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1Z PR PRiE (density functional theory, DFT)}154 s, #4
LT PUFPCuAAs S U T 5 R AL (TBAB) PHF fE1L.CO,
IR SOV 2, Fed T CuGly FITBAXAEStOFF 3 |
CO Il AFIRR R R PA 25 b A B [RAE HALEE. SRS
Hirshfeldi 37 5 B4 % (Independent  Gradient Model
Based on Hirshfeld Partition, IGMH)# 72, 404 1
CuGly/TBABYMal AL i A4 Hh 437 B 22 8] 9 55 40 B
fEFH. DFTIFELERFI, StORFFIRIREE I Y
AR, CuGly/ TBABIM AL R BABARAY L RS
fiE£2(+19.4 kcal/mol). 1Ak, CuAAsFITBAXHIPFIfE
FHAEStOTF I . CO A A RIS FR TR P 1 i Hh & AN il 5
B, TBAXAIYMENEF AT B8 322252 M StO [ I+ FR Al
FRER PR AR, CuAAsI A RESEAG T COL MY TG fL.
ZIFFE 48 8 T CuAAs/TBAXAEALCOLFR N A AY S HL
il, FHTBAXX CuAAsfiALCOLI ML I 1) HRFIHL
HlFg T Z 5 BT CO BB B S, A CO,
ZEA R LRI TR AL 1 S8 B S Hr.

1 55

L1 AT

COLM A K VD2 A A FRA I (46£99.99%), 5
B b A SRR R 2t b alifk, B TR
HEAM(Gly, 98%). L-NAMR(Ala, 99%). FEHAMR
(Ile, 99%). ZHNZ R (Phe, 99%). MU T FE bk
(TBAC)(95%). TBAB(99%)L4 K VU T 3 mifk 4% (TBAT)
(99%) M T 50T R EAHE A FRA T

1.2 ffesshles

HRHE SCRR([20,30~32 14 18 1Y 77 725 1 4 CuA AsfiEfk
. HEHER( mmol, Gly: 75mg, Ala: 89 mg, Ile:
131 mg, Phe: 165 mg)& 110 mLZ B 7K, SRIG7E L
RN ANaOH(1 mmol, 40 mg), 60°C FHi+2 h.
F+Cu(NO5),-3H,0(0.5 mmol, 120.8 mg)iA T4 mLEE
Tk, SRIG RIS A IR SRR, IR E
AL FE20 min&, B ATKIASN 2, 80 CHERE HCE:
30 h. FHEtOHPEZE IR, 60°CE 2 T4E12 h, W F %
FES A T RAE AL P RE R,

1.3 COMIStOMIERINK,

COLIM N N AE = B A 10 mL)HR#EA T,
COMIKERRE B iy, fRj2Abise, 7ebeiirboin AL i+
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BYStO. CuAAsHI(E)TBAX, SRJ57E80°C ., 1 atm CO,
JE S R AT COIMALR R, R 5Ei)a, H 2R,
BEAEBU N, I A S SOHR A W e 7 e 85
¥r, FHGC-MS. 'H NMRAIC NMRXF4lifkpy R ikER
BRI THRAE.

14 HEACSIRAETT i

LIAMGIER KB Fr ik, {#FH 22 ENicolet/A Al 4L
77 Nicolet 3704L4MGIECR A WKL H 400~
4000 cm™ IR XL AT (XRD) IR LA Cufl
KofE I XSFLAIR, 7Efar 22 PANalytical B.V.AH]A:
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SmAAb IS, {825 E Thermo Fisher/A mZE P ICAP
720075 A JBH A 45 TR & ST (ICP-OES) il 52
Ml XU HL T RERE(XPS){# 1 35 [ Thermo Fisher
INEIAFEIESCALAB 250X 7 X BT 2R S H F-REREY ;
i ] H AN TEOLZN & A= 77 () ISM-2 10033 5 H, 1 5k i3l
(TEM)BEAT IO S A 254 /30, '"H NMR & °C NMR
K 78 E Brukers 7 A2 P2 B Avance 500 MHzAB- S A% 1
AR AL R4 FIDAS I 28 49 H A Shimadzu
GC-2014C <MLL (HP-5, 30 m % 0.32 mm x 0.25 um)
HE T E =T

