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Dynamical control of reactivity for the deazetization of endo,endo-9,10-diazatetracyclol3.3.2.0%*.0%%dec-9-ene
(3) is studied using on-the-fly quasi-classical trajectory (QCT) calculations at the density functional theory (DFT)
level. Two degenerate homotropilidenes, 4 and 5, are formed simultaneously from a single transition state (TS).
The ratio of the cyclohexadienyl substituted product, 4, and the dynamical product, i.e. bridgehead substituted
product, 5, can be neatly controlled by tuning the topology of the potential energy surface (PES). A steep
descent post-TS favors the cyclohexadienyl substituted product while a shallow descent increases the dynamical
outcome. Chemical demonstration of the same is achieved by symmetrical and asymmetrical substitution of
functional groups along the cleaving (C3-C4) bond. Asymmetric mono-functionalization makes the PES
broader, thereby reducing the slope post-TS. This creates a favourable situation for the dynamical products,
5b-5d, to become the major ones. On the contrary, symmetric bi-functionalization makes the cyclohexadienyl
substituted product, 4m—4o0, overwhelmingly (>85%) predominating. As a corollary to this phenomenon, substi-
tution of the C3-C4 bond by the heavier isotopologues of H/C restricts its motion along the IRC path by the
Newtonian kinetic isotope effect. This facilitates bond-opening along the C10-C11 dynamical pathway. Hence,
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Introduction

Cyclic azo alkanes constitute a versatile class of organic com-
pounds characterized by the presence of one or more azo
functional groups. The diverse applications of these com-
pounds arise from both the number of rings and their respec-
tive sizes. Their utility spans dyeing, pigment production, and
the development of photochromic materials, among others.'
They have the ability to exist in different isomeric forms,
dictated by the orientation of the rings relative to the azo group
and other functional groups attached to the ring. This imparts
significant diversity in their reactivity. The inherent reactivity
of cyclic azo compounds depends critically on the strain within
the rings. This enables them to undergo deazetization reactions
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wherein cleavage of the azo group occurs, further expanding
their synthetic possibilities.’

The smallest amongst the cyclic rings, cyclopropenes, show high
reactivity in bioorthogonal reactions due to their highly strained
structure. Recently, cyclopropene derivatives have gained huge atten-
tion as they have small sizes and hydrophobic properties. The rapid
and selective reaction kinetics of tetrazine derivatives with cyclopro-
penes have been utilized for imaging purposes owing to the
high contrast and minimal background signal.>’ Inverse-electron
demand Diels-Alder reactions between tetrazines and strained
alkenes or alkynes have been reviewed by Boger.® This results in
the formation of dihydropyridazines or pyridazines with nitrogen gas
being the sole byproduct. Prescher and co-workers have observed
isomeric cyclopropenes displaying a variety of reactivities with
tetrazines.” Even though in general cyclopropenes do not react with
tetrazine, Sauer and co-workers could form highly strained 3,4-
diazanorcaradienes and 9,10-diazatetracyclo[3.3.2.0>.0%*]dec-9-ene
from the reaction of cyclopropene with tetrazines.'>"!

Elimination of the azo-group from 9,10-diazatetracyclo
[3.3.2.0>*.0%%]dec-9-ene (3) produces homotropilidenes. They
show unique chemical reactivity because of their strained
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Scheme 1 Formation of homotropilidenes through deazetization reac-
tion from 3.

Z—Z

structure.'>" Scheme 1 shows the formation of 3 by the [4+2]
cycloaddition of symmetric electron-deficient tetrazines (1)
with two equivalents of cyclopropenes (2).'* Thermolysis of 3
produces homotropilidenes (4 and 5) through the elimination
of a N, molecule. The degeneracy between 4 and 5 can be
broken to selectively prefer either of them based on the sub-
stituents on 3. The overall pathway along 1 — 4,5 is signifi-
cantly thermodynamically downhill, which drives spontaneous
product formation (see ESI,T Fig. S1).

