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The mechanism of 1-pyrazoline denitrogenation has garnered significant attention due to its remarkable
stereoselectivity. In this study, the thermal denitrogenation mechanism of 1-pyrazoline was investigated
using ab initio classical trajectory simulations to elucidate post-transition state and post-second-order
saddle dynamics. Trajectories initiated from the synchronous transition state region predominantly
followed the minimum energy pathway, forming the trimethylene diradical intermediate, which
subsequently yielded cyclopropane with a preference for single inversion of the configuration.
Additionally, the post-second-order saddle dynamics revealed that most trajectories followed the
minimum energy path, offering alternative pathways for cyclopropane formation with retention of the
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configuration. In contrast, trajectories initiated from asynchronous transition state regions mostly
deviated from the minimum energy path, leading to longer-lived diazeny!l diradicals while still favoring
single inversion in the final products. Despite significant diradical lifetimes, trajectories from all six
transition-state regions exhibited a preference for single inversion cyclopropane formation, suggesting
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1 Introduction

Cyclopropanes are basic structural units found in many natural
products and biologically active compounds that have important
pharmaceutical applications. This makes them valuable in drug
design and synthesis."” As a result, numerous methods have
been devised to generate them in an optically pure state.* > One
of the methods widely used for the preparation of cyclopropane
derivatives is the denitrogenation of 1-pyrazolines under thermal
and photochemical conditions.”*>° In this context, the mecha-
nism of denitrogenation of 1-pyrazolines has been the subject of
multiple studies in the gas phase,'®™%%¢?” solution phase,"*°
and solid state.”** It is now acknowledged that both thermal
and photochemical denitrogenation involve diazenyl and/or
trimethylene diradical intermediates.®**° The photochemical
denitrogenation of 1-pyrazoline has been reported to follow a
stepwise mechanism involving a trimethylene-type diradical
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that product selectivity is dictated by dynamical effects rather than the reaction pathway.

intermediate, which closes more rapidly than the C-C bond
rotations to form stereospecific cyclopropanes with retention of
the configuration,'*242%31

In contrast, the thermal denitrogenation of 1-pyrazolines
results in stereoselective products.'®*82%232632 yarious mechan-
isms have been proposed from several experimental and theore-
tical studies to explain the product selectivity. Crawford and
Mishra'® reported that thermal denitrogenation of cis- and
trans-3,5-dimethyl-1-pyrazoline produced trans- and cis-1,2-
dimethylcyclopropane, respectively, as the major product indicat-
ing inversion at one of the reacting carbon centers. They
proposed a synchronous denitrogenation pathway leading to
the trimethylene diradical intermediate followed by a conrotatory
ring closure to explain the formation of the major single-inverted
cyclopropane.

Subsequent studies, however, suggested complexities in the
reaction mechanism. The stereochemically random ring closure
observed during the thermolysis of cyclopropane®**® prompted
Condit and Bergman®® to investigate the thermal denitrogenation
of exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes. Their
aim was to restrict the formation of a trimethylene diradical
intermediate by attaching a short 3-carbon bridge to the C1 and
C2 positions of 1-pyrazoline, thereby controlling the stereo-
chemistry of the products. However, denitrogenation of both
exo- and endo-2-methyl-3,4-diazabicyclo[3.3.0]oct-3-enes  still
resulted in a major single-inverted cyclopropane,*® suggesting
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that denitrogenation in these molecules occurred through a
sequential C-N cleavage mechanism.

Later, Bergman and coworkers'® studied the denitrogenation
of cis- and trans-3-ethyl-5-methyl-1-pyrazoline and proposed that
the reaction involved the non-linear extrusion of N, by pseudo-
conrotation of C-C bonds. A theoretical study by Jean and
Hiberty*” at the 3 x 3 CI/STO-3G level, for the thermal decom-
position of 1-pyrazoline revealed that stepwise denitrogenation
pathways via trans and gauche diradicals were energetically more
favorable compared to the synchronous and non-linear extru-
sion pathways.

To gain deeper insights into the mechanisms, we recently
mapped the potential energy profile for all possible denitro-
genation pathways of 1-pyrazoline using CASSCF and CASPT2
methods with different basis sets.*® In contrast to Jean and
Hiberty’s study,”” we found that the synchronous denitrogenation
pathway is energetically more favorable than the asynchronous
pathways. The main cause of this discrepancy is possibly due to
differences in the methodological treatment, since Jean and
Hiberty®” used a relaxed geometry scan to evaluate the energy
barriers. The partially optimized transition state structures
reported by them could not be obtained by full optimization at
the CASSCF(4,4) level.*® The synchronous denitrogenation of
1-pyrazoline leads to a trimethylene diradical intermediate, which
undergoes ring closure to form cyclopropane via conrotatory or
disrotatory rotation of the terminal methylene group. The barrier
for conrotatory and disrotatory closure of the trimethylene dir-
adical intermediate to cyclopropane is ~1 kcal mol~". Conse-
quently, if denitrogenation occurs synchronously, a racemic
mixture of cyclopropane is expected.’’*° Therefore, the formation
of a major single-inverted cyclopropane observed experimentally
could not be solely explained by the energetics of the reaction.

To investigate dynamic effects in the stereoselective formation
of single-inverted cyclopropane, we conducted an ab initio classical
trajectory study at the CASSCF level of theory for 1-pyrazoline and
its substituted isotopomer trans-3,5-di-'>H-1-pyrazoline where an
isotopic mass of 15 amu (to represent CH; group) was assigned to
the H atoms.’® The simulations revealed that out of 4000 trajec-
tories integrated from the reactant region of 1-pyrazoline, 314
(7.85 + 0.83%) were reactive. Denitrogenation occurred via both
the synchronous and asynchronous paths, resulting in the major
single-inverted cyclopropane consistent with the experimental
findings. Additionally, the trajectories revealed a non-traditional
second-order saddle (SOS) pathway (~4%), which involved a
planar second-order saddle point.

