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Introduction

Nitrene formation is the first step of the thermal
and photochemical decomposition reactions of
organic azidest

Juan Soto, 2 *@ Manuel Algarra 2 ° and Daniel Pelaez®

In this work, the decomposition of a prototypical azide, isopropyl azide, both in the ground and excited
states, has been investigated through the use of multiconfigurational CASSCF and MS-CASPT2 electronic
structure approaches. Particular emphasis has been placed on the thermal reaction starting at the Sg
ground state surface. It has been found that the azide thermally decomposes via a stepwise mechanism,
whose rate-determining step is the formation of isopropyl nitrene, which is, in turn, the first step of the
global mechanism. After that, the nitrene isomerizes to the corresponding imine derivative. Two routes
are possible for such a decomposition: (i) a spin-allowed path involving a transition state; and (ii) a spin-
forbidden one via a So/Tp intersystem crossing. Both intermediates have been determined and
characterised. Their associated relative energies have been found to be quite similar, 45.75 and 45.52
kcal mol™?, respectively. To complete this study, the kinetics of the singlet and triplet channels are
modeled with the MESMER (Master Equation Solver for Multi-Energy Well Reactions) code by applying
the RRKM and Landau-Zener (with WKB tunnelling correction) theories, respectively. It is found that the
canonical rate-coefficients of the singlet path are 2-orders of magnitude higher than the rate-
coefficients of the forbidden reaction. In addition, the concerted mechanism has been investigated that
would lead to the formation of the imine derivative and nitrogen extrusion in the first step of the
decomposition. After a careful analysis of CASSCF calculations with different active spaces and their
comparison with single electronic configuration methods (MP2 and B3LYP), the concerted mechanism is
discarded.

still under discussion. More specifically, there is a lack of
agreement in the nature (concerted or asynchronous) of the
so-called «,B-migration reaction in azides (Refs. 19 and 20 to

Organic azides (R-N3) play significant roles in a plethora of
fields ranging from chemical synthesis, biological chemistry
and pharmaceutics, to technological applications. For example,
they are important components in click chemistry’™ or synth-
esis of energetic materials.*> Most of these applications as
well as their exceptional reactivity arise from their ability to
generate nitrene intermediates after N, extrusion.”*"’
Although organic azides are known for more than a century,'®
the decomposition reaction mechanism at an atomistic level is
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cite both examples). In this process, a group attached to the
neighboring C, (for example an H-atom or another R-
substituent, see Scheme 1) migrates to the Ng. The presence
of an intermediate would imply an asynchronous mechanism
whereas a lack thereof would mean a concerted one (Scheme 1).
To the best of our knowledge, such a controversy arises from
two important sources: (i) the theoretical approach used to
study the reaction; (ii) the energy barrier for o,B-migration
starting at the nitrene intermediate is usually very low."?™>*
Hence, the main aim of this work is to shed some light on
this issue. To reach this end, we have studied the reaction
mechanism and kinetics of the thermal and photochemical
decompositions of isopropyl azide [(CH;),CHN;]. This alkyl
azide has been selected for two reasons: (a) the thermolysis of
this azide was experimentally studied by Bock and Dammel;**
(b) it has a unique migrating hydrogen atom. Unfortunately, to
the best of our knowledge, there is no published data on the
photochemistry of the title compound. Thus, the only available
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Scheme 1 Proposed reaction mechanisms for decompositions of azides.

values are the calculated parameters (vertical excitations and
oscillator strengths) by ourselves corresponding to the photo-
chemical reaction of an analogous alkyl azide."’

In this work, we have performed a theoretical study using
the complete active space self-consistent (CASSCF) method,
which is compared with the data obtained from two commonly
used single electronic configuration methods: (1) second order
Moller-Plesset theory (MP2) and (2) density functional theory
(DFT). Our results will demonstrate that the decomposition
proceeds by a stepwise mechanism (asynchronous channel),
whose initial step is the extrusion of N, leading to the for-
mation of the isopropyl nitrene intermediate. Furthermore, it is
observed that two channels for nitrene formation exist: (i) via
singlet and (ii) via triplet states. In addition, it will be shown
through analysis of the kinetics of the singlet and triplet
channels, and it is found that the formation of singlet nitrene
is the main reaction channel in the decomposition of the
studied azide.

