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ABSTRACT

The Curtius rearrangement reaction is studied by using QTAIM analysis of the electron density and the
IQA formalism. Although the rearrangements take place in one stage, two phases are distinguished when
the rearranged atom is H: the first one corresponds to the separation of N;, and the second one to the N-
H/C-H bond rearrangement. The transition state (TS) for the reaction does not represent an intermediate
between reagent and product for the migration but for the isolation of the N, molecule. When the
migration is undergone by a fluorine atom no electronic phases can be distinguished and the process is
really concerted. As the migration happens closer to the TS, the TS is more similar to the product.

The IQA analysis reveals different electron density evolutions for H and F migrations, and the scarce
relevance (in terms of energy) of the point where BCPs appear or disappear.

Introduction

Here we present an example where, for a
rigorous concerted processes (it only involves
one transition state), different phases could be
distinguished. These phases represent clearly
different electron density evolutions and affect
different atoms and bonds along the reaction.
So, the transition state could not be correctly
described by half formed bonds.

The example selected is one rearrangement
reaction. They are an important group of
processes in which an atom or a bond moves
from a site in the reagent to a different site in
the product. These reactions may occur in a
concerted manner or through a step-wise
mechanism. In particular, we have studied the
Curtius rearrangement shown in Scheme 1.2 The
mechanism for this reaction remained unknown

IUPAC Gold Book defines concerted reactions
as: “a single step reaction through which
reactants are directly transformed into
products, i.e. without involvement of any
intermediates”.! No reference is made in this
statement about a simultaneous evolution of
the set of bonds formed/broken in the process.
Nevertheless, concurring evolution of the
electron density involved has been widely
assumed in chemical literature concerning the
mechanism of concerted reactions. As a
consequence, in the absence of detailed
studies, proposed transition states for
concerted mechanisms are generally roughly
represented using half formed/broken bonds.
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for years. The main point in discussion was if
the reaction takes place in one stage or if it
occurs in several steps with acylnitrenes
(RC(O)N:) as intermediates. Different
theoretical studies on aryl and acyl azides show
that the syn conformers with respect to the C-N
bond are more stable than the anti ones and
that for syn conformers Curtius rearrangement
occurs in one stage. The barriers for syn/anti
isomerization achieve 7-9 kcal mol® whereas
the barriers for the transformation of syn
compounds into isocyanates are considerably
lower than those for the rearrangement of anti
compounds into isocyanates. For this reason
the Curtius reaction occurs by a concerted
mechanism as shown in Scheme I.

Our objective is to relate the evolution of the
energy along the reaction with structural
changes in geometries and bond properties and
also with atomic properties. For example, we
want to analyse the presence of bond critical
points (BCP) for the bonds that appear and
disappear during the reaction.®® In Quantum
Theory of Atoms in Molecules (QTAIM), the
existence of a bond path or an atomic
interaction line (AIL) is often related to the
existence of a chemical bond connecting the
atoms.'%! However, sometimes no AlL is found
where the chemists expect to find a bond. Some
other times an AIL is found when a repulsive
interaction is assumed between two atoms.
There have been many contributions to this
debate for years.1>16

Recently, the molecular mechanism of the
Curtius rearrangement of 3-oxocyclobutane-1-
carbonyl azide has been described by using
electron localization function (ELF) topological
analysis.’” The authors concluded that the
mechanism of the reaction is concerted but
asynchronous. In this paper we will try to
identify parameters related to the bonds and to
the atoms that change during the
rearrangement reaction. Specifically, we are
interested in how interatomic energies and
their contributions vary along these reactions to
understand the shape of the corresponding
energy profile. For this reason, our study also
includes a similar reaction, where fluorine
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replaces hydrogen as migrating atom. This
replacement modifies significantly the energy
profile.