Although our study provided valuable insights into the over-
all reaction dynamics, statistically reliable data is still desirable
to rationalize the nonstatistical product distribution and the
pathways involved, particularly those related to the newly iden-
tified SOS pathway. In addition to improving trajectory statis-
tics, the present study is focused on two key aspects: (i) the
origin of the nonstatistical product distribution and (ii) the
post-second-order saddle dynamics.

In an earlier study,* the origin of the nonstatistical product
distribution observed in both experiments and simulations
could not be conclusively determined. It is important to note
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that such distributions can arise due to incomplete intramolecular
vibrational energy redistribution (IVR) before the system accesses
the transition state regions, or due to dynamical effects associated
with post-transition state (post-TS) dynamics, especially when
intermediates are present along the reaction pathways. To address
this, the current study investigates the post-TS dynamics of
1-pyrazoline denitrogenation from the synchronous and asynchro-
nous transition state regions independently, in order to examine
the dynamical effects influencing product selectivity. In addition,
we examine the post-SOS dynamics by initiating trajectories from
the SOS region. This approach is expected to improve statistical
reliability and provide insights into the dynamics and product
distribution associated with the SOS pathway.

2 Computational details

In our previous work,*® we conducted a detailed study of the
energetics underlying the thermal denitrogenation of 1-pyrazoline
using the CASSCF and CASPT2 methods, employing various active
spaces and the 6-31+G*, 6-311+G*, cc-pVDZ, aug-cc-pVDZ, and
cc-pVTZ basis sets. We found that the CASSCF(4,4)/6-31+G* level of
theory accurately describes the denitrogenation pathways when
compared to benchmark CASPT2(12,12) energies. Therefore, the
CASSCF(4,4)/6-31+G* level of theory was selected as the method of
choice for the on-the-fly classical trajectory simulations performed
in this study.

AD initio classical trajectory simulations were performed by
computing the forces on-the-fly at each step using the CASSCF(4,4)/
6-31+G* level of theory."' ™ The active space for the CASSCF(4,4)
calculations involved the o and o* orbitals of both the C-N bonds.
Initial coordinates and momenta for the trajectory simulations
were selected using the microcanonical normal mode sampling
procedure.*®

Batches of 300 trajectories were initiated independently from
the synchronous and various asynchronous transition state
regions, with an excess energy of (Ewc — E,) kcal mol ™", where
Ei is the energy available to the reactant 1-pyrazoline, and E,
corresponds to the classical energy barrier of the respective
transition state. The total energy (E,) was calculated as follows:
among the different pathways mapped for the denitrogenation
of 1-pyrazoline,’® the transition state TS4f corresponding to the
asynchronous step-wise path, had the highest barrier of
52.84 kcal mol™" (Fig. S1-S4, ESIt). Assuming a Boltzmann
distribution of energies at TS4f for the experimental tempera-
ture (510.45 K),'® the excess energy available to TS4f was
calculated as Eexcess = Ezpe + Evib T Erot + Ere, Where E,pe, Eyip,
and E,, are the zero-point-energy, average vibrational energy,
and average rotational energy of TS4f, respectively. The energy
along the reaction coordinate, E,., was taken as RT. The total
energy of the reactant was then calculated as E;y¢ = Etsaf + Eexcesss
yielding a value of 119.10 kcal mol .

Additionally, 300 trajectories were initiated from the SOS
region, with an excess energy of (Ew: — Esos) kcal mol™" to
investigate post-second-order saddle dynamics, where Egos =
44.12 keal mol™" is the SOS energy. Initial coordinates and
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momenta for these trajectories were selected using the micro-
canonical normal mode sampling procedure described in our
previous work.?” All classical trajectory calculations were per-
formed using a modified version of VENUS/NWChem***° on an
Intel(R) Xeon(R) CPU E5-2697A v4@2.60 GHz computer. The
trajectories were integrated using the velocity-Verlet algorithm
with a step size of 0.3 fs over a total simulation time of 1 ps.

3 Results and discussion
3.1 Denitrogenation pathways

We recently reported in detail the various denitrogenation
pathways for 1-pyrazoline obtained using the CASSCF and
CASPT2 methods.>® Here, we discuss these pathways for com-
pleteness in the context of the present study. Fig. 1 provides a
summary of the denitrogenation paths obtained for the thermal
denitrogenation of 1-pyrazoline at the CASSCF(4,4)/6-31+G*
level of theory. The thermal denitrogenation of 1-pyrazoline
can happen via three different pathways.

(a) Synchronous denitrogenation. The synchronous denitro-
genation path involves the simultaneous breaking of both C-N

(a) Synchronous denitrogenation path
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Fig.1 Summary of the possible denitrogenation paths, (a)-(c), obtained
for the thermal denitrogenation of 1-pyrazoline at the CASSCF(4,4)/6-
31+G* level of theory.
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bonds through the transition state TS1, leading to the for-
mation of a trimethylene diradical intermediate, Int1. Intl can
then close to cyclopropane via con- or dis-rotation of the
terminal methylene groups or can form alkene through proton
migration. Conrotatory closure of the terminal methylene
groups of Int1 results in single-inverted (SI) cyclopropane, while
disrotatory closure leads to cyclopropane with double inversion
(DI) or retention (Ret) of the configuration. A flipping motion of
the central methylene (CH,) group connects TS1 to the sym-
metric transition state TS1’ via a second-order saddle point
SOS, from which the dissociation of N, can occur directly (Fig.
S1, ESIY).