1.5 DFTHNBIIE

FIFHWBI7XDIZ Y, 454C. H, O, NJE T
DEF2SVPU3Ificu, W& (Cl. Br. DE T
LANL2DZP TR A FE A AT TLARI A RIHR 25 5 11
AL, ZDFTH 3 h & @A VUL & Y (B4 CuA As)
AL R BT RARE T R A5 0P80 SRR
FITHAESE Tz M RS S A R, s
AHRA AR AR EIKCE L T AE
S W Ak AR (intrinsic reaction coordinate, IRC)I4E., ENL
i1 % Z(transition  state, TS), NS SN BEATHIA R
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%, WA AT R REBUE R AT A R IE
M SR A S, HETIHELR, R Multiwfnik
P4 IGE S AT AL 5> T8 J12% (Visual Molecular Dy-
namics, VMD)FEF2 % CuA AsHEr A4 Y 2 i i i 34
(electrostatic potential surfaces, ESP)#{THF5Y, KH
IGMH J5 %43 #TCuGly/ TBAB R R Ak 7+ - Bz 1]
PSS EAER. AT TEGaussian  09F2 )7 itk
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2 HR5hhe
2.1 SR

CuAAsHIE LR AFT-IRYGIE N E 1 7R, 721612
13160 cm™ 42k, v(N-H)AYSR IS 2 FH Gly P (g R 36 0
RIMLETREE R (E1(2), GlySCu(M)ENE, H
v(N-H)Flv(COO-) MW &4 TR,
3160 cm ™" A v(N-H) W eI 1) B 5 3% K (3266 em ™) A FS
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17.6°, 25.7°, 38.2°ZCuGlyJHFHERTHTIE(JCPDS No.
17-1814), 19.9°, 29.4°. 38.1°4k K CuAlaf 4 AEAT 5t
s [EIRE, E19.2°, 29.4°, 38.1°4b & CullefFAEAT
I£(CCDC No. 1818079), 10.7°, 16.0°. 38.1°4bK
CuPhelJHHFNTSTIE(PDF# 32-1605), XLERAFLEH 5
FHIESCHR[20,30~32]/0 4510 —3, RGN EYH
A AHN BRI ZE R . R TEMXS & B CuA Asit
T TIESRAE, TEME BRI HA B 80 RRe5+
(EIS1), X FTRERCOMIF AL B FRHE T — 5 Y
23 [ HLIR].
FHIXPSIH T Cu( )& & o 84k,
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Figure 1 (Color online) Infrared spectra of CuAAs and their corresponding amino acid ligands. (a) Gly and CuGly; (b) Ala and CuAla; (c) Ile and
Culle; (d) Phe and CuPhe
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Cu2pip
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Figure 2 (Color online) The XRD spectra (a) of CuAAs and XPS fine spectra of element Cu (b), N (c), and O (d) in CuAAs

EI2(b) A1, PURFCuAAsHHIICERAICu 2p1,HICu 2psp
S3AITE954. 719344 eVIFHT Ak S B Wi, 4%CuGly .
CuAla, CulleFICuPhellilfy, HXFN 454 BEAH NG,
HorCuGly LA /N 25 6 1i8(953.95934.0 eV). X F
FUER A E IR T AIN . O F5Culfitkh.ome i),
BT CuliFJE FEI T2, i CuJiFAMZ
T H A B B BRI o, S RN T
A BB, Z5GREREAR,  RIFE, TEAH N
JCuAAsHIN | OJC F K 4 3 A7 76 AH L 1) 25 5
(E2(c), (d)). X278 R ] §E =2k [
CuAAsIAR Z MR BTN, O F B RE T 1Y 22
5, CuGly P HAT B/ MW BCARSS F BAA F) TS5 8 s Al
¥, KR A CuPhe & Culle | ] HE PR HIR 2R (k22 <7 -
CH)BLAA S TR A2 [ BH, i A R
455 HE(954.75934.8 eV). CuAAsHIXPSHIZE H 5
BR[3 1,323 A FE AR —2L, i T CuAASELA Y
B L. LAk, ICP-OES4r#T /" CuGly. CuAla,
CulleFl1CuPhe ) il G % it 1t 73 5053 11 929.35% .
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19.77%H116.45%, 3% 55+ R B LS T 5E
26.27%. 19.49%116.12%)&—EH.
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22 fEAEIR LTS5

ESP/ T4 T-HFSE CuA ASHE &4 5 I iS4 43+
Z RN A B L 0 B LA L T A3
S AA B L. FT CuAAs/ ) T AR S AE R ESP
RETE AN TR, 7ECUAASHIESPE AT, £T (2 rf 0 i 1E
P 550 e ) AR DX, 7 L g 114 67 DX i )
I EFORY, EIERARIL(COO™ ) T # HL HL (1
I, TSR S Cu D) ECAIE SRR PR Y FRIE 1
P o D47 5 R R A I Y XL R AT e B
CuGly % i ELA 25 T Hift = Fh CuA As Y fc v 1F L 34
(+51.99 kcal/mol), H:HCuAla5CulleZ= 7| A K, CuPhe
He/IM+48.17 keal/mol). FRBACuGly 16 10 ] 7B
T Ay 7 R LA TSR A SR A AR T, X — AR b g
EHXPSHMZE R —2, X R AR T A E B
[P A b A .