The components of the energy were obtained
from the Interacting Quantum Atoms (IQA)
energy decomposition technique.'’®® This
approach expresses the energy of a molecule as
the sum of atomic, Eintra, and interatomic, Einter,
contributions. We will show that this method is
a useful tool to understand the changes along
the reaction, which can be satisfactorily
employed to establish different phases in a
chemical process.

0 o . QA
N \ V. \
i N7 \ ol § Il
/ 2 \
X~ ™~ N = X N’ \\
/
X
Reagent TS Product
Scheme |

Computational Methods

All calculations were performed by using B3LYP
method in Gaussian09 with 6-311++G** basis
set.’® For both reactions intrinsic coordinate
(IRC) calculations were carried out. The minima
and the transition states were characterized as
critical points in frequencies calculations. The
wave functions were obtained for reagents,
products, transition states and selected points
of the path. On these wave functions we
performed QTAIM topological electron density
analysis by using the AIMAIlI program to obtain
bond and atomic properties and perform IQA
analysis to compute interatomic energies and
their contributions. 20121

The value of the electron density at the bond
critical points, p(r. ), is here employed as an
indicator for the existence of a bond. Electron
populations, N(Q), were calculated by numerical
integration of the respective density function.
The absolute values achieved for the integrated
values of the Laplacian of the electron density
in all the atomic fragments, L(Q), were smaller
than 1.0-102 au. The differences between total
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electron population and that obtained by
summation of properties of the fragments [N-
IN(Q)], were always smaller (in absolute value)
than 2.0-10 au.

Delocalization indices (DI) , obtained from
overlap integrals of the molecular orbitals,
measure the electron population shared by two
atoms.2 The expressions employed for the
calculation of DI are strictly valid in the HF
approximation and for DFT calculations they are
approximations to the corrected DI as, for the
KS formalism, the mono-determinant
wavefunction is only an approximation to the
real one. Moreover, these indices only
represent unequivocally the covalent bond
order for diatomic molecules and they are
invariably somewhat less tan the formal bond
multiplicity for polar bonds.?3

As mentioned above, the components of the
energy were obtained from the IQA energy
decomposition technique.'®'® This approach
expresses the energy of a molecule as the sum
of atomic, and interatomic,
contributions:

Eintra, Einter;

E= ZQ Eintra @ + ZQ>Q’ Einter «Q, -Q,) (1)

where Einra(Q) is the atomic, one-center term
corresponding to the net electronic energy of
atom Q. It includes kinetic energy, electron-
nucleus potential energy and electron-electron
potential energy. The interatomic, two-center
terms Einer(Q, Q') contain various potential
energy terms between atoms Q, and Q' (Vmn,
Vhe, Ven and Vee). The electron-electron term,
Vee, can be divided into electrostatic and
exchange-correlation contribution. Thus, Einter
can be split into two components: V¢ an
electrostatic term collecting all the classical
coulombic energy, and Vx the exchange-
correlation term. It is also important to
emphasize that the IQA approach is valid for
non-equilibrium geometries, whereas the
QTAIM atomic energies are only valid for
stationary points. The IQA approach can be
used for B3LYP functionals as implemented in
AIMAIIl program.?
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Results and Discussion

Figure 1 shows the energy profile of the Curtius
rearrangements for X=H and X=F shown in
Scheme I. We first analyze the migration for the
hydrogen atom. The reaction evolves from the
reagent to a more stable product through a
barrier of 114.9 kJ mol* (100.8 kJ mol? if ZPE
correction is included), in agreement with
experimental and theoretical values for Curtius
rearrangements (95-115 kJ mol?).8%

t t
0 5 10

15 20
IRC/(amul/2 Bohr)

Figure 1. Molecular energy along the IRC.

Geometries and resonance forms for critical
points

Table 1 shows the main geometrical parameters
for the critical points in the path.