(b) Asynchronous step-wise denitrogenation. This pathway
involves the breaking of one of the C-N bonds to form the
diazenyl diradical (DZ) intermediate, followed by the breaking
of the other C-N bond. Since, the PES is symmetrical about the
C-N bond cleavage, the asynchronous cleavage of either C1-N5
or C3-N4 bonds would result in similar structures. Here, we
discuss the pathways where the C1-N5 bond is cleaved first.
Two distinct paths for the asynchronous cleavage of the C1-N5
bond of 1-pyrazoline were identified, depending on the type of
diazenyl diradical intermediate formed (Fig. S2 and S3, ESI).*®

(i) Pathways via a planar-like diazenyl diradical intermedi-
ate. In this path, a planar diazenyl diradical intermediate Int3a
is formed via the transition state TS3a through the anti-
clockwise rotation of the C3-N4 bond. The terminal methylene
group of the diazenyl diradical has a planar-like geometry
(L C3C2C1H6 ~ —44°, / C3C2C1H10 ~ 157°). From Int3a,
free rotation of the N, group about the C3-N4 bond can occur,
leading to the formation of Int3b via TS3b, and subsequently
returning to the reactant with further rotation through TS3c.
Thus, Int3b can also be accessed by clockwise rotation of the
C3-N4 bond via TS3c. The dissociation of the second C-N bond
(C3-N4) can occur from either Int3a or Int3b with simultaneous
closure of the three-membered ring to form SI cyclopropane.
Alternatively, breaking the second C-N bond may lead to the
formation of Intl, which can subsequently close to cyclopro-
pane with SI, DI, or Ret configurations.

(ii) Pathways via a perpendicular-like diazenyl diradical
intermediate. Anti-clockwise rotation of the C3-N4 bond can
also yield a diazenyl diradical that has a perpendicular-like
geometry (/ C3C2C1H6 ~ —72° / C3C2C1H10 ~ 90°) via
TS4a. Similar to the pathways involving the planar-like diazenyl
diradical intermediate, rotation of the N, group about the
C3-N4 bond generates the rotational isomers Int4b and Int4f.
From these intermediates, SI cyclopropane can form directly, or
cyclopropane with SI, DI, or Ret configurations can form via
Int1. While Int4b and Int4f are connected to each other by TS4f,
Int4b can also return to the reactant via TS4c.

(c) Asynchronous concerted denitrogenation. This pathway
involves the asynchronous breaking of one of the C-N bonds,
specifically the C1-N5 bond, via the transition state TS5. It
leads to the formation of cyclopropane with an SI configuration
(Fig. S4, ESIY).

From the potential energy profiles, the following observa-
tions can be made: (i) synchronous and asynchronous stepwise
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denitrogenation of 1-pyrazoline results in cyclopropane with SI, DI,
and Ret configurations, and (ii) asynchronous concerted denitro-
genation of 1-pyrazoline results in cyclopropane with an SI
configuration. The asynchronous concerted path has an energy
barrier (AE* = 48.21 kcal mol~*) approximately 8 keal mol~* higher
than the synchronous pathway and about 1-3 kcal mol™* higher
than the stepwise asynchronous pathway. Energetically, the syn-
chronous pathway is the most favorable, yielding cyclopropane
with SI, DI, and Ret configurations. However, the experimental
observation of a major SI cyclopropane indicates that dynamical
effects play a crucial role in determining product selectivity. Below,
we discuss the results of the ab initio classical trajectory simula-
tions performed from different transition state regions to elucidate
the dynamics and mechanisms of the denitrogenation reaction.

3.2 Trajectories initiated from the synchronous transition
state (TS1) region

The transition state vector for the synchronous path transition
state TS1 involves simultaneous stretching of both the C-N
bonds. A total of 300 trajectories were initiated randomly from
the TS1 region. The statistics of the products formed in these
trajectories are given in Table 1. Out of 300 trajectories, 101
returned to the reactant, 198 led to cyclopropane (Cp), and one
resulted in an alkene. From TS1, 163 of 198 trajectories form Cp,
while the remaining 35 trajectories form the reactant first and
subsequently recross the TS region to form Cp. Among these 35
recrossing trajectories, 21 dissociated via the synchronous deni-
trogenation pathway, while 14 followed the asynchronous path-
way. Since the focus is on understanding the post-transition-state
dynamics, the 35 recrossing trajectories were excluded from the
product analysis. Consequently, the analysis was performed on
the remaining 163 trajectories. Of these, 86 (52.7%) formed SI
cyclopropane, 59 (36.2%) formed DI cyclopropane, and 18
(11.0%) formed cyclopropane with retention of the configuration.

Table 1 Number of trajectories forming reactants (R), propylene (Py),
Intl, and Cp, and those exhibiting recrossing, for sets of 300 trajectories
integrated from TS1, SOS, TS3a, TS3c, TS4a, TS4c, and TS5 regions®

Recrossing

Region R Py Int1 R — Cp SI DI Ret Total

TS1 101 1 35 86 59 18 163
53% 36% 11%

SOS 63 1 1 18 54 60 103 217
24.9% 27.6% 47.5%

TS3a 26 3 123 79 69 271
45% 29% 25%

TS3c 20 8 137 76 59 272
50% 28% 22%

TS4a 36 1 22 124 55 62 241
51% 23% 26%

TS4c 7 1 4 147 103 38 288
51% 36% 13%

TS5 10 2 189 53 46 288
65.6% 18.4% 16%

Experiment'®? 73%  16%  10%

% The fraction of trajectories forming different products are also given
as percentages. ” The experimental data is for trans-3,5-dimethyl-1-
pyrazoline.
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Fig. 2 Plot of the C1-N5 and C3-N4 distances for all trajectories initiated
from the TS1 region following (a) synchronous and (b) asynchronous
denitrogenation pathways. The trajectories are projected onto a two-
dimensional PES obtained from a relaxed scan of the C-N distances for
1-pyrazoline.

To determine whether the denitrogenation process was
synchronous or asynchronous, the changes in C3-N4 and C1-N5
bond distance over time were monitored for the 163 trajectories.
Of these, 154 trajectories (Fig. 2(a)) dissociated via the synchronous
denitrogenation pathway, while the remaining 9 trajectories
(Fig. 2(b)) followed an asynchronous path despite starting from
the synchronous transition-state region. A plot of the angle / C1-
C2-C3-N4 versus the C3-N4 distance (Fig. 3) reveals that most
trajectories followed the minimum energy path (MEP). All trajec-
tories dissociating from TS1 formed the trimethylene diradical
intermediate (Int1), which either closed to form Cp or formed an
alkene without ring closure. Interestingly, six trajectories were
found to dissociate from the SOS region.

