocarboxylation of 1-Phenyl-propyne with Carbon Dioxide

ZHAO Yi*? LIU Yong-Jun®” ZHUO Shu-Ping*”
(*School of Chemical Engineering, Shandong University of Technology, Zibo 255049, Shandong Province, P. R. China;
*Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining 810001, P. R. China)

Abstract: Density functional theory (DFT) calculations have been used to conduct a detailed study of the
mechanism involved the copper(l)-catalyzed hydrocarboxylation of 1-phenyl-propyne using CO, and hydrosilane.
Theoretical calculations suggested that the activated catalyst Cl,IPrCuH is initially generated in situ by the
reaction of CL.IPrCuF with (EtO):SiH, and that the entire catalytic reaction involves three steps, including (1) the
addition of CL.IPrCuH to 1-phenyl-propyne to afford two isomeric copper alkenyl intermediates, which lead to
the formation of the corresponding final a,B-unsaturated carboxylic acid derivatives; (2) CO, insertion to give
the corresponding copper carboxylate intermediate; and (3) o-bond metathesis of the copper carboxylate
intermediate with a hydrosilane to provide the corresponding silyl ester with the regeneration of the active
catalyst. The results of our calculations show that the rate-limiting steps for the two paths leading to the two
a,B-unsaturated carboxylic acid derivatives are different. In Path a, the alkyne and CO; insertion steps were both
identified as possible rate-limiting steps, with free energy barriers of 68.6 and 67.8 kJ - mol™, respectively.
However, in Path b, the alkyne insertion step was identified as the only possible rate-limiting step with an energy
barrier of 78.7 kJ-mol™. These results were in agreement with the experimental observations. It was also found
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that the alkyne insertion step controlled the regioselectivity of the products, and that electronic effects were
responsible for the experimentally observed regioselectivity.

Key Words: CO,; 1-Phenyl-propyne; Density functional theory; Hydrocarboxylation;

Regioselectivity

1 5 5

— PR ERAR A AT AR ) CL BRI R
PERR 1) TEA LG B T2 B, ik i i K
B, ) FH I 4 R A Y e A B G WL R BLAIAL
EWIRFAL N, TE CO, #4646 A F 1A WLtk
H4).570 A, C—C 2 Hig 5 CO, ML AR A1k
SRR TN 2 . Bilan, Ni- kg
BeA P mT 4L 1,3- k8K 1,3- 4 b 5 CO, I H# & =
INE, B T s 0 7 T X S Sl U PR I R 7
ZnEt 1 AlEt, BRI 1 H bR . filr, Tsuji 55 PA
IMesCuF {E R L7, TERAZEAF T L5 T b B
SURELNIE T, SEBL T RN HLS CO, AR
FeAb R B ABATTIE S B, 4 AE ] 1- 2R R AR
IR I YA R R B R YT, RN R R RS sk
100 °C, th H e 43 2R & 19 H A 7= 4. 2 24 LA
CLIPrCuF {E AL 1o 1- 2K 5 7 ok T CO, IR A
FR LAY S BLAE T Cobe i ) S T R IA 86% ) 7
RAWREEPEY PP, HEA B i X ke 3%
PE(P 5 PP~ # Ly 75%:25%, K1)

XK RN, Tsuji &6 732 7 KRB RN AL
B, W 2 s, BEAMEAL IR IR ELHE = AN PR R
3 A\ (step a), CO,#fi A\ (step b) Fil -4 5 fi7 1t 72 £ it
Ak 77 F 4= (step ©). Wang 45 2 %8 ] % FE 32 bR BR L
(DFT) B3LYP J7iZMt 7t 1 7E4H(1) (CLIPrCuF)fifk ~
CO, 5— R FIA XS IR (1 R B A S S HLER, At
ATIASE FH 67 A PR 4 A 7R B 2R CRés AR A R N LT L R 7
ANT5 A B ] A8 ) E R LU T AR 5

AL TR CLIPrCuH I it e B2 1 H HH e 22, H T 5 45
A BEAR Ly b A R I 2 R R =40 (P AN PR 1
ERZEH. B A B 1 FT7R)N R L f A
Ji BN R R AETE A EE N, U™ E
2 5 e B I Cu JiE T () S B P, DR AR SR
FH B R F e A R ASE 28 78 4 25 18 05 B AR R AR AL
IS, BF 5T CLIPrCUF 5 (EtO),SiH A& il il 14 1
L5 CLIPrCuH [ #/L#l, %t CLIPrCuH {4k 1- 8 FE 14
KRN CO. AR AL s BEMLER JEAT VR LRI 7T, %) B 52
M sz I [X 3 438 1 1 = B2 Ji IR AR SR FH %6 BV bR
PR B3LYP J7 1% 22 KA 0 BEAS S SIMLHI, %07 %
TERIEFUIE I 4 8 (A0 SO s T DA HE v 1 45 SR

2 HERFE

T 43 1 45 A6 0 45 J e s A s A S 1 )L
A[ A0 AL 7 25 B 32 BR B8 B3LYP /K P b 58 1, 2% it
B R A N B R S AR BR(IRC) T 5,778
LG VI AT 108 S 2 e 9 A Pl S0 B8 1) Jg el e /) . XF
e 3RAF IR 8 46 A 1R AT 13E — 28 B IR B A0 2 43 #r DA
T 72 2 15 O B E 1) R 38 /N m (VA R ) B 3 — 21
¥R (A — AN ).

XA 2 ) CoHNLOLF Al Si J& 115 Fi br e 1)
6-31G(d,p)FE 4, Tt =0 Cu JR -1 i 6-311G(d) 3
2% 7E [ — DFT /K°F 2% RE i AL vz, JLi )
b BE 2 A2 7E WAL 2L 58 (PCM) B & TR 1 9 4
(UAS)Z= kAl b, A i 5000 B v OB, B A D
T 6-311++G** 34, THE A T RE ST H
RUREFTIRAF. 2% BT A B H 548 F Gaussian 03 727

E1l 1-FEFHRL, SERER2)F CO.MNEHMKRENR K
Fig.1 Hydrocarboxylation of 1-phenyl-propyne (R1), hydrosilane (R2), and CO,
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Fig.4 Optimized structures together with key bond lengths (nm) for the species involved in the process of generation of
the active catalyst LCuH (L=CLIPr)
For clarity, the hydrogen atoms attached to carbon atoms and the groups attached to nitrogen atoms are omitted.
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Fig.6 Optimized geometric structures together with key bond lengths (nm) for the species of Path a
For clarity, some hydrogen atoms attached on carbon atoms or groups attached on the N atoms are omitted.
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