Table 1. Main geometrical parameters
Length/Angle R TS P
02-C1 1.202 1.208 1.167
N3-C1 1417 1.301 1.210
H4-C1 1.097 1.151 1.986
N6-N5 1.123 1.098 1.095
H4-N3 2.057 1.761 1.008
N3-N5 1250 1.770
N3-C1-H4 109.1 91.6 23.9
C1-N3-N5 1151  105.2

Distances in A and angles in degrees

The geometric parameters are in good
agreement with the those obtained from both
previous  theoretical and experimental
studies.”>?® For the reagent, different bond
distances are found for N5-N3 and N5-N6
bonds. The N5-N6 distance is closer to the
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distance in N, while the N3-N5 length is larger.
From these values it seems that the resonance
form in Scheme | showing two double bonds,
could not represent the structure of the
molecule. It is confirmed when the values of the
atomic charges for N5 and N6 are considered (-
0.099 and 0.186 au respectively) as these values
do not agree with the partial charges in the
proposed resonance form. Moreover, DI values
indicate that the resonance form with a single
bond between N3 and N5 (DI=1.6 au) and a
triple bond between N5 and N6 (DI=2.5 au)
should contribute to describe the structure of
the molecule.

In the transition state, BCPs indicate the H4
atom is bonded to C1 but it is not bonded to N3
yet. The DI values for H-C (0.7 au) and H-N (0.2
au) bonds agree with this interpretation. The
C1-H4 bond is very close to that in the reagent
(only 0.054 A longer). The distance from H4 to
N3 is also closer to that in the reagent than in
the product, but in this case the difference is
much larger (0.293 A). The DI value for the C-H
bond in the reagent (0.9 au) shows the covalent
character of the bond, compared with the lower
DI value for the H-N bond in the product (0.7
au), with a higher polarity. At this point the N5-
N6 distance is similar to that in N, molecule in
agreement with the value for the DI, 2.9 au.

For the product, the DI values for C-O and C-N
are lower than 2 au. They are in better
agreement with the slightly longer bond lengths
(0.04-0.06 A) than those corresponding to
double bonds.

Electronic evolution of the reaction

Figure 2 shows the evolution of the main bonds
involved in the reaction, C1-H4, N3-H4 and N3-
N5, displaying their bond lengths and p(rc)
values. The C1-H4 distance increases along the
reaction path showing the most important
variations in the central part of the path, after
the transition state. As expected, a BCP for the
C1-H4 bond could be found at the beginning of
the reaction, but it remains beyond the TS until
IRC around 1.7 amu™/2 Bohr. At this point of the
reaction (hereafter called point C) the “new”
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(N3-H4) and “old” (C1-H4) bonds are equal in
length. After this point, the C1-H4 BCP
disappears and is replaced by the N3-H4 one.
The BCP for the N3-N5 bond remains along the
whole path although p(rc) is lower than 0.1 au
after the transition state. Overall, the structure
of the TS could be roughly described as “an
isolation of N,”, whereas the most significant
bond rearrangement takes place after the TS.
From a formal point of view, three different
phases could be distinguished in this one-step
reaction: i) phase I, between the reagent and
the TS; ii) phase Il, between the TS and the
point C; and iii) phase Ill, after the point C.

35 T R(A)

To4

To3

L

To1

Figure 2. Variation of main bond lengths (lines)
and the corresponding p(r. ) values (points).
The dashed line indicates the position of the TS.

0.8 7
AN/au

04 7

—_— e —————

0.0 1
0 5 10 |RC/(amu/2 Bohr) 15

Figure 3. Evolution of electronic population for
selected fragments. Dashed and dotted vertical
lines indicate the position of TS and point C,
respectively.

Figure 3 shows the evolution of electronic
population for diverse fragments of the system
along the reaction. We notice that N, fragment
is still positively charged at the TS (the positive

WWWCHEMISTRYVEWS.ORG  » ChemistryViews
e g0



0 onal Jowrnal of

CHEMISTRY

partial charge on N6). It only becomes neutral
at the end of the reaction. N3 gets more and
more electron density as the reaction evolves,
mainly taken from C2 and H4.