To investigate the observed experimental product selectivity,
the atomic-level mechanisms from TS1 to Cp by the ring closure
of Int1 were followed for the 154 synchronous trajectories. The
stereochemistry of cyclopropane obtained is expected to be
influenced by the lifetime of Intl (i.e., how long the system
remains in the diradical region) and the number of rotations of
the terminal methylene groups before closure.

We calculated the lifetime of the diradical intermediate Int1
by tracking the electron densities of the 6y and o n* orbitals
during dissociation for all trajectories. An electron density
greater than 0.45 on the oc_n* orbital was used as the criterion

MEP ——
TSUTSI” @

270°

Fig. 3 Polar plot of £ C1-C2-C3-N4 vs. C3-N4 distance for TS1, TS1’,
IRC path (MEP), and the 163 trajectories that form Cp from TS1.
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for a radical. The lifetime distribution of the trimethylene
diradicals (Fig. S5(a), ESIT) exhibited an exponential decay,
with an initial equilibration time of ~100 fs. The average
lifetime of the diradical was found to be 128 fs, comparable
to the experimental lifetime value of 120 + 20 fs observed for
cyclopropane isomerization.>®

Since the barrier for the rotation of the terminal methylene
groups in Int1 is ~1 kecal mol *, these groups can rotate multiple
times before closing to form Cp. The number of rotations of the
terminal methylene groups corresponding to the C1 and C3
atoms was calculated by monitoring the dihedral angles
/. C3C2C1H6 and / C1C2C3HS8 over time. These rotations were
denoted as (ncy,Mcs). The number of terminal methylene rota-
tions and the average lifetimes of the trimethylene diradical
intermediate, obtained from 154 trajectories, are shown in
Fig. S5(b) and (c) (ESIT). As seen in Fig. S5(b) (ESIt), the majority
of the trajectories exhibit (0, 0), (0, 1), (1, 0), or (1, 1) rotations in
the terminal methylene groups. When compared to trajectories
with (1, 0), (0, 1), or (1, 1) rotations, the average lifetime of
trajectories with (0, 0) rotation is shorter (86 fs), indicating that
shorter Int1 lifetimes favor the formation of Cp with retention of
the configuration. The maximum inversion observed was (2, 7) in
a trajectory that spent 359 fs in the Int1 region before forming Cp.

It is interesting to look at the nature of the HOMO and
LUMO during the reaction. The HOMO and LUMO of the
stationary points TS1, Int1, and Cp along the MEP of synchro-
nous denitrogenation are shown in Fig. 4(a). At TS1, the HOMO
and LUMO are oy bonding and 6 n* anti-bonding orbitals,
respectively. These orbitals change to p-type orbitals on the C1
and C3 atoms in Int1 and subsequently to 6¢_c and o¢_c¢* of the
C1-C3 bond in Cp. Fig. 4(b)-(d) show the plots of the C1-C3
bond distance and the electron densities of the c¢_n and co_n*
orbitals versus time. We can see that the initial electron densities
in the ocn (01) and ocn* (p2) orbitals are ~1.6 and ~0.4,
respectively. During the course of the reaction, p; decreases and
p, increases until the diradical is formed when p; and p, are
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~1.0. During the cyclopropane formation from the diradical,
since the pn and pn* orbitals change their character to ¢ (1)
and oc_c* (p,) orbitals, p; and p, now become ~2.0 and ~0,
respectively.

Detailed analysis of the C1-C3 bond distance and orbital
electron densities revealed two trajectory types. In Type 1
trajectories (Fig. 4(b)), the dissociation of the C-N bonds and
the C1-C3 bond closure occur simultaneously. The system
traverses the diradical region and the products are formed
within 100 fs. All of the Type 1 trajectories either undergo (O,
0), (0, 1), (1, 0), or (1, 1) inversions at the C1 and C3 carbon
atoms. 43 (55.1%) of the 78 Type 1 trajectories close to form SI
cyclopropane, 26 (33.3%) form DI cyclopropane, and 9 (11.5%)
form Cp with retention of the configuration. In Type 2 trajec-
tories (Fig. 4(c)), the system remains in the diradical region for
a longer time before closing to Cp. These trajectories show
multiple inversions at the C1 and C3 carbon centres. 37 (48.7%)
out of 76 Type 2 trajectories close to form SI cyclopropane, 31
(40.8%) form Cp with double inversion, and 8 (10.5%) trajec-
tories form Cp with the retention of the configuration.

It is clear that Type 1 trajectories with shorter Intl lifetimes
have a higher preference for the formation of SI cyclopropane than
Type 2 trajectories. In contrast, prolonged residence of the system
in the Int1 region, facilitates efficient IVR reducing the preference
for the formation of SI Cp relative to DI Cp. Only ~11% of
trajectories close to Cp with the retention of the configuration.
Additionally, 14 trajectories exhibited cyclopropane isomerization,
involving ring opening and subsequent reclosure (Fig. 4(d)).

3.3 Post-second-order saddle dynamics

The dynamical simulations from the reactant (1-pyrazoline)*
revealed that about 7% of the trajectories undergoing synchro-
nous denitrogenation followed the SOS path. Therefore, it is of
interest to explore the post-second-order saddle dynamics from
the SOS region to understand the atomic-level mechanisms and
their importance in product selectivity. To this end, we computed
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Fig. 4 (a) Orbital correlation diagram for the synchronous denitrogenation path from TS1 to Intl and Cp. Plot of C1-C3 bond distance (top panel) and
electron densities (p; and p,, bottom panel) in the oc_y and oc_n* orbitals vs. time for trajectories initiated at the TS1 region for (b) Type 1 trajectories with
a short diradical lifetime, (c) Type 2 trajectories with a longer diradical lifetime, and (d) trajectories showing Cp isomerization.
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300 trajectories initiated at the SOS region by assuming a micro-
canonical distribution of energies among all modes, with an
excess energy of 74.98 kcal mol ' available at the SOS.