Computational details

Multiconfigurational geometry optimizations of all the relevant
species and intermediates of this work have been performed
with the CASSCF**~** method in conjunction with the ANO-RCC
and ANO-R basis sets,**>° as they are implemented in the
MOLCAS 8.4 program.*”*® In addition, the energies of such
species have been corrected by the multi-state second-order
perturbation (MS-CASPT2)***° method by applying an imagin-
ary shift equal to 0.1 in order to avoid the inclusion of intruder
states, and the empirical correction (IPEA) was fixed at 0.25 in
all the calculations. State average CASSCF calculations are
denoted as SAn-CASSCF, where n denotes the number of states
of a given symmetry included in the calculation. Spin-orbit
coupling constants (SOCC) of intersystem crossing (ISC) have
been computed with a spin-orbit Fock-type Hamiltonian.**™*3
Single electronic configuration calculations have been car-
ried out with the Mpller-Plesset (MP2)** and DFT/B3LYP*’
methods in conjunction with the def2-TZVPPbasis sets."®*”
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Graphical analysis of the molecular geometries, vibrational
normal modes and vectors defining the seam of crossing of
minimum energy crossing points (MECP) has been performed
with the program MacMolplt.*® Analysis of molecular orbitals
have been carried out with the programs Gabedit’® and
Molden.*®

The labelling convention for the electronic states is based on
their energetic ordering (So, Si,. - -; To, T4,. - .), where 0 denotes the
lowest energy state in each spin state (singlet, S, or triplet, T). The
construction of the potential energy curves (PECs) has been done
with a linear interpolation method™ > using the full space of non-
redundant internal coordinates, which are built as follows. First, a
common set of 3N-6 internal coordinates is defined for the target
geometries, the reactants (R1) and the products (R2). Note that in
the case of dissociation the fragments are separated by a physically
reasonable distance [A(R2-R1)]. Our calculations show that a value
of ~4.7 A for the dissociative bond (in this work, the N-N,) is
enough to reach the asymptotic limit of the potential energy surface
(PES) with respect to dissociation of the azide into nitrene and N,.
This leads to an excellent agreement between the experimental and
calculated enthalpies of dissociation.®” Second, the difference
between R2 and R1 yields an interpolation vector (AR) that connects
the reactants and products. Third, AR is divided into n segments.
This parameter is chosen in order to ensure a smooth convergence
of the CASSCF wavefunction upon a geometrical distortion follow-
ing the AR hyperline. Consequently, each of the divisions constitu-
tes an interpolation step corresponding to a given nuclear
conformation on AR. The m-th one is given by R,, = R1 + (m/n) with
m = 1,...,n. Given that our interpolation vectors result from the
combination of valence coordinates (internuclear distances, valence
bond and dihedral angles), we cannot give a unique unit for them
and, in what follows, we will describe them as arbitrary units. Linear
interpolations in internal coordinates present two main features
that make them particularly appealing to these studies: (i) they are
less expensive than scans with relaxation of geometry; (ii) all the
points along the interpolation vector (reaction coordinate) are
necessarily in a straight line within the set of defined coordinates
hence providing a suitable set of coordinates for the representation
of reduced dimensionality potential energy surfaces.

Finally, the rate constants associated with transition states
(adiabatic reactions) as well as intersystem crossings (non-
adiabatic reactions) have been determined with the program
MESMER version 5.2.>*"°> The microcanonical rate constants of
transitions states have been computed using the Rice and
Ramsperger-Kassel-Marcus (RRKM) theory®* ®® and the micro-
canonical rate coefficients of ISCs have been calculated with the
Landau-Zener®”®® model with inclusion of tunnelling correc-
tions as described by Harvey and Aschi.®®

Results and discussion
Selection of the active spaces of isopropyl azide

Given that we are interested in disentangling whether or not
a,B-migration is involved in the initial step of the decomposi-
tion of azides, isopropyl azide has been studied with two active