As previously observed in a long series of
compounds®3! QTAIM charges do not support
the resonance forms usually employed to
describe azides and isocyanates. Thus, QTAIM
charges for N5 and N6 in the azide are,
respectively, -0.1 and +0.2 au in the azide, and
that of N3 is -1.2 au in the isocyanate.

IQA analysis: electron density phases along the
reaction

By applying expresion {1} to the H-migration
process represented in scheme | we observe
(Table 2) that: i) TS formation implies more
repulsive interatomic coulombic interactions,
not compensated by the variation of exchange-
correlation interactions and atomic
stabilizations; whereas ii) exchange-correlation
interactions give rise to the exothermic
character of the reaction.

Figure 4 shows Eina for the six atoms of the
molecule. We notice that N5 stabilizes
continuously along the reaction, whereas C1
destabilizes. During phase | the variation of N5
exceeds significantly that of C1, and the
opposite trend appears in phases Il and Il
Positive values of AFEina(Cl) correspond, as
usual, with negative increments of electron
population of C1 basin. In contrast, the electron
population of N5 diminishes along phase I. In
this case the negative AEina(N5) value can be
explained as a consequence of the large
increase of the volume due to the breakdown of
the N3-N5 bond.

IRC/(amu2 Bohr)
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Figure 4. Eintra values along the IRC. Dashed and
dotted vertical lines indicate the position of TS
and point C, respectively.

Figure 5 shows the evolution of Einter and their
components, Vc and Vyc, during the reaction for
the most significant bonds.

Einter profile is basically ruled by four atomic
pairs (Table 3): two of them stabilize along the
reaction (C1-N3 and N3-H4) and other two
destabilize (C1-H4 and N3-N5). Whereas C1-N3
displays a near similar behaviour in the 3 formal
phases of the reaction, the variation of Einter for
the other three bonds are significant only in
certain phases: N3-N5 in phase | and C1-H4 and
N3-H4 in phases Il and Ill. We also notice a
significant  stabilization of 02-C1 and
destabilization of 02-N3 in phases Il and Ill.
Finally, we also observe that the components of
AEinter(N5,N6) nearly compensate in phase .

Table 2. IQA decomposition of AE* and AE values

R—-TS R—P
Component X=H X=F X=H X=F
AVc 0.2627 0.1500
0.2087 0.2323
AVxc -0.7450 0.3733
-0.0863 0.2144
AEintra -041 09
-0.0783 0.4145 -0.5028

All values in au

Table 2. IQA decomposition of AE* and AE values

R—-TS R—P
Component | X=H X=F X=H X=F
AVc 0.2087 0.2627 0.2323 0.1500
AVxc -0.0863 0.2144 -0.7450 0.3733
AEinta -0.0783 -0.4109 0.4145 -0.5028

All values in au
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04 T g wfau ; Cl-H4 0.2080 0.1476
AVxc(C1,X4)
AVc(C1,X4) 0.0124 0.2925 0.1327 0.1509
0.1493 0.0037
AVc(O2,N3)
-0.1970 -0.2083
AVxc(N3,X4)
AVc(N3,X4) -0.1639 0.0059
AVxc(N3,N5) 0.3570 0.4426 0.1454 0.0585
AVxc(N5,N6) -0.1256
-0.1075
AVc(N5,N6) 0.1154
025 T ' T 0.1092
I o ciha -0.0763 | -0.1200 | 0.3787 | -0.1225
4 - — AVinlra(C1)
0.1089 0. 0803
AVintra(N3)
AVintra(N5) -0.1273 -0.1825
All values in au

: C1-N3
-1.00 + .
(b)

0.0

—

Vxc/au

02 +

-04 T

C1-N3

)

-0.6 —

Figure 5. Einter values and its components V¢ and
Vxc along the IRC. Dashed and dotted vertical
lines indicate the position of TS and point C,
respectively.