2.3 b PEREMLA FF5-4) a8 F AL &2 23 (Gly S Cu(NOs),3H,0) (1,
JP52, 3)WBAT R A ME RIS . (UEH

TECO S SO N %58 T ANFICuAASHL S TBABHYT, StOREEILZEHN30% (31, JF55), il
PRI LR RE, LRSI ME IR, IR CuGlyMITBABU L, StORH: 1k Z M AT 3580%
25 I BRSEN (R 1, 5 DR, AERIXTCO,MSO  (3E1, J¥56), ffifiCuAla. Culle;CuPhe/>3|5TBAB
PMMA S Je: 2 S T B ). A FH EAEFICuGly(R 1, AR, SOMFEAZEMZET2% L)L (31, F57~9). 1E
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Bl 3 (RIZ8 AR () AL TR R I /3BT CuA AT ESPE
Figure 3 (Color online) ESP-mapped molecular van der Waals’ surface of CuAAs
F 1 (NEMF )R FE RN F AT CO,5StORMFR B LY
Table 1 (Color online) Cycloaddition reaction of CO, and StO under different reaction conditions
A j\
O/Q + CO, CuAAs/TBAX (X=Cl,Br, I) q o
(tam) REBH ©)J
e F AT BRI StofE LA (%) BEE%) R (%)
1 J ¥ <1 / <1
2 Gly Jo 3 99 3.0
3 Cu(NO;),'3H,0 T 5 99 5.0
4 CuGly T 3 99 3.0
5 J TBAB 30 99 29.7
6 CuGly TBAB 80 99 79.2
7 CuAla TBAB 75 99 74.3
89 Culle TBAB 73 99 72.3
9% CuPhe TBAB 72 99 713
109 CuGly TBAC 73 99 723
119 CuGly TBAI 78 99 772
129 CuGly TBAI 82 99 81.2
13" CuGly TBAB 86 99 85.1

a) ST A5 eI, StO(120 mg, 1.0 mmol), CuGly(0.4 mol%, 5 mg), TBAB(5 mol%, 16 mg), T=80°C, t= 18 h, CO, (1 atm). b) CuAla
(0.4 mol%, 6 mg). c) Culle(0.4 mol%, 8 mg). d) CuPhe(0.4 mol%, 9 mg). e) TBAC(5 mol%, 14 mg). f) TBAI(5 mol%, 18 mg). g) TBAI(S mol%,
18 mg), = 24 h. h) TBAB(5 mol%, 16 mg), r =24 h
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[F25 500, 1K CuGly/ TBAIRIAHEAL 52 B I ], StOFK)
AR P IE A LTt FRORIRERBCR 1T i581.2%(# 1,
FE512), 1% HHE K CuGly/TBABRY A AK B2 I i) i)
StOM AL I AT 1K86%, IRk R Mg SR 1] 1585.1%
(1, JF513). JAh, FEFSF&M T, %% T TBABH i
XF CuGly/TBAB W [F] 4 4k B 7 i) 52 el (1S 2), W]
TBAXH X N AFEE —E 52, Hrh TBABH &
JStOFH 5 mol%(16 mg) WH. LA FSEgh s Bt
T, TECOIMMMMBIRH, CuAAsFITBABZ [AIfE1E
I RME AR PR SN A5 DA R A 7 ) . X kb
CuAAs 5TBAC. TBABHITBAIZ & 1 [l i 1k 5256
(R, J¥76, 10, 11), EITBABFTBAIRIL
WA RE. X 3% B B A AR 35 A JE AP ROGEC O, 34
WV AFTER R AR, H4h, CuGly/TBABHEfLIAZR
HAM R MR, SR AR RES L