This journal is © the Owner Societies 2022
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spaces of different sizes, including or not the bonding/anti-
bonding pair or molecular orbitals (MOs) describing the o(CH)
bond (C, in Scheme 1). These two active spaces have been
carefully chosen in order to avoid misleading results.”®””? This,
in turn, has allowed us to calibrate the reliability of our
calculations. The largest active space comprises 16 electrons
distributed in 14 MOs (Fig. 1). These correspond to: the 2s(N) of
the N atom closest to C,, the bonding/antibonding o(CH) pair
involving the C,, and the migrating H, two bonding/antibond-
ing 6(NNN) couples, two bonding/antibonding 7(NNN) couples
and one non-bonding n(NNN) orbital. The MOs included in the
second smaller active space are the same as before except for
the bonding/antibonding o(CH) couple, as a consequence, it
comprises 14 electrons and 12 orbitals.

Mechanism of the dissociation of isopropyl azide from the
CASSCF multiconfigurational perspective

In this section, we study the thermal and photochemical
dissociation mechanisms of isopropyl azide in the ground
and excited states, with special emphasis on the thermal
reactions. Unless otherwise specified, all the calculations in
this section have been performed under C; symmetry with the
CASSCF method and with an active space of 16 electrons and 14
orbitals. Thus, in a first stage, we have calculated (Table 1) the
vertical excitation energies of the low-lying singlet and triplet
states of the azide with respect to the minimum of the ground
state (So); in addition, Table 1 shows the character of the most
relevant electronic configurations and the associated oscillator
strengths of the singlet states or spin orbit coupling constants
(Tn/Se: n = 0,1) for the triplet states, respectively. Vertically, the
lowest excited state (4.19 eV: 97 kecal mol ") corresponds to the

o(CH) o*(CH)
[1.98] [0.02]

A o0 Ay oo
[1.97] [0.03] ?1.97]
o(CN) “ 6%(CN)

[1.97] [0.03]
nm
[1.93]
G(NNN) o*(NNN)
[1.98] [0.02]
T(NNN) m#(NNN) T
% [1.93] ﬁ [0.08] [0.09]

Fig.1 CASSCF/ANO-RCC natural orbitals included in the active space
(16e, 140) of isopropyl azide. In square brackets: occupation numbers of
the natural orbitals.
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Table 1 Vertical excitation (VE) energies in eV of the singlet and triplet
states of isopropyl azide (C;, MS-CASPT2).2°

State VE Sfosc© Configuration? we
2'A’ 5.87 6.4210°* nrc]l[nc*ll 39
n(NNN)]'[*(NNN)]* 48
1'A” 4.49 8.68 10— nn]'[n*(NNN)]* 89
2'A" 7.22 5.94 1073 T(NNN)] [r*]" 89
sod
1A/ 4.66 0 nn]'[rs*]" 75
n(NNN)]lpr*(NNN)]1 15
2°A’ 5.36 0 nn]l[ngq 15
T(NNN)]'[*(NNN)]* 73
A7 4.19 16.72 nn'[n*(NNN)]* 88
2°A" 6.85 16.52 T(NNN)|'[rs*]" 89

@ C, MP2/def2-TZVPP optimized geometry. > SA2-CASSCF(16e, 140)/
ANO-RCC reference wave function, IPEA = 0.25. Imaginary shift = 0.1.
¢ Oscillator strength. ¢ MS-CASPT2 main electronic configurations of
the excited states referred to the ground state configuration. © Weight
of the configuration in %. Only contributions greater than 15% are
included. / Spin orbit coupling constant in cm ™.

first triplet state [To:1°A”] and just above it (4.49 eV: 103 keal
mol '), we have found the first excited singlet state [S;: 1'A"],
whose oscillator strength amounts to ~9 10~“. Second, in
accordance with the linear interpolation method (see above),
we have determined the potential energy curves (PECs) for the
dissociation processes of the electronic states of Table 1 that
would lead to the formation of nitrene species and molecular
nitrogen (Fig. 2). Furthermore, these PECs have provided a
reasonable guess geometry for subsequent optimization of the
critical points related to the sought dissociation channels in the
relevant electronic states.