One of the more popular frameworks to understand the
selectivity of products is the transition state theory (TST) or
variational transition state theory (VTST). Within this model,
products are formed through competing independent
transition-states and the free-energy difference amongst them
can be utilized for a quantitative comprehension of the origin
of product selectivity.">'® However, an alternative product
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Fig.1 Formation of homotropilidenes (4 and 5) from endo,endo-9,
10-diazatetracyclo[3.3.2.0%4.0%%]dec-9-ene (3) through deazetization
reaction.
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selectivity might arise when two products originate from a
single transition state. In this scenario, the pathway of products
shares a transition state, diverging after the valley-ridge inflec-
tion point when the potential energy surface bifurcates. There-
fore, in such cases, post-TS effects like the vibrational motion
and momenta of atoms along the non-intrinsic reaction co-
ordinate (non-IRC) pathways become predominant."”*° Tan-
tillo et al. have studied post-TS bifurcations on several organic
reactions."” > Houk and co-workers have studied non-
statistical molecular dynamical effects in deazetization reaction
of azoalkanes.>**® Dynamical effects have been shown to be
essential to describe the high selectivity in the [3,3] sigma-
tropic rearrangement for bispercyclic transition-state.>® Post-
transition-state dynamics have been shown to be important for
reactions in which the number of concerted processes is more
than 3.*” Ess and co-workers have studied the nonstatistical
intermediates and dynamically regulated routes for benzene
reductive elimination from Mo/W-based organometallic com-
plexes using direct-dynamics simulations.® Mandal et al. have
shown that deazetization reactions for semibullvalene for-
mation, Au(i)-catalysed intramolecular Diels-Alder processes
and the valence isomerism in benzene imine are richly con-
trolled dynamical effects.>*™"

The mechanism for the thermolysis of azo compounds is of
importance®*** and therefore, the thermolysis of 3 to form 4
and 5 is studied in the present article. The IRC and non-IRC
preferences for 4 or 5 are investigated computationally by
substituting functional groups (Fig. 1) on 3. Additionally, we
carried out detailed quasiclassical trajectory simulations from
the ambimodal transition state structure to examine dynamical
behaviour. Newtonian kinetic isotope effects (KIEs)** were
computed to assess the kinetic selectivity via isotope labelling.

Computational details

The structures for each molecule, along with the harmonic
frequencies were computed using the Gaussian 16 program® at
the M06-2X/6-31G(d) level of theory.>®*” To ensure that transi-
tion states connect to the desirable stationary-points, intrinsic
reaction coordinate (IRC) calculations were performed.*®
Benchmarking of these calculations was performed at various
levels of theory, including the B3LYP/6-31G(d), B3LYP/6-31+G(d,p)
with dispersion corrections using Grimme’s D3, and M06-2X/6-
31+G(d,p) for a comparison of different theoretical methods.**™**
Additionally, single-point calculations were also performed at the
DLPNO-CCSD(T)****/def2-TZVP level to further validate the DFT
results (see ESI, Table S1).** Calculations at the DLPNO-CCSD(T)/
def2-TZVP level are also in agreement with the DFT calculations.
DLPNO-CCSD(T) calculations are done in ORCA 5.0.*> The 3D-view
of the molecular structures was retrieved using Gauss View 6.1.1, a
popular visualization tool that aids in the accurate depiction and
analysis of complex molecular geometries.

The quasiclassical trajectories (QCTs) were simulated via on-
the-fly molecular dynamics (MD) using Singleton’s ProgDyn
code interfaced with Gaussian16, which calculates the force

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp03447c

Published on 23 October 2024. Downloaded on 2/28/2026 10:19:38 AM.