A RR(AIS3).
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Figure 4 (Color online) Gibbs free energy profiles of non- (or non-synergistic-) catalytic reactions (a) and the optimized intermediates and TS of

reaction routes (b)
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Synergistic mechanism of quaternary ammonium salt ionic
liquid in CO, cycloaddition reaction catalyzed by amino
acid copper
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CO, capture, storage, and utilization technologies are essential for achieving carbon peaking and neutrality targets. The
efficient conversion and utilization of CO, as a feedstock contributes significantly to environmentally friendly and
sustainable development goals. Among various CO, conversion strategies, the cycloaddition of epoxides with CO,
represents a key transformation, yielding cyclic carbonates that serve as solvents, polycarbonate precursors, and fine
chemicals. However, the chemical conversion of CO, often requires harsh reaction conditions and highly active catalysts
owing to its high thermodynamic stability and kinetic inertness. Therefore, the development of catalytic systems under
mild conditions is imperative. Current CO, cycloaddition reactions typically rely on homogeneous/heterogeneous
catalysts, such as amino acid ionic liquids and MOFs. Copper amino acid complexes (CuAAs) have garnered significant
attention in CO, cycloaddition owing to their biocompatibility and CO,-activating ability. Furthermore, quaternary
ammonium salt (TBAX) ionic liquids exhibit significant advantages in C—O bond formation owing to their distinctive
physicochemical properties. Nevertheless, the catalytic systems of both CuAAs and TBAX often exhibit inadequate
performance in CO, cycloaddition reactions. Notably, recent evidence indicates that TBAX can generate synergistic effects
in catalytic systems composed of ionic liquids and metal catalysts for CO, cycloaddition, although the precise mechanism
remains unclear. Herein, four naturally occurring amino acids, including glycine (Gly), alanine (Ala), isoleucine (Ile), and
phenylalanine (Phe), were coordinated with copper nitrate. The obtained CuAA complexes (CuGly, CuAla, Culle, and
CuPhe) were characterized employing Fourier transform infrared spectroscopy, powder X-ray diffraction, and X-ray
photoelectron spectroscopy. The synergistic effects of CuAAs and TBAX in the cycloaddition of CO, with styrene oxide
(StO) under mild conditions (80°C, 1 atm CO,) were investigated. Experimental results demonstrated cyclic carbonate
yields of 71.3%—85.1% using this CuAAs/TBAX system.

Density functional theory (DFT) calculations revealed three potential non-synergistic pathways and six synergistic routes
for the cycloaddition, including epoxide ring opening, CO, insertion, and carbonate ring closure. Surface electrostatic
potential (ESP) analysis indicated that the maximum positive ESP energy for CuGly (+51.99 kcal/mol) exceeded those of
other CuAAs. DFT calculations identified epoxide ring opening as the rate-limiting step for CO, cycloaddition. Notably,
the CuGly/TBAB system exhibited the lowest transition-state barrier (+19.4 kcal/mol) compared with that of CuAla
(+21.2 kcal/mol), Culle (+21.3 kcal/mol), and CuPhe (+28.3 kcal/mol), indicating superior catalytic efficiency in the ring-
opening step. In CuGly/TBAX (X = Cl, Br, I) catalytic systems, the ring-opening barriers of StO exhibited a reverse trend
(CI': +13.6 kcal/mol < Br : +19.4 kcal/mol <T: +29.1 kcal/mol) compared with halide nucleophilicity (CI" > Br >1"). By
contrast, the carbonate ring-closing barriers (CI: +16.7 kcal/mol > Br: +14.4 kcal/mol > I: +13.1 kcal/mol) were
consistent with halide leaving-group tendencies. These findings demonstrate that CuAAs and TBAX cooperatively
promote ring-opening, CO, insertion, and carbonate ring-closure. TBAX primarily accelerates epoxide ring-opening and
carbonate cyclization, whereas CuAAs enhance CO, activation.

Independent gradient model based on Hirshfeld partition analysis indicated that weak intermolecular interactions within
the catalytic system, such as hydrogen bonding and electrostatic effects, are essential for the observed synergistic catalysis.
The CuGly/TBAB forms a spatially oriented platform that facilitates cooperative catalysis achieved via multiple attractive
dispersion interactions between the catalyst and substrates, demonstrated that weak intermolecular interactions constitute
the fundamental basis for synergistic catalysis.

By combining experimental and theoretical results, this study elucidates the synergistic catalytic mechanism of CuAAs/
TBAX in CO, cycloaddition, providing experimental and theoretical foundations for green CO, chemical conversion
pathways. Furthermore, it offers a feasible technical solution for the resource utilization of CO, aligning with “dual carbon”
goals.

amino-acid-Cu complexes, quaternary ammonium salt ionic liquid, CO, cycloaddition, synergistic catalytic
reaction, DFT
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