Out of 300 trajectories, 235 resulted in Cp, 1 trajectory
yielded an alkene, 1 trajectory was trapped in the Intl region
for the integration time, and the remaining 63 trajectories
returned to the reactant. From the SOS, 217 of the 235 trajec-
tories formed Cp, while the remaining 18 formed the reactant
first and subsequently recrossed the SOS region to form Cp. Of
the 217 products formed, 54 (24.9%) resulted in the SI configu-
ration, 60 (27.6%) gave the DI configuration, and 103 (47.5%)
gave the Ret configuration. As observed in our previous study,*’
this clearly indicates that the SOS path provides an alternative
mechanism for the formation of a major retention of the
configuration product.

The mechanisms followed by the 235 reactive trajectories can
be classified into the following four pathways (Fig. 5): (i) SOS —
Cp (directly or via Int1). 217 of the 235 trajectories move in the
forward direction from the SOS region to form Cp directly, or
form TMD, which then results in Cp. (ii) SOS - TSO —» R —
TS1 — Cp. One trajectory passes the TS0 region and then forms
Cp via the TS1 region. (iii) SOS — TS0 — R — SOS — Cp. Two
trajectories first form the reactant from SOS and then form Cp
after recrossing the SOS region. (iv) SOS - R — TS1/TS1’ — Cp.
14 trajectories first form the reactant and then proceed via
TS1/TS1’ to form Cp. Interestingly, one trajectory follows the
asynchronous path after forming the reactant from the SOS
region.

The diradical lifetime distribution and the number of inver-
sions (n¢y, Nes) at the C1 and C3 atoms for the 217 trajectories
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Fig. 5 Plot of ¢s (°) and ds (A) for (a) 217 trajectories projected on the
relaxed PES for the synchronous path for 1-pyrazoline. These trajectories
move in the forward direction towards Cp/TMD from the SOS region, (b)
one trajectory that first goes to TSO from the SOS region, forms the
reactant, and then passes through TS1 forming Cp, (c) two trajectories that
first form the reactant from the SOS region and then form Cp via SOS, and
(d) 14 trajectories that first form the reactant from the SOS region and then
form Cp via TS1 or TSY'. ¢s = (¢p1 — ¢2)/2, where ¢ and ¢, are the dihedral
angles /£ C1C2C3N4 and £ C3C2C1IN5, and ds is the mean of the two C-N
bond distances.

12704 | Phys. Chem. Chem. Phys., 2025, 27,12699-12710

View Article Online

PCCP

that directly form Cp from the SOS region are shown in Fig. S6
(ESIT). We can see that most of the trajectories (98/217) have
(0, 0) inversions at the C1 and C3 carbon atoms, resulting in the
formation of Cp with retention of the configuration and have
an average diradical lifetime of 60 fs.

Along the dissociation path from the SOS, the changes in
electron densities of the C-N ¢ and o* orbitals were tracked for
the 217 trajectories. In 150 of the 217 trajectories, C-N dis-
sociation and C1-C3 bond closure occur simultaneously, and
Cp is formed within 100 fs (Fig. S7(a), ESIt). The remaining 67
trajectories spend more time in the diradical region (Fig. S7(b),
ESI¥).

It is interesting to look at the stereochemistry of Cp formed
from these trajectories. For the trajectories that spent less than
100 fs in the diradical region, 25/150 (17%) gave SI Cp, 30/150
(20%) gave DI Cp, and 95/150 (63%) resulted in Cp with
retention of the configuration. For the 67 trajectories that spent
more time in the diradical region, 29 (43%) gave SI Cp, 30 (45%)
gave DI Cp, and only 8 (12%) gave Cp with retention of the
configuration.

As seen above, the trajectories that spend less time in the
diradical region have a higher preference for the formation of Cp
with retention of the configuration. Trajectories that spend longer
time in the diradical region produce a racemic mixture of SI and
DI Cp, with only 12% of them resulting in Cp with retention of the
configuration, which is similar to the results observed for trajec-
tories initiated in the TS1 region. In 34 trajectories, the Cp formed
from SOS undergoes ring isomerization (Fig. S7(c), ESIT).

3.4 Trajectories integrated from the asynchronous step-wise
transition state regions

We computed sets of 300 trajectories, initiated from each of the
four asynchronous stepwise path transition states (TS3a, TS3c,
TS4a, TS4c), using a microcanonical sampling procedure. The
transition states connect the reactant and diazenyl diradicals.
The transition state vector associated with TS3a, TS3c, TS4a,
and TS4c corresponds to simultaneous stretching of the C1-N5
bond and torsional motion about the C3-N4 bond (/. C2-C3-
N4-N5 angle). Table 1 summarizes the outcomes of the trajec-
tories integrated from the different asynchronous stepwise
transition states.

As shown in Table 1, the trajectories follow four distinct
paths: (i) formation of the reactant, R, (ii) remaining in the Int1
region throughout the integration time, (iii) initial formation of
the reactant followed by recrossing the transition state region
to form Cp, and (iv) formation of Cp via different intermediates.
Recrossing trajectories were excluded from the product analy-
sis. The table shows that the majority of trajectories originating
from the four transition states result in the formation of Cp,
primarily with the SI configuration, followed by double inver-
sion and retention of the configuration.

We further investigated the atomic-level mechanisms under-
lying the formation of Cp. In transitioning from the reactant to
Cp via the asynchronous stepwise transition states along the
MEP, the N, group undergoes a clockwise/anticlockwise rota-
tion about the C3-N4 bond concurrent with the dissociation of
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the C1-N5 bond. In the transition states, the C1-N5 bond is
already broken and it is of interest here to understand the
process of C3-N4 bond breaking from the transition states.

If trajectories follow the MEP, the C3-N4 bond can dissoci-
ate from Int3a/Int4a or Int3b/Int4b. However, due to the
presence of excess kinetic energy, trajectories may deviate from
the MEPs and follow dynamically driven pathways. To investi-
gate the mechanism of C3-N4 bond dissociation, we tracked
changes in the /£ C2-C3-N4-N5 dihedral angle as a function of
the C3-N4 bond distance across all trajectories.