In Fig. 3 and 4, we display the geometries of the relevant
critical points. The minimum energy geometry on the ground
state S, (MO0:1'A’) is represented in Fig. 3a. There also exists a
minimum energy geometry on the surface of the first excited
singlet S; (M1:1"A” [Fig. 3b]) state which lies 40.7 kcal mol ™"

0 R(N-N,)=4.7 A
I Iy
*ISCO aTS1 =TSO MAT
8 4
— 6 EE R T P
E ........... 23A"
m 4 13A'
g - 21A"
L 1IIA"
2 *°e asae
1A
e van
0 T T T
0 5 10 15 20

Step [arb. units]

Fig. 2 MS-CASPT2/ANO-RCC potential energy curves of the low-lying
singlet and triplet states of isopropyl azide leading to dissociation into
isopropyl nitrene and N,. Reference wave function: SA2-CASSCF(16e, 140).
A’ singlet states (solid blue lines); A” singlet states (blue dotted lines); A’
triplet states (solid green lines); A” triplet states (green dotted lines).
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Fig. 3 CASSCF/ANO-RCC critical points on the potential energy surfaces
leading to the dissociation of isopropyl azide into isopropyl nitrene and N».
(@) Minimum azide on Sp; (b) minimum azide on Sy; (¢) minimum nitrene on
Sy, (d) transition state leading to the dissociation on the S; surface; (e)
transition state leading to the dissociation on the Sq surface; (f) nitrene So;
(9) intersystem crossing So/To; (f) nitrene To.

below the 1'A’ — 1'A” vertical excitation energy. Concerning
the photochemistry of the molecules, the dissociation of the
azide into isopropyl nitrene and N, on the first excited singlet
surface (1'A”) can occur after surmounting a small barrier to
yield singlet nitrene (1'A” [Fig. 3c]). The barrier corresponds to
a transition state (TS1:1'A” [Fig. 3d]) that is 2.6 kcal mol "
above M1 (S; minimum). In contrast, the first excited triplet
state does not present any minimum on the T, surface around
the Franck-Condon region, in fact, this state is dissociative.
Concerning the thermal decomposition reaction, two channels
for the generation of the nitrene intermediate have been
determined: (i) a spin-allowed path, via a transition state on
the S, surface (TS0:1'A’ [Fig. 3e]) 45.8 kcal mol " above MO,
which yields singlet nitrene (1'A’: [Fig. 3f]); (ii) a spin-forbidden
path, via an Sy/T, intersystem crossing process whose MECP
lies 45.5 kecal mol™* above M0 which is represented in Fig. 3g
(ISC0:1'A’/1°A") and yields triplet nitrene (1°A”: [Fig. 3h]). It is
worth noting that the spatial separation between TS0 and ISCO
is only 0.02 A measured in Cartesian coordinates, a feature that
should be important in the dynamics of dissociation through
the spin-forbidden channel, given that this fact would imply an
enhancement of the probability of intersystem crossing.”*

The results obtained for the smaller active space are com-
pletely analogous to those reported in the previous paragraphs
thus evidencing the robustness of our choice of active spaces.
Specific data of these calculations are reported in the ESI}
(Tables S1 to S8).
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Fig. 4 Transition states on the potential energy surfaces leading to

dissociation of isopropyl azide into isopropyl nitrene and N, obtained by
different methods.

To finish this section, we give the main parameters, ener-
getics and SOCC, calculated with the two basis sets and active
spaces applied in this work (Table 2).

