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Abstract: Since chlorohydrazones are planar molecules, it is in principle possible to distinguish
between their E and Z stereoisomers. Chlorohydrazones are known to preferentially assume the Z
configuration around the C=N double bond, and their (E, Z) isomerization is almost suppressed at
room temperature. The lack, or rather the difficulty, of such an isomerization has been conveniently
addressed by the in-depth theoretical study of seven C-methoxycarbonyl-N-aryl chlorohydrazones
(aryl = phenyl, 4-chlorophenyl, 4-bromophenyl, 4-iodophenyl, 2-chlorophenyl, 2-bromophenyl,
and 2-iodophenyl). DFT wB97M-D4/cc-pVTZ calculations of these C-methoxycarbonyl-N-aryl
chlorohydrazones, supported by the XRD determination of the molecular structure, provided a
complete picture of the isomerization processes in the studied compounds. The analysis of the
energetics, molecular geometry, and electronic structure (the latter in the framework of the Quantum
Theory of Atoms In Molecules) showed that the Z isomers are thermodynamically favored because,
within the low-energy planar isomers with extensive 7t conjugation, the electrostatic interactions
between the dipoles of the C-O, C—Cl, and N-H bonds overcome the stabilization induced by the
N-H --- O bond present in the E isomers. We confirmed that the (E, Z) isomerization occurs by the
umklapp mechanism, in which the -NHAr moiety rotates in the molecular plane towards a linear
C=N-N configuration and then proceeds to the other isomer. The (E, Z) isomerization is very slow at
room temperature because the umklapp interconversion has high barriers (=110 kJ /mol) despite the
extended 7 electron delocalization present in the transition state.
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1. Introduction

Hydrazonoyl halides or halohydrazones were first prepared by Fisher in 1882 [1].
They are characterized by the presence of a -C(X)=N-NH- moiety [2-7], where X is usually
a chlorine or bromine atom. lodohydrazones are very rare, the first example was published
in 2008 [8], and no fluorohydrazones are known.

In support of their multiple uses, hydrazonoyl halides have recently been defined as
a “bubbling fountain of biologically active compounds” [9]. The main uses of chlorohy-
drazones are related to their activity as phytotoxic agents, particularly herbicides [10] and
insecticides, since they act as plant growth regulators in rather small amounts, typically
between 0.01 and 10> wt% relative to the green part of the plant [11]. Those chlorohydra-
zones also have proven to be very useful insecticides due to their activity in inhibiting the
metamorphosis of insects, particularly the cabbage mite, which belongs to the lepidopteran
family [12]. Further examples of hydrazonoyl halides bioactivity are concerned with their
anthelmintic activity in the veterinary field [13], as well as fungistatic and bactericidal
activity [14]. More recently, the cytotoxic activity of some chlorohydrazones against colon
cancer cell lines has emerged. IC50 values showed significant cell apoptosis, with values
less than 20 uM for all human cancer cell lines considered [15]. As an adverse effect, cases of
severe dermatitis caused by chlorohydrazone PhC(Cl)=N-NHPh have been reported [16].
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As a result of the exchangeability of the N-H proton with D0, it is possible to obtain
deuterated halohydrazones useful in mechanistic studies. This mobile proton gives the
chlorohydrazones an acidity comparable to those of the corresponding phenols [17]. In
accordance with their acidic properties, the main feature of the chemistry of hydrazonoyl
halides is configured in their dehydrohalogenation, which occurs readily in the presence of
a base [18]. The result of dehydrohalogenation involves the generation of the corresponding
nitrilimine -C=N*-N"- as an unstable and generally non-isolable 1,3-dipole [19]. From
the synthetic point of view, nitrilimines constitute the key intermediate in the construction
of the pyrazole ring [2-7,18,19].

Analytically pure chloro- and bromo-hydrazones usually occur as amorphous solids
with a sharp melting point, are stable in air and storable at room temperature, and have
poor solubility in hydrocarbon solvents and good solubility in chlorinated solvents, with
the exception of carbon tetrachloride [2-7]. In rather rare cases, it has been possible to
obtain crystalline-state samples from which the corresponding detailed structures could be
obtained through X-ray diffraction experiments [20]. The molecules of halohydrazones are
generally planar but it is in principle possible to distinguish between the E and Z stereoiso-
mers due to the presence of the C=N double bond. Hydrazonoyl halides preferentially
assume the Z form, as suggested by spectroscopic studies [21] and X-ray diffractometric
(XRD) analyses [20]. Z isomers are thermodynamically more stable than the correspond-
ing E isomers, and interconversion between the two forms occurs very slowly compared
to the similar equilibrium involving simple imine derivatives [22,23]. Nonetheless, it is
possible to imagine that with appropriate substituents on the iminic carbon it would be
possible to extend the properties of chemically controlled configurational rotary switches
to chlorohydrazones, as known in the case of C,N-diarylhydrazones [24].