The polar plot of the dihedral angle / C2-C3-N4-N5 vs. C3—
N4 bond distance for the MEP and 271 TS3a trajectories that
form Cp is shown in Fig. 6. We can see that the trajectories
follow various dynamical reaction pathways that deviate from
the MEP, with the C3-N4 bond dissociating at varying / C2-
C3-N4-N5 values. Based on the dissociation patterns, trajec-
tories were classified into six categories. Fig. 6(a) shows 69
trajectories that dissociate directly from the TS3a region with-
out passing through the DZ intermediates. Fig. 6(b) depicts 62
trajectories proceeding to the diradical intermediate Int3a from
TS3a, where the C3-N4 bond subsequently dissociates. In 40
trajectories, the N, group rotates clockwise or anticlockwise
about the C3-N4 bond, closely following the MEP, and the C3-
N4 bond later dissociates via the TS3b region, as shown in
Fig. 6(c). Similarly, the C3-N4 bond dissociates from the Int3b
and TS3c regions in 14 and 10 trajectories, respectively, as
shown in Fig. 6(d) and (e).

(b)
MEP s
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TS3b @
Int3b
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In 76 trajectories, the N, group rotates clockwise about the
C3-N4 bond, accompanied by the dissociation of the C3-N4
avoiding the TS3¢/Int3b region (Fig. 6(f)), taking a non-IRC route
to form Cp. In one trajectory, the N, group completes a 360°
rotation about the C3-N4 bond before its dissociation. Notably,
the stationary points TS3a, TS3b, and TS3c are not directly
connected to the diradical Int1 or the product Cp, making direct
C3-N4 bond cleavage from these regions a dynamical pathway
that avoids MEPs.

We performed a similar analysis for the trajectories initiated
from the TS3c, TS4a, and TS4c regions and the corresponding
/ C2-C3-N4-N5 vs. C3-N4 bond distance plots are shown in
Fig. $8-510 (ESIt), respectively. Table 2 outlines the mechanisms
of C3-N4 bond dissociation followed by the trajectories inte-
grated from the four asynchronous step-wise transition states
TS3a, TS3c, TS4a, and TS4c. We can see that only 76, 48, 69, and
45 trajectories integrated from TS3a, TS3c, TS4a, and TS4c,
respectively, exhibit C3-N4 bond dissociation from the Int3a/
Int4a or Int3b/Int4b regions of the PES following the MEP. For
these 76, 48, 69, and 45 trajectories, a plot of / C1C2C3N4 bond
angle vs. C3-N4 bond distance reveals that the C3-N4 bond
dissociates either directly from Int3a and Int3b (Fig. 7(a) and
(b), and Fig. S11-S13, ESIt) via the transition states TS3d and
TS3f, respectively, or via an Sy2-like mechanism through the
transition states TS3e/TS4d and TS3g/TS4e, respectively. In the
Su2-like mechanism, the axial N, group of the DZ radical changes
to the equatorial position, followed by the C3-N4 bond

(©)

30°

270°

90°

270° 270°

Fig. 6 Plot of £ C2-C3-N4-N5 vs. C3-N4 for the minimum energy path, all the stationary points along the minimum energy path, and the 271
trajectories that form Cp from the transition state TS3a, following different dynamical pathways (a) to (f).
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Table 2 The atomic level mechanisms of C3—-N4 bond dissociation followed by trajectories integrated from TS3a, TS3c, TS4a, and TS4c regions
TSs Int3a/Int4a Int3b/Int4b TS3a/TS4a TS3b/TS4b TS3¢/TS4c Non-IRC region
TS3a 62 14 69 40 10 76

TS3c 8 40 7 19 161 37

TS4a 54 15 121 26 5 20

TS4c 9 36 5 15 158 65

dissociation to yield SI Cp (See Fig. S2, and S3, ESIt). A similar
Su2 mechanism was proposed to explain the substantial stereo-
chemical inversion in housane formation in the photochemical
denitrogenation of diazabicycloheptene.”

Fig. 7 presents snapshots of two sample trajectories inte-
grated from the TS3a region. In the first trajectory (Fig. 7(c)),
the C3-N4 bond dissociates directly from the TS3a region, and Cp
forms in approximately 225 fs. In the second trajectory (Fig. 7(d)),
the N, group dissociates via the Sy2-like transition state TS3g.
Here, the terminal methylene group (CH,) completes a 360
rotation in about 145 fs, after which the N, group rotates about
the C-N bond in tandem with the rotation of both CH, groups
until ~205 fs to form Int3b. The N, group of Int3b subsequently
transitions from an axial to an equatorial position around 300 fs,
after which the N, group dissociates, forming Cp.

Since asynchronous trajectories pass through both the DZ
and TMD diradical regions, the amount of time the system
spends in these regions influences the stereochemistry of the
Cp formed. To investigate this, we calculated the total diradical

(@) (b)

MEP via TS3d  se—

MEP via TS3e mmm—
Int3a L]
TS3d

©

LA AR

0fs 30 fs
d)

0fs 45 fs 90 fs 120 fs

405 fs 54 fs 67.5fs

(

1455 fs

Fig. 7 Plots of £ C1-C2-C3-N4 versus C3—-N4 for the minimum energy
trajectories that dissociate from the (a) Int3a and (b) Int3b. (c) Snapshots of a
of the PES. (d) Snapshots of a trajectory in which the N, group rotates 273 a
TS3g.
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lifetime and the individual lifetimes of the DZ and TMD
diradicals by monitoring the electron densities of the HOMO
and LUMO orbitals during the dissociation process. The C-N
bond lengths were used to distinguish the lifetimes of the DZ
and TMD diradicals. When both C-N distances exceed 4.5 A,
the diradical is designated as TMD. This threshold was selected
because the longest C-N distance corresponding to the TSs
along the asynchronous paths is approximately 4.5 A.

