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Advances on Quasi-classical Molecular Dynamics of
Organic Reaction Mechanisms

Zhang, Kairui Wang, Yaya Zhu, Hongdan Peng, Qian™
(State Key Laboratory of Elemento-Organic Chemistry, College of Chemistry, Nankai University, Tianjin 300071)

Abstract Quasi-classical molecular dynamics is a computational method that combines classical molecular dynamics and
electronic structure theory, which can not only simulate the statistics of the corresponding products or intermediates in the
reaction mechanism, but also provide dynamic information of chemical bond formation/cleavage on time scales. Density func-
tional theory (DFT) calculation has been widely used in the research of reaction mechanism, but there are relatively few stud-
ies from the perspective of quasi-classical molecular dynamics, such as the phenomenon of bifurcations of transition states and
their selectivity, stepwise processes appear in the concerted mechanism of cycloaddition, bypassing common intermediates and
directly generating products, efc. These novel mechanism processes often require molecular dynamics, and some even break
the cognition of traditional transition state theory. The recent research progress of quasi-classical molecular dynamics of or-
ganic chemical reaction mechanisms is reviewed, with emphasis on the dynamic effect in the mechanism, in order to deepening
people’s understanding of organic reaction mechanisms and broaden the theory of organic chemistry.

Keywords quasi-classical molecular dynamic; bifurcation of transition state; concerted mechanism; stepwise mechanism;
dynamic effect
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B2 FkIE R R
Figure 2 Free energy profiles for the dimerization of cyclopen-
tadiene
All calculations were performed using B3LYP/6-31G* level of theory.
The bond lengths are in angstroms
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Figure 3 Free energy profiles for gold-catalyzed ring expansion and spirocyclization reactions
QM calculations were performed using B3LYP/6-31G*(SDD for Au)//SMD (toluene) level of theory
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BS54 RO 3R SO IS F[6 -+ 4130 N B s B 35 g
Figure 5 Four bipericyclic transition states and free energy profiles for [6+4] cycloadditions
QM calculations were performed using PCM(diethyl ether)/M06-2X/ 6-311+G**//B3LYP-D3/6-31G* level of theory. The bond lengths are in angstroms
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Figure 6 Free energy profiles for competition of [6+4] and [4+2] cycloaddition in the biosynthesis of spinosyn A
QM calculations were performed using SMD(H20)/M06-2X/def2-TZVPP//B3LYP-D3(BJ)/6-31+G** level of theory. The bond lengths are in angstroms
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Figure 7 Free energy profiles for [6+4] and [4+2] cycloadditions in biosynthesis of heronamide A
QM calculations were performed using M06-2X/6-311+G**//B3LYP /6-31G* level of theory. The bond lengths are in angstroms
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Figure 8 Free energy profiles for tripericyclic cycloaddition
QM calculations were performed using ®B97X-D/6-31G* level of theory. The bond lengths are in angstroms
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Figure 9 Free energy profiles for 1,2,6-heptatriene rearrange-
ment
QM calculations were performed using CASSCF(8,8)/6-31G* level of
theory
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QM calculations were performed using M06-2X/def2-TZVPP level of theory.
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Figure 10 Free energy profiles for a carbocation rearrangement
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QM calculations were performed using B3LYP/6-31+G** level of theo-
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Scheme 2 Two pathways of Prins rearrangement
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Scheme 3 Reactions of CClz and CF2 with ethylene and the
inversion of diradical complex
QM calculations were performed using UB3LYP/6-31G* and mUB3LYP/
6-31G* (HF exchange in UB3LYP was reduced from 20% to 12%, and
the contribution of local exchange was adjusted to 88%) level of theory
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Scheme 4 Six types of symmetrical and two types of asym-
metric D-A reactions
QM calculations were performed using UB3LYP/6-31G* level of theory
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FEHR R 43 F I B U 45 B 75 B 4 5% Be X6t B Iﬂffﬂﬁ%ﬂ
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| A T ).
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(27.0)
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33.9
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Z é%)
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% ”l 274 ” 443
(27.4) (25.8)
R14I (gzg R17 | | ”l gg(2))
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+m;g -0

Diradical intermediate

BR5 RI12, R13 )—f% D-A SR A1 R14~R17 ) DDA U8

(R17'JE/R T R17 FIE HEALH])

Scheme 5 General D-A reactions of R12, R13, and DDA reac-
tions of R14~R17 (R17' shows the diradical mechanism of R17)
The electronic energies above and below the arrows are the activation
energy and distorsion energy of the reaction under the concerted mecha-
nism (the corresponding electronic energy in the stepwise mechanism are
given in brackets). QM calculations were performed using (U)MO06-
2X/6-3114+G** level of theory. Energies are given in kcal/mol
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AR T AL oxa-Diels-Alder (ODA) sz b [EIATL .
ﬁDE 11 fizs, V£ FIF Progdyn ZH44 M\ TS-67 i 5 5

BRI R E C—C 8L C—0 pit, s M)
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B 11 BkfEfk ODA KN #fE
Figure 11 Free energy profiles for Fe-catalyzed ODA reaction
The corresponding free energies of the five-coordinated Fe-catalyzed
structures (such as 65') is indicated in brackets. QM calculations were
performed using SMD/B3LYP-D3/6-31G*(def2-TZVP for Fe) level of
theory
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Table 2 Number of the trajectories

Gas Solution Solution+OEEF

Uncatalyzed 100 (0°) [5] 100 (0°) [69] —

6-c4Fed 100 (219) [407] 130 (26) [509] 130 (86¢) [174%)]
5-c4Fe  130(399 [599] 130 (54)[98¢] 130 (88¢) [235]
5-c6Feb 100 (74°) [1034] 130 (87°) [1997] 130 (96°) [414]

@6-c: Six-coordinate Fe catalyst. » 5-c: Five-coordinate Fe catalyst. ¢ Percent-
age (%) of the dynamics stepwise trajectories. ¢ Averaged time gap (fs) of the
two bond formation over the productive trajectories.
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Figure 12 Free energy profiles for C—H activation of (a) '3CH4 and (b) benzene
QM calculations were performed using M06/6-31G*[LANL2DZ for Ir] level of theory
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Figure 13 A More O'Ferrall-Jencks-type diagram for the 1,4-
hydride transfer mechanism mediated by Cp*M(III) (M=Co, Rh,
Ir)
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B 14 Pictet-Spengler [ v #fi
Figure 14 Free energy profiles for Pictet-Spengler reaction
QM calculations were performed using PBEIPBE/6-311+G** level of
theory
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