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Abstract

To address the clinical challenges of poor targeting and significant side effects associated with tra-
ditional chemotherapeutic agents, this study focuses on the classic chemotherapeutic drug 5-fluor-
ouracil (5-FU) as the research subject. By combining quantum chemical calculations with theoreti-
cal analysis, we systematically investigate the characteristics of the drug molecule’s reactive sites
and their correlation with drug metabolic stability. Firstly, the stable geometric configuration of 5-
FU, composed of C, H, O, N, and F atoms, was determined. The electron clouds of its HOMO-LUMO
orbitals are primarily concentrated on the carbon, nitrogen, and oxygen atoms of the pyrimidine
ring, with a HOMO-LUMO energy gap of 7.9567 eV. Analysis identified sites 8 (C), 3 (0), and 5 (N) as
preferential electrophilic reaction sites, while sites 9 (C), 2 (0), and 6 (C) are core nucleophilic re-
action sites. Multidimensional quantitative analyses, including Fukui functions, dual descriptors, and
local electrophilicity indices, confirmed that site 8 (C) (f = 0.1610) and site 9 (C) (f* = 0.1784) are the
most potent electrophilic and nucleophilic sites, respectively. Combined with the analysis of 5-FU’s
known metabolic pathways, the high electrophilic activity of site 8 (C) is crucial for its phosphoryla-
tion activation in vivo, ensuring the drug is converted into active metabolites. The moderate activity
of sites 3 (0), 5 (N), 2 (0), and 6 (C) maintains the balance of drug metabolism, avoiding rapid inacti-
vation or accumulation-induced toxicity. The findings provide a theoretical basis for optimizing the
design of 5-FU targeted drug delivery systems, enhancing the bioavailability and targeted therapeutic
efficacy of anticancer drugs while reducing their side effects, thereby laying a foundation for the ap-
plication of nanomedical technology in tumor treatment. Since its clinical introduction, 5-fluorouracil
has maintained a central role in the treatment of malignant tumors as a classic antimetabolite chemo-
therapeutic agent. Its core advantages encompass four key dimensions: a precise mechanism of action,
broad applicability across cancer types, strong compatibility with combination therapies, and out-
standing cost-effectiveness, providing an efficient and accessible therapeutic option for cancer treat-
ment.
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Figure 1. Partial atomic HOMO-LUMO values of the 5-fluorouracil molecule
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Figure 2. Partial atoms of the 5-fluorouracil molecule
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Table 1. Contributions of each atom to HOMO-LUMO
R 1. ENEFXF HOMO-LUMO By ZTRk

HOMO LUMO
Atom Contribution Atom Contribution
8 (C) 26.160% 9 (C) 26.962%
5 (N) 20.181% 6 (C) 18.402%
9(C) 1.023% 8(C) 16.525%
3(0) 10.379% 2(0) 13.317%
1(F) 8.662% 5(N) 6.933%
2(0) 6.633% 4 (N) 6.649%
6 (C) 3.767% 12 (H) 4.486%
7(C) 3.735% 7(C) 2.340%
11 (H) 1.618% 1(F) 2.261%
12 (H) 1.236% 10 (H) 0.777%
4 (N) 0.552% 11 (H) 0.776%
10 (H) 0.053% 3(0) 0.571%
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Figure 3. Fukui function, double descriptor isosurfaces
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Table 2. Numerical values of the simplified Fukui function for some atoms of the 5-fluorouracil molecule
= 2. ARKRBEES FHE2 R FREEEFRESE

Atom f fr fo CcDD

1(F) 0.1088 0.0594 0.0841 —0.0494
2 (0) 0.1182 0.1567 0.1374 0.0385
3(0) 0.1416 0.0856 0.1136 —-0.056
4 (N) 0.0206 0.0468 0.0337 0.0262
5(N) 0.1255 0.0455 0.0855 —0.0801
6 (C) 0.0322 0.1237 0.0779 0.0915
7(C) 0.0380 0.0358 0.0369 —0.0023
8 (C) 0.1610 0.0972 0.1291 —0.0639
9 (C) 0.1120 0.1784 0.1452 0.0663
10 (H) 0.0339 0.0443 0.0391 0.0104
11 (H) 0.0551 0.0414 0.0482 —0.0138
12 (H) 0.0530 0.0854 0.0692 0.0324
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Figure 4. Orbital of some atoms in the molecule of 5-fluorouracil
4. ABRIEGEST FhERsy R FRIHLE

Table 3. Shrunken orbitals of partial atoms of 5-fluorouracil molecule Fukui function atomic index and charge distribution table
2 3. ARREBIES FHRISEFHEENERFRYEFRSI SBEESHR

Atom Index OWfF* OWf~ OWf0 OwWDD
1(F) 0.02160 0.06547 0.04354 —0.04387
2(0) 0.11229 0.14412 0.12820 —0.03183
3(0) 0.02570 0.14158 0.08364 —0.11588
4 (N) 0.06370 0.05215 0.05793 0.01154
5(N) 0.07630 0.15318 0.11474 —0.07688
6 (C) 0.15762 0.04619 0.10191 0.11143
7(C) 0.05207 0.04065 0.04636 0.01141
8 (C) 0.14099 0.20132 0.17116 —0.06034
9(C) 0.22754 0.12849 0.17801 0.09904
10 (H) 0.01706 0.00427 0.01066 0.01279
11 (H) 0.04850 0.01258 0.03054 0.03593
12 (H) 0.05656 0.00994 0.03325 0.04
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Figure 5. Fukui function potential, dual descriptor potential
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e 4 firzx, 9 (C) (LEAE =-0.31120) 0 a3 FEL P E RE BUE S £, FLIKN 8 (C) (LEAE =-0.21028).
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Table 4. Local electronic attachment energy
4. EERERFHIERE

Atom R R T M A e Atom JREH T M e Atom JRIF R T M A e
1(F) ~0.01830 5(N) ~0.05444 9(C) ~0.31120
2(0) ~0.04669 6(C) ~0.27400 10 (H) ~0.03043
3(0) ~0.00394 7(C) ~0.03280 11 (H) ~0.02757
4 (N) ~0.03201 8(C) ~0.21028 12 (H) ~0.19858
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