Fig. $14-S17 (ESIt) present the plots of the C3-N4 bond distance
versus time and the difference in electron density between the
HOMO and LUMO orbitals during the dissociation process for the
TS3a, TS3c, TS4a, and TS4c trajectories following different pathways,
respectively. In most trajectories that dissociate directly from the
transition state regions from which they are integrated, the dis-
sociation of the C3-N4 bond and the closure of the C-C bond occur
simultaneously, forming Cp within 200 fs. As the trajectories explore
the DZ region of the PES, their lifetimes increase.

Fig. S18-S21 (ESIt) show the distribution of the total dir-
adical lifetimes (DZ + TMD), the diazenyl diradical lifetimes,

90°

MEP via TS3f

MEP via TS3g —
Int3b [ ]
TS3f e 150°
TS3g ]

180° 0°

210° 330°

AN
¢ v OC
... o H

225 fs

T TP A e YT

1725 fs 205 fs 234 fs 300 fs 360 fs

path, all stationary points along the minimum energy path, and the TS3a
sample trajectory in which the C3—-N4 bond dissociates in the TS3a region
round the C3-N4 bond before dissociating via the S,,2-like transition state
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and the trimethylene diradical lifetimes for the TS3a, TS3c,
TS4a, and TS4c trajectories, respectively. The total lifetime
distributions exhibit a nearly exponential decay, with an initial
equilibration time of approximately 150 fs, and the average
total lifetimes were 206 fs, 192 fs, 199 fs, and 178 fs for the
TS3a, TS3c, TS4a, and TS4c trajectories, respectively. Notably,
the diazenyl diradicals are longer-lived compared to the TMD
radicals and account for the majority of the diradical lifetimes.

Additionally, we calculated the number of inversions at the
C1 and C3 stereocenters. Fig. S22 (ESIY) illustrates the number of
inversions at the C1 and C3 stereocenters before forming Cp for
the TS3a, TS3c, TS4a, and TS4c trajectories. The majority of these
trajectories undergo (0, 0), (0, 1), (1, 0), and (1, 1) inversions at the
stereocenters. For TS3a, TS3c¢, and TS4a trajectories, the major SI
Cp product arises primarily from inversion at the C1 center,
whereas for TS4c trajectories, the major SI Cp results largely from
inversion at the C3 center.

3.5 Trajectories initiated from the asynchronous concerted
transition state (TS5) region

The reaction coordinate vector for TS5 involves the stretching of
the C1-N5 bond and the torsional motion of / C1-C2-C3-N4.
At TS5, the C1-N5 bond length is 3.8 A, and the / C1-C2-C3-
N4 is —112.33°. A total of 300 trajectories were initiated from
the TS5 region using microcanonical normal mode sampling of
states with an energy of 70.89 kcal mol ™. Of these, 10 trajec-
tories lead to the reactant, while 290 resulted in Cp. Among the
reactive trajectories, 288 proceeded directly from the TS region
to form Cp, while the remaining 2 initially access the reactant
region before recrossing the TS region to form Cp.

Out of the 288 trajectories, 189 (65.6%) yield SI Cp, 53
(18.4%) result in DI Cp, and 46 (16.0%) produce Cp with
retention of the configuration. The preference for SI Cp for-
mation observed in the TS5 trajectories aligns with the product
stereochemistry experimentally reported for trans-3,5-dimethyl-
1-pyrazoline.'®*®

To investigate the mechanism of Cp formation from the
transition state region, we monitored / C1-C2-C3-N4 and
[ C2-C3-N4-N5 as functions of the C3-N4 bond distance during
the trajectories. Fig. 8(a) and (b) illustrate the changes in / C2-
C3-N4-N5 versus C3-N4 bond distance and / C1-C2-C3-N4
versus C3-N4 bond distance for the MEP, TS5, and the 288
trajectories that form Cp from TS5, respectively. Most trajectories
dissociate directly from the TS5 region of the PES, forming Cp
following the MEP. The rest of the trajectories follow various
dynamical paths that deviate from the MEP associated with TS5.
In these cases, the C3-N4 bond dissociates at different / C2-C3-
N4-N5 and / C1-C2-C3-N4 angles follow the asynchronous,
stepwise denitrogenation pathway (Fig. 8(a)), even though they
were initiated from the TS5 region.

To further explore the mechanism of Cp formation from
TS5, we calculated the total diradical lifetime and the indivi-
dual lifetimes of the DZ and TMD diradicals by monitoring the
electron densities of the HOMO and LUMO orbitals during the
dissociation process. Fig. S23 (ESIt) shows the correlation
between the number of (n¢y, nc3) rotations and the time spent
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Fig. 8 Polar plots of (a) L C2-C3-N4-N5 versus C3—-N4 bond distance
and (b) £ C1-C2-C3-N4 versus C3-N4 bond distance for TS5, MEP, and
the 288 TS5 trajectories that form Cp.

in the DZ and TMD diradical regions. As illustrated in Fig. S23(a)
(ESIt), the lifetime distribution exhibits an initial equilibration
time followed by an exponential decay with an average lifetime of
138.32 fs. The majority of trajectories involve inversions at the C3
carbon center ((0,1) inversion), leading to the formation of SI Cp.
Fig. S23(c) and (d) (ESI{) indicate that the system spends most of
its time in the DZ diradical region of the PES, briefly passing
through the TMD region prior to forming Cp.

Interestingly, the average diradical lifetime for trajectories
showing (0,1) inversion is the shortest (56 + 9 = 65 fs). This
contrasts with trajectories integrated from the synchronous and
asynchronous stepwise transition state regions, where trajectories
showing (0,0) inversion exhibited the shortest diradical lifetimes.

3.6 Product energy partitioning

We computed the energies of the product fragments from post-
TS trajectories initiated from various transition states during the
dissociation process. During the formation of the products Cp and
N,, the total kinetic energy available to the system is redistributed
among the translational, rotational, and vibrational degrees of
freedom of the products. Investigating the internal energies of the
formed products is therefore of interest. The products were
identified by monitoring the two C-N bonds during the course
of the trajectory. The products were considered formed if the two
C-N bond lengths reached 15 A and the C(1)-C(3) bond was
formed, resulting in ring closure. The internal energies of the N,
and Cp groups were calculated as described elsewhere.’>

The average relative translational energies (E.ans), rotational
energies of Cp (£, (Cp)), and rotational energies of N, (Eo¢
(N,)) were determined for trajectories integrated from the
synchronous transition state (TS1), the asynchronous transition
states (TS3a, TS3c, TS4a, TS4c, TS5), and the SOS region. The
results are shown in Fig. 9.