PCCP

Table 1 Relative reaction enthalpy, free energy, activation enthalpy and
free energy activations at 298.15 K (in kcal mol™) for 3(a—d) — 4(a—d) and
3(a—d) — 5(a—d) at the M06-2X/6-31G(d) level of theory

AH AG AHY ,  AGL., AHI AG, g
3a — 4a —51.0 —64.2 8.2 8.3 15.5 16.2
3a — 5a -51.0 —64.2
3b — 4b —52.7 —66.4 8.0 7.7 14.8 16.1
3b — 5b —52.5 —65.6
3¢ — 4c¢ —52.2 —65.0 8.7 8.4 15.5 16.2
3c — 5¢ —50.2 —63.5
3d - 4d —50.9 —64.0 9.2 9.1 16.6 19.1
3d —» 5d —50.3 —63.3

constant at each time-step along with trajectory formation at
the M06-2X/6-31G(d) level of theory.*® ProgDyn generates the
initial geometries from the precise frequency calculations
based on the optimized transition state structures. All direct
MD simulations were conducted at 298.15 K to mimic realistic
reaction conditions. Normal mode sampling involved adding
the zero-point energies for each real normal mode of the
transition state, followed by Boltzmann sampling to generate
a comprehensive set of coordinates for trajectory propagation.
In these simulations, molecular configurations and velocities
were propagated in both the forward and backward directions
using the velocity Verlet algorithm with a timestep of 1 fs. This
method ensured accurate propagation until either the starting

1.2

View Article Online

Paper

material or the product was obtained. At each time step, the
nuclei were propagated classically, while the electronic
structures were calculated quantum mechanically using DFT
(M06-2X/6-31G(d) level). Detailed thresholds for bond forma-
tions and trajectory terminations are provided in the ESI{ for a
reproducible workflow for these simulations.

Results and discussion

As shown in Table 1, the formation of both the homotropili-
denes, 4 and 5, is thermodynamically favourable. For 3a, both
4a and 5a are degenerate but when a functional group is
substituted on 3, the degeneracy of 4 and 5 is lifted making 4
relatively more stable than 5. The preferential stability of 4 can
be understood by the electron-withdrawing/electron-donating
properties of the substituents as well as steric effects. In the
case of 4b and 5b, a H atom is substituted by the electron
withdrawing -NO, group which increases the s-character of
the adjacent bond resulting in an enhanced bond-angle within

the cyclopropane ring. This makes 5b relatively unstable (see,
ESI,f Tables S2 and S3 for the % s-character from NBO
analysis). For 4c, 5¢ and 4d, 5d, the -NMe, and phenyl groups
have +R effect. Both the groups are able to delocalize the
electron-density on adjacent double-bonds. Therefore, 4c and
4d get stabilized.

© TS sampling points

14 15 16 1.7 18 1.9 20

d(C3-C4) A

12 13

Fig. 2 (a) Side and top views of the overlay of 30 sampled TS structures, TS-a. (b) Transition-state (TS-a) obtained along the IRC path between 3a and 4a
at the M062X/6-31G(D) level of theory. (c) Scatter plot in C3—C4 and C10-C11 bond lengths across 100 sampled TS (TS-a) structures.

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 28161-28170 | 28163


https://doi.org/10.1039/d4cp03447c

Published on 23 October 2024. Downloaded on 2/28/2026 10:19:38 AM.

Paper

TS (3 — 4,5) involves the N, elimination reaction. The free-
energy barrier, AGL“‘5 for 3b is the lowest in the series which
again is correlated with the smaller % s - character of C-N
making it weaker for easy dissociation. The barrier for the
4 — 5 interconversion is significantly higher than the initial
product formation barrier. It is worthwhile to mention here
that the endo conformers of 3(a-d) are considered here for the
thermal deazetization reactions as the barriers are significantly
higher for the same in the cases of the exo-conformers, 3*
(see ESI,T Table S10). Houk and co-workers have found that the
high thermal barrier in the case of the exo-conformers is due to
the di-radical nature of the transition-states.?* In fact, deazeti-
zation reactions for the exo-conformers occur exclusively under
photochemical conditions.'*™?