IQA analysis reveals that, for polar bonds, Vc
leads most of the above detailed Einter
variations. AVc is even significant for less polar
bonds: N3-N5 along phase | (diminishing AEinter
by 27%) and C1-H4 in all phases (AVc ranging
from 18 to 45 % of AEinter).

Table 3. Largest components of AE* between TS and reactants

R—TS TS—P
Component X=H X=F X=H X=F
AV¢(C1,02) -0.2450 0.0708
AVxc(C1,N3) -0.1034 -0.0885 | -0.1107 | -0.0996
AVc(C1,N3) -0.1637 -0.0216 | -0.4677 | -0.0048

International Journal of Quantum Chemistry

We highlight that phase | is clearly different
from the others. IQA values show that the
destabilizing effect of breaking the N3-N5 bond
is nearly completed during phase |I. Moreover,
breaking N3-N5 is the only significant process in
this phase. Atomic electron populations indicate
that a N, unit is nearly formed (with a positive
partial charge at N6). Electron density moves
from the N frame to the N3 basin in this phase,
whereas the reverse electronic displacement is
observed in phases Il and Ill. H4 migrates once
phase | is finished. In contrasts, IQA analysis
does not support to distinguish between phases
I'and Il1.

As a summary, the analysis of the geometries
and the electron density along the reaction as
well as the IQA analysis show that during phase
I, between the reagent and the TS, the N,
molecule goes away and only after that point
during phases Il and lll, the C1-H4 bond begins
to break and the new N3-H4 bond appears.

Substitution by Fluorine

In order to understand the changes when the TS
of the reaction is displaced to the products, we
substitute the migrating H atom by a F atom. In
this case, as the energy profile reveals (Figure 1,
for X=F), the product is less stable than the
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reagent and the barrier, 174.3 kJ mol™® (158.9 kJ
mol? with ZPE correction), becomes higher than
those usual for these rearrangements, because
of the inclusion of a F atom. Moreover,
comparing IRC curves, we observe that the TS is
not so close to the reagent.

Table 4 shows the main geometrical parameters
for the critical points in the path and Figure 6
shows the variations of the bond lengths and
density values at the BCPs along the IRC.

35 7

30 T

25 T

2.0 7

0.0

0
Apl—4 ®p34 W35 IRC/(amu/2 Bohr)

Figure 6. Variation of main bond lengths (lines)
and the corresponding p(r. ) values (points)
along the F migration. The dashed line indicates
the position of the TS.

Table 4. Main geometrical parameters for
the F-substituted molecule
Length/Angle R TS P
02-C1 1.187 1.170 1.156
N3-C1 1.396 1.304 1.247
F4-C1 1.338 1.518 2.206
N6-N5 1.122 1.095 1.095
F4-N3 2.199 1.889 1.413
N3-N5 1.250 2.140
N3-C1-F4 1071 83.7 36.5
C1-N3-N5 114.4 100.8

Distances in A and angles in degrees

The reagent and the product are very similar to
those in the previous reaction. For the TS, the F
atom is bonded to C1 but there is not a BCP
connecting N3 to F yet. However, DlIs for F-C
(0.7 au) and F-N (0.7 au) bonds arise the same
value at this point. The bonds C1-H4 and N3-H4
are closer to that in the reagent but the
differences are bigger regarding to those found
for the previous molecule. Also, the distance

WWILEY rﬁ'i UNLINE LIBRARY
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N3-N5 is larger than that found for the reaction
with H. The point C, where the BCP for F-N
appears, is achieved for IRC = 1.8 amu™/2 Bohr.
Therefore, the three same formal phases could
be considered for this reaction.

Eingralau

I
|
I
02 T % |
|
|

]Ii;?C/(amu'”2 Boh?)0

Figure 7. Eina along the IRC for the F-
substituted molecule. Dashed and dotted
vertical lines indicate the position of TS and
point C, respectively.

