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Figure 1 Fluxional mechanisms. Optimized structures and fluxional potential energy surfaces of the isomer structures and corresponding transition
states (TSs) of the dumbbell-like double-cage bibullvalene C,yH;3 (BB1-3) (a), bibullvalene C,oH;g3 (BB4—6) (b), bisemibullvalene C;sH;4 (BSB7-9)
(c), and bibarbaralane C;gH,3 (BBB10-12) (d), with the calculated relative energies indicated at CCSD(T) level (with PBEO zero-point corrections
included), in which C, BB4 lies 0.11 eV higher than C, BB1. The C; triangles in the systems are highlighted in light purple, with hydrogen atoms
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Figure 2 Bonding pattern analyses. AUNDP bonding patterns of the bibullvalene isomers BB1, BB2, and BB3 and their corresponding transition states
TS1-2 and TS2-3 (a), AANDP bonding patterns of the bibullvalene isomers BB4, BB5, and BB6 and their corresponding transition states TS4-5 and

TS5-6 (b), with the occupation numbers (ON) indicated
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Figure 3 Variation of the fluxional rate constants £ at finite temperatures. Comparison of the logk~1/T linear relationships of the bibullvalenes C,oH g
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depicted at the same temperatures
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Table 1 Calculated fluxional energy barriers AE* (eV) and rate constants & (s’l) of bibullvalene isomers BB1, BB2, BB4, and BB5, bisemibullvalene
isomers BSB7 and BSB8, bibarbaralane isomers BBB10 and BBB11 and their corresponding precursors bullvalene, semibullvalene, and barbaralane at

finite temperatures (7) at CCSD(T) level

AE(eV) kaso(s™) ksoo(s™) ksso(s™) kooo(s™")

CioHo GS—TS 0.62 1.61x10° 3.11x10° 5.59x10° 9.45x10°
BB1-TS1-2 0.63 1.90x10° 3.70x10° 6.68x10° 1.13x10'"

- BB2-TS2-3 0.62 1.07%10° 2.07x10° 3.73x10° 6.31x10°
008 BB4—TS4-5 0.62 1.83x10° 3.58x10° 6.47x10° 1.10x10'°
BB5-TS5-6 0.58 1.96x10° 3.64x10° 6.34x10° 1.04x10'°

AE*(eV) kaso(s™) Kao(s™) kaso(s™) Ksoo(s™)

CsHj GS—TS 0.32 0.11x10° 0.46x10° 1.41x10° 3.51x10°
CoH BSB7-TS7-8 0.30 0.73x10° 2.84x10° 8.31x10° 1.98x10'°
1 BSB8—TS8-9 0.29 0.57x10° 2.12x10° 5.93x10° 1.37x10'°
AE*(eV) kaso(s™) ksoo(s™) ksso(s™) Keoo(s™)

CoHyo GS—TS 0.38 0.24x10° 0.71x10° 1.73x10° 3.70x10°
o BBB10-TS10-11 0.38 1.06x10° 3.12x10° 7.60x10° 1.61x10"
s BBB11-TS11-12 036 0.97x10° 2.68x10° 6.21x10° 1.26%10'°
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Fluxional mechanisms and rate constants of bibullvalene
C,oH;s and analogs C,¢H;4 and C;gH;;
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As a prototypical fluxional organic molecule, the cage-like bullvalene C;, C;oH first synthesized in 1964 is well-known to
have more than one million equivalent isomers with three equivalent C=C double bonds evenly distributed on three
adjacent C; rings on the cage surface, while its analogs semibullvalene C; CgHg with two equivalent C=C double bonds
symmetrically distributed on two adjacent Cs rings as well as barbaralane C; CoH;, with two equivalent C=C double bonds
on two adjacent Cq rings possess only two equivalent isomers. The fluxional properties of these interesting species have
received considerable attention in chemistry in the past half-century. Based on extensive first-principles quantum chemistry
calculations and detailed bonding pattern analyses, our group revealed the existence of two fluxional © bonds and one
fluxional ¢ bond in these cage-like molecules in 2019 and effectively restricted the fluxionality of bullvalene by dicyano-
substitution to form C; C,yHg(CN), with only fourteen equivalent isomers in 2024. However, whether double-cage-like
fluxional molecules can be formed based on the cage-like bullvalene and its analogs by partial dehydrogenations remains
unknown in both theory and experiment. Using the cage-like bullvalene C;, CioH;o, semibullvalene C, CgHg, and
barbaralane C,; CoH | as precursors and based on extensive density functional theory (DFT) at both PBEO and TPSSh levels
and domain-based local pair natural orbital coupled cluster level of theory with single and double excitations and
perturbative triples corrections DLPNO-CCSD(T) calculations, we present herein a series of novel dumbbell-like double-
cage fluxional carbonhydrogen molecules which contain two fluxional carbon cages interlinked by a C—C single bond with
rapid Cope rearrangements at finite temperatures, including bibullvalene C,yH;g (BB1-6), bisemibullvalene C;sH4
(BSB7-9) and bibarbaralane C;3H;3 (BBB10-12), with computational predictions of their fluxional mechanisms,
intermediate state (IS) and transition state (TS) structures, rate-determining steps, and rate constants (k). Detailed adaptive
natural density portioning (AdNDP) analyses reveal the existence of two parallel fluxional n-bonds (2 2¢-2e n (IS) -2 3c-
2e  (TS)—2 2c-2e © (IS')) and one fluxional c-bond (1 2¢c-2e o (IS)—1 4c-2e o (TS)—1 2¢c-2e o (IS')) fluctuating in
opposite directions in the pathways of these double-cage molecules, unveiling the n+c double fluxional bonding nature of
the species in concerted mechanisms. The rate constants (k) for the fluxional rearrangements of bibullvalene C,yHjsg,
bisemibullvalene C;4H;4, and bibarbaralane CigH;g are calculated in the temperature ranges between 750-900 K,
350-500 K, and 450-600 K, respectively, based on transition state theory (TST) to help facilitate future experiments, with
perfect linear Arrhenius-type logk~1/T relationships obtained. With fluxional energy barriers AE* close to their
corresponding parent species, bibullvalene CyyH,g, bisemibullvalene C,cH 4, and bibarbaralane C;gH;g predicted in this
work exhibit almost parallel logk~1/T linear relationships with their precursors bullvalene CioH,y, semibullvalene CgHg,
and barbaralane CoH|(, respectively, indicating that these dumbbell-like double-cage species possess typical fluxional
behaviors in intramolecular Cope rearrangements, effectively enriching the structures and fluxional mechanisms of organic
compounds. The coexistence of two fluxional n-bonds and one fluxional c-bond fluctuating between two interlinked
carbon cages appears to be unique in bonding patterns in carbonhydrogen species. Further investigations on boron-doped or
boron/nitrogen-co-doped double-cage-like and multiple-cage-like systems with fluxional bonds are currently in progress.
Suitable dehydrogenation catalysts under suitable reaction conditions allow syntheses of these dumbbell-like double-cage
fluxional molecules for extended applications of bullvalene and its analogs in molecular dynamics, molecular assemblies,
and crystal engineering.

bullvalene, bibullvalene, first-principles theory calculation, AANDP analyses, fluxional bonds, rate constants
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