The steepest decent path from 3 via TS in mass-weighted
coordinates with infinitesimal atomic velocity as represented by
intrinsic reaction coordinate (IRC) calculations connects to 4.
For reactant 3a, products 4a and 5a are the same. However for
transition states TS(b-d), IRC connects 3(b-d) to the more
stable 4(b-d). For 3(a-d), the valley-ridge inflection (VRI) point
is found on the right-hand side of the transition-state that is
towards the product. In all cases, only product 4 is obtained
from IRC calculations except for degenerate 3a which connects
TS with TS,_s. Nevertheless, previous experiments on
similar reactions have shown that both the products, namely
4 and 5, are found. Additionally from Table 1, it is clear

that the reaction barrier from 4 to 5 <AG£H5) is much higher

(~15-19 keal mol ') than AGL‘LS. Therefore, the thermal inter-

conversion from the cyclohexadienyl substituted product (4) to the
bridgehead substituted product (5) is unlikely at room tempera-
ture. This implies that there must be a post transition-state
bifurcation on PES. As shown in Scheme 1, the TS bifurcates into
4 or 5. The bifurcation of PES is caused at the VRI point beyond
which trajectories have an option to reach alternative products.
In this regard, we have conducted quasi-classical trajectory
(QCT) analyses in the gas-phase. Since the species involved in
the reaction are not overtly polar, consideration of implicit
polar solvent models should not affect the path significantly.
The results of the implicit solvation model of the barriers are
reported in Tables S7-S9 (ESI{). The M06-2X/6-31G(d) level of
theory is employed for all the trajectory propagations. Trajectories
were initiated from transition-state ensembles of TS created using
ProgDyn and propagated via classical equations of motion, with
forces calculated quantum-mechanically in realtime. Transition-
state ensembles were generated by performing Boltzmann sampling

View Article Online
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of geometries using normal-mode sampling, adding zero-point
energy for each real normal mode, and incorporating thermal
energy at 298 K to the structures. To verify the robustness of the
sampling method, we have plotted an overlay of 30 sampled
transition-state structures of TS and plotted the C3-C4 vs.
C10-C11 bonds of 100 sampled transition state structures of
TS in Fig. 2. We can see that the transition-state structure lies in
a zone for which bond lengths are 1.59 + 0.004 A. 98% of
transition-state bond lengths are in this region.

To determine selectivity between products 4 and 5, MD
reaction trajectory calculations have been performed. Amongst
a total of 363 trajectories that were propagated, 336 (92%)
were productive for 3a. Within the productive trajectories, 163
(44.9%) form product 4a while 173 (47.7%) reached product 5a
and only 5 (1.5%) trajectories went through TS4,_, 5, to reach
either 4a or 5a. This is in agreement with the intuitive expecta-
tion for degenerate product formation producing a numerical
4a:5a (1:1.06) ratio ~ 1. From Table 2, we can see that for the
reactant 3b where the substitutional degeneracy is broken, the
product ratio between 4b and 5b gets altered from unity. In fact,
the bridgehead substituted product, 5b, becomes the major
product. Even larger population of the bridgehead substituted
product is observed in 3c. 3d also shows that the bridgehead
substituted product is major (Fig. 3).

In the case of 3a, the average time to reach TS (TS-a) from
reactant (3a) is 58.38 + 2.87 fs and the times taken to form
product 4a from TS-a and 5a from TS-a are almost equal. For 4a,
it is 90 + 3.36 fs and for 5a it is 95.29 + 4.19 fs. Therefore, for
the degenerate products 4a and 5a the potential energy surfaces
after bifurcation are identical making the product-ratio ~ 1. For
3b, the time to reach TS-b from 3b is 59.19 + 2.77 fs and the
times to form product 4b and 5b are 102.23 + 3.38 fs and
91.29 + 2.41 fs, respectively. The faster formation of the bridge-
head substituted product explains its higher population. 3¢
forms 5c¢ (¢ = 79.77 + 1.45 fs) faster than 4c¢ (¢ = 90.96 + 2.23 fs).
3d requires 94.03 + 3.16 fs and 85.26 + 1.96 fs to form the
cyclohexadienyl substituted and bridgehead substituted pro-
ducts, respectively. For all the cases (3a-3d), one observes at-
least 50% bridgehead substituted products. What accounts for
such pronounced non-IRC behaviour in these reactions?