In the case of C-methoxycarbonyl-N-aryl chlorohydrazones 1-7 that are considered
in the present paper (Figure 1), the absence of the E isomer has been explained by admit-
ting that the intramolecular N-H --- O hydrogen bond, seemingly effective in E isomers
(Figure 1), does not intervene. This statement is consistent with XRD and infrared (IR) data
for the N-H bond stretching vibration of oxanilo-N-arylhydrazonoyl chlorides [20], but is
in contrast with data for phenylhydrazone derivatives of alloxan [25].
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Figure 1. The seven investigated chlorohydrazones and two particular isomers of 2 and 6.

Surprisingly, besides the mentioned experimental data that provide insights into the
structure of hydrazonic halides, the theoretical aspect of their (E, Z) isomerization has not
yet been conveniently addressed. The purpose of the present article is therefore the in-depth
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theoretical study of this isomerization referring to chlorohydrazones 1-7, duly supported
by diffractometric experimental data. In particular, we will focus on the following issues:
(i) why is the Z isomer thermodynamically favored? (ii) Is the intramolecular N-H -
O hydrogen bond effective? (iii) Why is the (E, Z) isomerization so slow (Figure 2) to
escape detection?
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Figure 2. Lack of E-Z isomerization for C-methoxycarbonyl-N-aryl chlorohydrazones.

2. Methods
2.1. X-ray Diffraction

Single-crystal X-ray diffraction data were collected for compounds 1 and 3 at room
temperature (293(2) K) on a three-circle Bruker SMART APEX II diffractometer equipped
with a CCD area detector. Diffraction data were recorded using w-scans (0.5 deg/frame)
with graphite monochromated Mo Ka radiation (A = 0.71073).

Compound 1: Plate-shaped light orange single crystals were grown by slow evapora-
tion of a mixture (1:1) of CH,Cl, /hexane at 25 °C. A total of 18008 X-ray diffraction data
were collected up to a 20 Bragg angle of 61.0°. Crystal structure data have been deposited at
the Cambridge Crystallographic Data Centre and allocated the deposition number CCDC
2212526. The deposited CIF is included in the Supplementary Materials.

Compound 3: Prism-shaped pale yellow single crystals were grown by slow evapora-
tion of a mixture (1:1) of CH,Cl, /hexane at 25 °C. A total of 103976 X-ray diffraction data
were collected up to a 20 Bragg angle of 90.6°. Crystal structure data have been deposited at
the Cambridge Crystallographic Data Centre and allocated the deposition number CCDC
2212525. The deposited CIF is included in the Supplementary Materials.

2.2. Computational Methods

DFT calculations using the M08-HX functional [26] and the cc-pVDZ and cc-pVTZ
basis sets [27,28] were carried out using Gaussian16 A.03 (Gaussian: Gaussian Inc., Walling-
ford, CT, USA) [29], calculations using the wB97M-D4 functional [30,31] and the cc-pVTZ
basis set were carried out using ORCA 5.0.3 (Max-Planck-Institut fuer Kohlenforschung,
Muelheim a. d. Ruhr, Germany) [32]. Calculations of molecules containing Br or I atoms
were carried out using SK MCDHF RSC pseudo-potentials [33] and the cc-pVDZ-PP and
cc-pVTZ-PP basis sets [34,35] for Br and I. Isomer minimum energy and TS structures were
fully optimized with tight thresholds for both SCF and geometry optimization. Harmonic
analysis in the RRHO approximation confirmed the minimum of TS nature of all structures.
IRC analysis was used to ascertain which isomers correspond to selected TSs.

The QTAIM analysis of the electron density of selected minimum energy isomers and
TSs was carried out adopting the Multiwfn computational code [36]. Bond critical points of
the electron density have been located using the midpoint of atom pairs as starting guesses.
The search for secondary interactions has been refined using selected points in space as a
guess for the location of bond critical points. We are therefore confident that the presence or
the absence of secondary interactions has been recovered correctly. As for atomic properties,
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we located attractors and defined atomic basins surfaces using a high-quality grid. The
overall charge of the molecule, estimated as the sum of atomic charges, deviates from
neutrality by a few hundredths of electron, which is an indicator of the accuracy of the data
presented here. As an additional tool to provide an interpretation of the energy ordering
among isomers, we computed the Delocalization Index (DI) between selected couples of
atomic basins. The DI provides a rigorous measure of the interaction between atoms in
terms of electron pairing [37,38] and proved useful also in studies of secondary interactions
such as hydrogen bonds [39,40].

The Kinetic Monte Carlo (KMC) simulations were carried out by an in-house Matlab®
implementation of the Gillespie algorithm [41]. The rate constants were calculated using
the Eyring formula k = x (kgT/h) exp (-AG}/RT) with x =1 and T = 298 K and the AG*
activation barriers calculated at the wB97M-D4/cc-pVTZ level of theory. Simulations were
carried out with initial conditions consisting of pure 1-Eta or 1-Zts isomers. Due to the
huge differences among the isomerization rate constants, we were forced to assume fast
thermal equilibration within the 1-Et(a,s) or 1-Zt(a,s) pairs, respectively, in order to observe
the isomerization of interest within a reasonable computation time (1-2 weeks).