Comparison of the decomposition mechanisms obtained from
mono- and multiconfigurational methods

The reaction mechanism of the decomposition of isopropyl
azide has been analyzed in the previous section. In here, we
compare the CASSCF results with those that are obtained from
MP2 and DFT/B3LYP calculations. As was noticed in the
Introduction section, there are discrepancies among different
theoretical approximations about the mechanism of the reac-
tion (Scheme 1). To be specific, single electronic configuration
methods, such as MP2 or DFT/B3LYP, predict a concerted
mechanism for the dissociation of organic azides (profiles of
the intrinsic reaction coordinates are given in Fig. S1, ESIf)
leading to acetone imine formation as the main product. In
contrast, multiconfigurational methods, such as CASSCEF, yield
an asynchronous mechanism in which isopropyl nitrene is the
main intermediate of the first reaction step, but can be formed
by two different channels: (i) spin-allowed and (ii) spin-
forbidden. The geometries of the transition states for the first
reaction step obtained with the four different approaches
applied in this work are given in Fig. 4. Thus, Fig. 4a and b

Table 2 Energetics (in kcal mol™) of the dissociation reaction of iso-
propyl azide into isopropyl nitrene and N,.?

BS1° BS2¢ BS3° BS4/
AE(SF 45.75 46.90 47.73 49.03
AE(T)" 45.52 46.39 47.34 48.46
AE(Dg)’ 43.52 43.54 46.01 46.22
AE(D7) 11.11 11.19 13.49 13.76
socck 49.05 47.02 46.40 46.33

“ Calculation referred to the same geometry used in Table 1. ” Two-
state average wave function. © CAS(16,14)/ANO-RCC. ¢ CAS(14,12)/ANO-
RCC. © CAS(16,14)/ANO-R./ CAS(14,12)/ANO-R. ¢ Energy barrier height
of the singlet channel. " Energy barrier height of the triplet channel.
' Dissociation energy of the singlet channel./ Dissociation energy of the
triplet channel. * Spin orbit coupling constant in cm ™.

This journal is © the Owner Societies 2022
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represent the structures calculated with the MP2 and DFT/
B3LYP methods, respectively, and the geometries obtained
from the two CASSCF calculations performed with two different
active spaces are given in Fig. 4c d. The arrows in the structures
depicted in Fig. 4 correspond to the normal mode of the
imaginary frequency associated with the transition vector,
which is parallel to the reaction coordinate. From the repre-
sentation of the transition vectors of Fig. 4, it is clear that the
o-H atom has an important contribution to the reaction coor-
dinate of the MP2 and B3LYP calculations, while the CASSCF
results indicate that such an atom does not significantly
participate in the dissociation reaction, independent of
whether the o(CH) bonding/antibonding molecular orbitals
were included or not in the CASSCF calculations. To obtain a
quantitative estimation of the participation of each atom in the
transition vector for each calculation, after performing the
vibrational analysis of these transition states according to
the GF method of Wilson,”>’® we have computed the potential
energy distribution (PED) of the internal coordinates in each
normal mode (Table S9, ESIt). Thus, the values shown in Tables
S9 and S10 (ESIt) corroborate the previous assertion that was
based on the pictorial representation of such transition vectors.

Kinetics of the spin-allowed and spin-forbidden channels for
isopropyl nitrene formation

Experimental decomposition of isopropyl azide was studied by
Bock and Dammel.>* The pyrolysis of the azide was carried out
under (nearly) unimolecular conditions (~1 Pa). It was found
that decomposition of the azide began above 600 K and was
completed at 770 K. The main reaction products were the imine
derivative and N, In accordance with the experimental condi-
tions, we have computed the coefficient rates for both channels
(allowed and forbidden) in the 600-780 K range of tempera-
tures. To achieve this end, we have modeled the kinetics of the
dissociation reactions by calculating the reactions rates for the
formation of singlet and triplet isopropyl nitrene from
the parent azide with the program MESMER.”* " The rate coeffi-
cients of the spin-allowed channel have been evaluated with the
RRKM theory®*®* and the rate coefficients of ISC with the non-
adiabatic transition state theory of the Landau-Zener®*® model
with inclusion of tunneling corrections.®® In Fig. 5, we present the
canonical coefficient rates for both channels. The picture obtained
from this graphic is crystal clear, and the predominant reaction
channel corresponds to the spin-allowed channel whereas the triplet
is 2 orders of magnitude lower.