To address this, we have further studied the dynamical
(bridgehead substituted product) and cyclohexadienyl
substituted product distributions in a series of mono and
bi-substitutionally modified endo,endo-9,10-diazatetracyclo
[3.3.2.0>*.0%%]dec-9-ene (3e-30) in Table 3. The presence of
two functional groups on the same side makes the reactions

Table 2 Trajectory analyses at 298.15 K for 3(a—d) — 4(a—d) and 3(a—d) — 5(a—d) at the M06-2X/6-31G(d) level of theory

Trajectories reaching 4 (IRC)

Trajectories reaching 5 (dynamical)

Reactant  Total trajectories  Productive trajectories  (cyclohexadienyl substituted product) (bridgehead substituted product) 4:5

3a 363 336 163 173 1:1.06
3b 431 394 186 208 1:1.12
3c 786 720 320 400 1:1.25
3d 506 476 224 252 1:1.12
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Fig. 3 (i) 50 representative trajectories for the formation of 4 and 5 from 3 and average time required for (i) 3 — TS, (iii) TS - 4, and (iv) TS — 5 for

3(a—d) in (A), (B), (C) and (D), respectively.

more symmetrical. Formally, the monosubstituted 3 has only
C, symmetry (see Table 2) while the bi-substituted ones pre-
ponderantly have a C, point-group.*” Comparing the mono and
bi-fluorine substituted analogues in 3e and 3f, respectively, the
percentage of the dynamical product sharply decreases from
47% to 29%. Analogously, for mono and bi-substituted -Cl
groups in 3g and 3h, the contribution of the bridgehead
substituted products are 41% and 25%, respectively. Similarly,

This journal is © the Owner Societies 2024

one observes a strong correlation with asymmetrical functional
group substitutions for -CH;, -CN, -NO,, -Ph and -NMe,. The
percentages of dynamical products for the mono substituted
analogues are 48%, 37%, 53%, 56% and 53% while the same
for bi-substitutions are 36%, 15%, 15%, 12% and 13% only.
Fig. 4 shows the sharp reduction in the dynamical product
(bridgehead substituted product) formation as the substitution
in the rings become more symmetric.
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Table 3 Trajectory analyses, product ratio, reaction free energy and free energy of activation at 298.15 K for the monosubstituted and bi-substituted
endo,endo-9,10-diazatetracyclo[3.3.2.0*.0%®]dec-9-ene (3e-30) at the M062X/6-31G(d) level of theory

Reactant
N
/
N R4
R, Total Productive Trajectories Trajectories AG, AGs
Entry trajectories trajectories reached 4 reached 5 4:5  AG}_, (kcal mol™!) (kcal mol™) (kcal mol™*) AG} g (kcal mol™")
3e R;=F, R, =H 269 244 129 115 1.12:1 7.6 —68.4 —65.2 19.2
3f R, =F,R,=F 262 240 171 69 2.48:1 6.6 —77.3 67.3 24.3
3g R;=ClL R,=H 392 368 218 150 1.45:1 7.7 —66.7 —64.3 18.2
3h R;=CLR,=Cl422 389 291 98 297:1 7.7 -70.5 —62.7 20.1
3i R; = CHj3, R, = 488 446 234 212 1.10:1 8.0 —64.4 —63.3 17.2
H
3j R; = CH;, R, = 604 554 354 200 1.77:1 8.5 —65.2 —60.6 18.7
CH,
3k R;=CN,R,=H 408 369 231 138 1.67:1 7.8 —68.2 —65.0 16.5
31 R; =CN, R, = 324 298 251 47 5.34:1 7.5 —-74.1 —64.9 18.5
CN
3m R; =NO,, R, = 379 351 299 52 5.75:1 6.6 —76.8 —65.6 21.9
NO,
3n R;=Ph,R,= 431 398 341 49 6.96:1 10.6 —66.5 —62.2 15.4
Ph
30 R; = NMe,, 332 313 272 41 6.63:1 10.0 —67.4 —54.7 16.5
R, = NMe,