N, is again positive at the TS, but less than in
the H migration. On the other hand, the
electronegativity of F avoids the continuous
increasing of electron population in N3 basin
(supplementary material).

Table 2 shows that for the F-migration process,
both the TS formation and the endothermic
character are due to destabilization of
electrostatic and exchange-correlation
interactions, not compensated by atomic
stabilizations.

Figure 7 exhibits the variation of the intratomic
energies and it could be compared with Figure
4. Contrasting what was found for H migration,
both N5 and C1 stabilize during the reaction.
For C1 the stabilization is the result of the
continuous increase of population and volume.
For N5 the volume decreases continuously,
whereas the population only decreases during
phase |. The only atom with significant
destabilization is N3, specially in phases Il and IlI
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when the volume significantly decreases. The
continuous change in C1 along the three phases
suggests that C1-F4 starts to break even at the
same time the N2 molecule goes away.

|

— — — |
—_

T

5 10 15 IRC/(amu/2 Boh#)
~

\)/’,— C1-F4
~

-0.4

-0.8

V/au

F—— =" N3-S
15 IRC/(amu/2 Bohr) 59

Vyc/au

(c)

Figure 7. Variation of the Eixer energies (a) and
its components Vc(b) and Vxc(c) for the bonds
involved in the rearrangement for the F-
substituted

In this case, Einter profile cannot be reproduced
on the basis of the four bonds exhibiting formal
changes (Table 3). All V¢ interactions are
needed because of the amount of atomic
charges introduced by F in the system. This is
particularly true for formal phase Il (data not
shown). Nevertheless, the four bonds display
again the largest AEinwr values. For these bonds,
Vc contribution is less important than for the
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other reaction. E.g. AVc represents only 20% of
AEinter(C1,N3) in phase |, compared to 61% in
the same phase of H migration. This can be
explained because in this case: i) in spite that
absolute values of atomic charges are larger,
their changes are much smaller; and ii) C1-N3
bond distance shortens less.

The most noticeable qualitative difference with
H-migration is found in AEiner(F4,C1) which is
already high in phase | (both compared to the
same phase for H-migration and to other
phases for F-migration, see Figures 4 and 7). For
the N3-N5 bond the changes in energy again
happen before the TS. The variations after that
point are even lower than those for the
molecule with H. The bond C1-F4 begins to
change before the TS (0.36 au compared to 0.07
au for C1-H4) mainly due to the electrostatic
component: V¢ varies 0.29 au before the TS for
the C1-F4 bond and only 0.01 au for the C1-H4
bond. The interatomic energy between N3 and
F4 varies 0.10 au before the TS and 0.20 au
after it and it is mostly of electrostatic nature.
Therefore, this process seems to involve
syncronous break of N3-N5 and C1-F4 bonds,
and no phases should be distinguished
according to IQA analysis.

Conclusions

Although the two Curtius rearrangements
studied in this paper take place in one stage,
two phases could be distinguished in one case.
Thus, the migration of a hydrogen atom takes
place in two consecutive phases: separation of
N,, and bond rearrangement (breakdown of the
C-H bond, and formation of the new N-H bond).
When the migration is undergone by a fluorine
atom the process is really concerted and no
electronic phases can be distinguished.

The TS for the H-migration studied in this work
does not represent an intermediate state
between reagent and product for the migration
of the H atom, but for the isolation of the N,
molecule. When the atom involved in the
migration is fluorine, the migration happens
before (closer to the TS) and so, the TS is more
similar to the product.
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The IQA analysis represents a very good tool to
understand the changes along the reaction,
revealing, in this case, different electron density
evolutions for H and F migration and which are
the energy components dominating at each
part of energy profile. IQA analysis also
indicates the scarce relevance (in terms of
energy) of the point where BCPs appear or
disappear.
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