As depicted in Fig. 9(a), the Eyans between the Cp and N,
fragments initially increases with ds during the C-N bond-
breaking process, eventually plateauing at ~5 A for all trajec-
tories integrated from different transition state regions (TS1,
TS3a, TS3c, TS4a, TS4c, TS5) and the SOS region. However, due
to differences in the pathways followed by synchronous (TS1,
SOS) and asynchronous (TS3a, TS3c, TS4a, TS4c, TS5) trajec-
tories, variations in post-TS/SOS kinetic energy release are
observed.
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Fig. 9 Plots of average (a) relative translational energies (kcal mol™), (b) rotational energies of Cp, and (c) rotational energies of N, as a function of the

mean C-N distance ds (A) for trajectories integrated from the TS1, SOS, TS3a, TS3c, TS4a, TS4c, and TS5 regions.

Trajectories from TS1 and SOS regions exhibit higher E¢;ans
because they involve synchronous breaking of both C-N bonds
and immediate formation of the C1-C3 bond. This is accom-
panied by lower E,, for both N, and Cp, as shown in Fig. 9(b)
and (c). Notably, Ei.,s is slightly higher for SOS trajectories
compared to TS1 trajectories, as the former involves direct
formation of Cp rather than the intermediate Intl seen in the
latter.

In contrast, trajectories from asynchronous transition states
exhibit lower Eyans due to the involvement of TMD and DZ
intermediates, which facilitate energy redistribution among the
internal degrees of freedom. Among these, TS5 trajectories exhibit
relatively higher E.,s because, in most cases, the C3-N4 bond
dissociates directly from the transition state region, forming SI Cp
in approximately 65 fs. This is consistent with the lower average
rotational energy of the N, fragment observed in TS5 trajectories
compared to those initiated from other asynchronous stepwise
transition states (TS3a, TS3c, TS4a, TS4c).

For trajectories following asynchronous stepwise pathways,
the N, group rotates around the C3-N4 bond to access different
asynchronous intermediates before breaking the C3-N4 bond
to form Cp. This results in higher E, for both Cp and N, as
shown in Fig. 9(b) and (c).

4 Summary and conclusions

The post-transition state and post-second-order saddle dynamics
of the thermal denitrogenation of 1-pyrazoline were investigated
using ab initio classical trajectory simulations. Trajectories were
initiated from different transition state regions corresponding to
synchronous and asynchronous pathways, which involve simulta-
neous and sequential breaking of the two C-N bonds, respectively.

Trajectories initiated from the synchronous transition state
(TS1) region predominantly followed the minimum energy
pathway, leading to the formation of the trimethylene diradical
(Int1). This intermediate subsequently formed cyclopropane
(Cp) with a preference for single inversion of the configuration.
In contrast, most of the trajectories integrated from the
SOS region exhibited no inversion at the terminal C1 and C3

12708 | Phys. Chem. Chem. Phys., 2025, 27,12699-12710

carbon centers of Intl, resulting in Cp with retention of the
configuration.

For trajectories initiated from the asynchronous transition
state regions, most did not follow the minimum energy path-
way (MEP). Although these trajectories accessed both the
diazenyl diradical and trimethylene diradical regions, the aver-
age lifetimes of the diazenyl diradical were longer than those of
the trimethylene diradical. The majority of the trajectories
initiated from the TS5 region followed the minimum energy
path corresponding to a concerted N, extrusion via an Sy2
pathway and resulted in significant inversion at the C3 carbon
bonded to the N, group in the transition state.

During the dissociation process, all trajectories passed
through the diradical region, regardless of the pathway fol-
lowed. The TS1 and SOS trajectories, which follow the synchro-
nous path, exhibited shorter trimethylene diradical lifetimes,
averaging 128 fs and 100 fs, respectively. In contrast, asynchro-
nous trajectories initiated from the TS3a, TS3c, TS4a, and TS4c
regions displayed longer diradical (DZ+TMD) lifetimes, with
averages of 206 fs, 192 fs, 199 fs, and 178 fs, respectively.
However, the trimethylene diradical in these asynchronous path-
ways remained short-lived, with average lifetimes of 55 fs, 55 fs,
46 fs, and 54 fs, respectively. Interestingly, the average diradical
(DZ+TMD) lifetime for TS5 trajectories following the Sy2 pathway
was the shortest (~65 fs). The non-exponential distribution of
diradical lifetimes observed in trajectories initiated from differ-
ent transition-state regions possibly indicates incomplete intra-
molecular vibrational energy redistribution, leading to a
nonstatistical product distribution.>*>*

In the simulations, the SI products ranged from 50% to 65.6%
for 1-pyrazoline, depending on the pathway followed, compared
to 73% observed in the experiments for trans-3,5-dimethyl-1-
pyrazoline."® When weighted by the expected incidence corres-
ponding to the channels, the product distributions for the SI, DI,
and retention products become 52.2%, 35.9%, and 11.8%,
respectively. The discrepancies in the product distributions can
be attributed to the effect of the methyl substituent, which is not
considered in the present study.

In the literature, various intuitive synchronous pathways'®'®

as well as asynchronous pathways backed by CI calculations®®?”
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have been proposed to account for the major SI Cp product
observed experimentally in the thermal denitrogenation of
1-pyrazoline. Interestingly, our trajectory simulations reveal that
the preference for SI Cp formation is independent of the
reaction pathway. Both synchronous and asynchronous path-
ways yield similar stereochemical distributions of products,
with trajectories from all six transition state regions showing a
preference for SI Cp formation. Despite the significant lifetimes
of diradical intermediates, the observed preference for SI Cp
formation underscores the importance of dynamical effects in
product formation and suggests the possibility of dynamical
matching, as described by Carpenter.>
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