To understand the preference of the mono-substituted 3
towards the dynamical products we have analysed the mini-
mum energy pathway (MEP) along the intrinsic reaction coor-
dinate (IRC). Comparing the MEP vs. IRC for the mono and
bi-substituted analogues in Fig. 5, we observe that post the
transition-state, the doubly substituted molecules descend
steeply towards the product. On the other hand, the mono-
substituted compounds exhibit a much flatter and plateaued
potential energy surface beyond the TS. The greater slope in the
case of the former ensures that from the transition-state the
molecules have a greater tendency to fall in the product 4 zone
(cyclohexadienyl substituted product) and the possibility for
bifurcation post-TS is reduced. This suppresses the bridgehead
substituted product, 5. This can also be understood from the
bond-strengths of the C3-C4/C10-C11 bonds (see Fig. 2)
in the TSs. For the mono-substituted cases, NBO analyses (see

60 -
B mono-substituted

I bi-substituted

3e 3i

50

40

30

20

% of non-IRC product (5)

10

0

Fig. 4 Comparative profile for the percentage of bridgehead substituted
products (5) in mono-substituted and bi-substituted endo,endo-9,
10-diazatetracyclo[3.3.2.0%%.0%8]dec-9-ene (3b—30).
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Table S4, ESIf) for the TS-structures show that the %
s-character for the C3-C4 bond > C10-C11 bond, which
implies that the C3-C4 bond is stronger than the C10-C11
bond. Therefore, cleavage of the C10-C11 bond should be
relatively easier compared to C3-C4. As a result, the fraction
of dynamical product 5 is relatively higher. But for the doubly
substituted cases the situation gets reversed. The % s-character
becomes smaller for the C3-C4 bond than the C10-C11 bond.
Therefore, the cyclohexadienyl substituted product 4 gets pre-
ference. Additionally, comparing the product stability between
the cyclohexadienyl substituted and bridgehead substituted
products, the free energy difference AAG(4-5) is much higher
(5-13 keal mol ™) for the doubly substituted cases with respect
to the mono-substituted ones (1-3 kcal mol ). This leads to a
steeper MEP for the IRC path in the case of the doubly
substituted molecules.

Experimental detection of post-transition state bifurcation
gets facilitated by replacing the lighter isotopes by their heavier
isotopologue, like protons by D, carbon by C** and nitrogen by
N3 etc. The product selectivity gets controlled by their differ-
ences in masses and this being a purely classical (non-
quantum) phenomenon is called the Newtonian kinetic isotope
effect (NKIE).*® The difference in momenta impacts the zero-
point energies (ZPE) as well as the vibrational frequencies of the
molecules involved in the reaction. QCT trajectory calculations
are performed on the H/D, >C/**C and **N/*N isotopologues of
3a (see Fig. 6) and reported in Table 4. In Fig. 6 (I), when a
single H is substituted by D, the 4:5 ~1 because only one
hydrogen is substituted at the distal position by deuterium.
However, for bi-substitution in II, 4:5 = 0.91:1 indicating the
preference towards the bridgehead substituted product. The
higher mass along the C3-C4 bond restricts its bond vibration
as a result of which bond opening along C10-C11 gets facile.
This favours product 5. 'N/"°N substitution in II hardly
alters the 4:5 ratio from ~1 as nitrogen is placed remote to

This journal is © the Owner Societies 2024


https://doi.org/10.1039/d4cp03447c

Published on 23 October 2024. Downloaded on 2/28/2026 10:19:38 AM.

PCCP

View Article Online

Paper

Intrinsic Reaction Coordinate ( amu'” Bohr)

2 0 2 4 6 8 102 0 2 4 6 8 10 12 14 162 0 2 4 6 8 10 12 14
T A ® 3b J”& e 3 | A ® 3d o
0 X
L3 ® 3m 4 ® 3n 4 —0— 3o .
101 K3 H H 10
204 % * ¢
..... S @ --20
=01 b '*, --30
— 404 . 40
—g . ¥ K 3<
-
= -60- 5
= L-60 o~
S 704
=< 70 (’5-
= -3 3 ® 3k o 3 [ E
= e 1 —~
x of A o 3| N ® 3 VAN —e-3I AN o3| EZ
: H : 3 =
% H S %
-204 -4 1 te 2
% ¥, i\ &
% W
60 .\_ k‘ -60