Concerning the calculations of density of states and vibrational
partition functions for the MECP geometries, it is interesting to note
that, in our calculations, there are two Hessians associated with
each MECP (a singlet state Hessian H; and a triplet state Hessian
H,). To solve this complication, first, the effective Hessian matrix is
introduced which is defined by eqn (1):”7

_|Gi|H £ |G|H,

H
eff |AG|

(1)

where |G| and |G,| are the norm of the gradient vectors of the
singlet and triplet surface, respectively, and |AG| is the norm of the

This journal is © the Owner Societies 2022
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Fig. 5 Canonical rate coefficients as a function of temperature of the
singlet and triplet channels for the dissociation of isopropyl azide into
isopropyl nitrene and N,.

gradient difference vector (G;-G,). The minus sign is applied if G-
G, > 0 (sloped intersection) and the plus sign when G;-G, < 0
(peaked intersection).

As usual, H'.r has been computed in Cartesian coordinates.
This 3N x 3N matrix still contains 3N-6 vibrational degrees of
freedom plus the six rotational-translational degrees of free-
dom (N being the number of atoms). Since the structures of the
minimum energy crossing points (MECP) are not stationary
points on any potential energy surface, the standard vibrational
analysis is not valid at such crossing points. To do this properly,
it is mandatory to project out from H'yr both the rotational-
translational components as well as the gradient different
vector. The projected matrix Heg is shown in eqn (2).>?

Her = (1 = P)H (1 —P)" (2)

where P is the projection matrix, which is built as the sum of
seven matrices eqn (3)

,
P=7Y p, with p;=vv] (3)
=

where v; (column vector) is the normalized rotational/vibra-
tional mode or the normalized gradient difference vector. It
should be noted that the construction of P is greatly simplified
by centering the molecule at its center of mass and orientating
the principal moments of inertia along the Cartesian axes. The
previous operation implies that the same rotation must be
applied to AG. To finish this section, it must be remarked that,
in this work, an initial approach to the calculation of the rate
coefficients of the two reaction channels, by taking only the
singlet state Hessian in the forbidden process, yielded the
opposite answer to the allowed/forbidden ratio, that is,
the forbidden path was predicted to be 1-order of magnitude
higher than that of the allowed path.
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Conclusions

We studied the thermal and photochemical decomposition
reactions of a prototypical alkyl azide, isopropyl azide, with
emphasis on the thermal process. It is found that multiconfi-
gurational methods (CASSCF in our case) are necessary to
correctly describe the mechanism. We found that the first
and rate-determining step of the reaction is the dissociation
of the parent azide into isopropyl nitrene and molecular nitro-
gen. The prior assertion is applicable for both thermal and
photochemical reactions.

The photochemical reaction yields singlet nitrene. On the
other hand, the formation of the nitrene intermediate in the
thermal decomposition reaction can occur through two differ-
ent mechanisms: one is a spin-allowed channel that passes
through a conventional transition state on the S, ground state
surface yielding the singlet nitrene and the other mechanism is
a spin-forbidden path which implies Sy/T, intersystem crossing
yielding the triplet nitrene. The modelling of the kinetics of
such paths gives the spin-allowed reaction as the major con-
tribution to the formation of nitrene, as a consequence, the
nitrene intermediate is formed in its singlet state. Afterwards,
the singlet nitrene intermediate can isomerize to the imine
derivative through an almost barrierless process. The estimated
upper limit for nitrene-imine isomerization is less than
1 keal mol ™" (Fig. S2, ESIY).

In contrast, the pictures obtained from single electronic
methods, such as MP2 and B3LYP, are completely different,
that is, both of them give a concerted mechanism in which
imine formation is concurrent with elimination of molecular
nitrogen.

However, in our opinion, the key point to give an appro-
priate answer to the problem under study lies in the electronic
nature of the nitrene intermediate, which either in its triplet
states or in its singlet states must be described by a multi-
configurational reference function. Thus, CASSCF seems to be a
most suitable method to deal with the dissociation reaction of
azides rather than MP2 or DFT/B3LYP methods.
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