59 8 10 12 142 0 2 4 6 8 1012 14-1 0 1 2 3 4 5 6 7 82 1 0 1 2 3 4 5

Intrinsic Reaction Coordinate ( amu'” Bohr )

Fig. 5 The minimum energy path along the intrinsic reaction coordinate for 3 — 4 for mono and bi-substituted 3.
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Fig. 6 Seven isotopomers for 3a on which quasi classical trajectory
calculations are performed.

the bond-opening site. A significant effect of isotopic substitu-
tion occurs for **C/**C in IV as it is the primary bond-cleavage
site. Increasing the heaviness of the C3-C4 bond restricts
motion along the IRC path and significantly alters the product
selectivity towards the dynamical product with 4:5 = 0.96:1.
The effect gets further augmented when D is substituted in the
3C-isotopologue (see V) leading to a 4:5 = 0.91:1. Replacing
both the C3 and C4 carbons atoms by **C augments the KIE to
make 4:5 as 0.85 in VI. The dynamic effects get most

This journal is © the Owner Societies 2024

pronounced in VII where both the carbon and hydrogens are
replaced by their heavier isotopes to make 4:5 = 0.65.

Dynamic effects get amplified cooperatively as the C3-C4
bond gets substituted by heavier isotopes. For mono-
substitution, simultaneous replacement of one C by *C and
the H-atom connected to it in V by D, produces 4:5 = 0.91
which is lower than the product of the individual I and IV.
Similarly, 4: 5 for VII (= 0.65) < II x VI (= 0.77).

Conclusions

Post-transition state bifurcation on a potential energy surface
produces multiple products. While the product derived from
the intrinsic reaction coordinate (IRC) is rather straightforward
to envision from the transition-state theory (TST) the same fails
to provide a quantitative understanding of the dynamical
products. The situation becomes further complicated in mole-
cules with complex topography in the PES. By controlling the
slope of the PES beyond the TST, the product selectivity can be
dictated. Asymmetry in the functional group substitution
makes the surface shallower, thereby increasing the population
of the dynamical product. On the other hand, symmetric
substitution makes the PES steeper resulting in the expected
cyclohexadienyl substituted product. An exalted s-orbital char-
acter of the crucial C-C bond can be achieved through asym-
metric substitution that favors dynamical products (bridgehead
substituted product). Functionalization induced alteration of
the PES, therefore, provides an experimentally amenable route
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Table 4 Trajectory analyses at 298.15 K for I1-VII at the M06-2X/6-31G(d) level of theory

Reactant Total trajectory Productive trajectory Trajectory reached 5 Trajectory reached 6 4:5 95% confidence
I 417 382 191 191 1:1 1.22-0.81
538 511 243 268 0.91:1 1.08-0.76
I 1558 1436 727 709 1.02:1 1.14-0.92
v 394 364 178 186 0.96:1 1.18-0.78
\% 352 327 156 171 091:1 1.14-0.73
\%! 366 331 152 179 0.85:1 1.06-0.68
Vil 495 461 182 279 0.65:1 0.79-0.54

for exact control of the dynamical effects in a reaction. In fact,
the product ratio between the cyclohexadienyl substituted and
bridgehead substituted products can be tuned either way just
by the symmetry of the substitution in 3. Considering the
marked difference between the fate of the reaction, the trade-
off between the cyclohexadienyl substituted product and dyna-
mical product bridgehead substituted alternative can be an
excellent test to experimentally determine the non-statistical
dynamical role of functional-group asymmetry. Additionally,
isotopic substitution provides an alternate route towards mag-
nifying the dynamical aspects in the symmetrically substituted
reactants. Therefore, the extent to which non-statistical
dynamics can affect reactivity, can be explicitly calibrated
through both functional group and isotopic substitutions. We
expect that at-least one of the two approaches would be
experimentally substantiated for the thermal deazetization in 3.
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