3. Results and Discussion
3.1. Structure and Energetics of the Isomers of Chlorohydrazones 1-7
3.1.1. Generalities

The investigated chlorohydrazones (Figure 1) feature (E, Z) geometric isomers because
of the presence of the C=N double bond. Furthermore, rotation about the formally single
Ar-N, N-N, C-COOMe, and C-OMe is restricted, as we will shortly show. Thus, the
chlorohydrazones have well-defined pairs of energy minima for rotation about these bonds,
corresponding to pairs of isomeric structures. Of course, the rotation of the methyl group
can be considered free at RT.

The isomers arising from the two possible orientations of the Me group (rotation about
C-OMe) will not be considered further because of the limited chemical significance of this
isomerism. Suffice to say that the isomer with the Me group close to the carbonyl group
is always the more stable. The free energy difference AG is ~240 k] /mol. Therefore, only
the more stable isomer is appreciably populated. The present consideration allows us to
somewhat reduce the complexity of the isomerization landscape.

Taking into account the (E, Z) isomerism and the restricted rotations about the Ar-N,
N-N, and C-COOMe bonds, chlorohydrazones 1-7 give rise to 16 possible isomers that
we denote as n-$01)y, where n = 1 to 7 denotes the chlorohydrazone and the symbols
D, 0,1, and vy denote the isomers, where ® = E or Z, the geometric isomers; 8 = c(isoid)
or t(ransoid), the conformers about the N-N bond; { = ¢ or t, the conformers about
the Ar-N bond; and vy = a(nti) or s(yn), the conformers about the C-COOMe bond, as
explained in Table 1. Precedence is determined following the Cahn-Ingold—-Prelog rules.
We use the old-fashioned cisoid/transoid terms to make the notation perspicuous. The
different nomenclature for the C-COOMe isomerism is due in part to the smaller free
energy difference and activation barrier for these isomers, and in part to make notation
clearer. The 1) isomerism is not present in 1-4 and they are therefore denoted as n-®0y. As
examples, the 2-Zts and 6-Etta isomers are depicted in Figure 1. The planar or dihedral
angles related to the isomeric pairs will also be denoted as ®, 6, 1, and y. We wondered
why chlorohydrazones 3 and 6 occur in solution as the Z isomer despite the facts that (i) a
hydrogen bond between the N-H hydrogen atom and either of the O atoms in the ester
group can likely form in the E isomers and (ii) there is no obvious reason why the Z isomers
should be preferred.
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Table 1. Definition of the nomenclature for the chlorohydrazone isomers.

Definition Typical Values
D C=N-N ~120°,Z ~240°, E
0 C-N-N-Ar ~0°, c(isoid) ~180°, t(ransoid)
P N-N-Cipso=Cortho ~0°, c(isoid) ~180°, t(ransoid)
Y Cl-C-C=0 ~0°, s(yn) ~180°, a(nti)

3.1.2. Crystal Structure of Chlorohydrazones 1 and 3

The molecular structure in the solid state of compounds 1 and 3 has been investigated
through single-crystal X-ray diffraction experiments. Both compounds crystallize in the
orthorhombic crystal system with space groups P»12121 and Pbca, respectively. Figure 3
shows the molecular conformations of the two compounds in the solid state. In both cases
the Zts isomer is observed with ® = 121.65(16) and 120.02(18) deg, for 1 and 3, respectively.
The 0 torsion angles about the N-N bond (see previous section for definition) amount to
178.04(18) and 173.19(19), respectively, indicating that in the solid state the 0 = t(ransoid)
conformers are present, with a small distortion in the case of 3, which is likely due to the
accommodation of the large Br atom in the crystal lattice. In both crystals, the molecules are
almost completely planar. The full list of torsion angles can be found in the Supplementary
Materials and the deposited CIF (CCDC 2212526 and CCDC 2212525). Intermolecular N-H
-+ O=C hydrogen bonds are present in both crystal structures and closely resemble the
packing patterns reported by Frohberg et al. [20]. No intramolecular H-bond is present, as
expected for the Zts isomer.

Figure 3. ORTEP plot of 1 and 3. Anisotropic displacement parameters are at the 50% probability level.

Crystal packing of compound 1 down ¢ and a axes together with relevant intermolec-
ular interactions are reported in Figure 4. The overall motif is that of zigzag ribbons
extended along the b axis. Geometrical parameters for the N-H --- O=C intermolecular
hydrogen bond which packs together molecules in the crystallographic bc plane are as
follows: d [HN1---O1(—x, y + 1, —z + 3/2)] = 2.210(2) A; N1-HN1--O1(—x, y + &, —z +
3/2) = 159.64(10) deg.
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Figure 4. Crystal packing views down the c (left) and a (right) axis for compound 1.

In Figure 5 (left), the crystal packing of compound 3 viewed down the a axis is shown.
Again, a zig-zag pattern is observed extending along the c direction and with the molecular
plane forming an angle of about 90 deg with the crystallographic bc plane. Figure 5 (right)
shows the dimer, which forms because of the N1-HNT1---O1 intermolecular hydrogen bond.
The oxygen acceptor atom belongs to the equivalent molecule in (—x + 1,y + %, —z- %).
The zig-zag motif is quite common in molecular crystals of small organic molecules, such
as hydrazones or naphtoquinone [42,43].

)
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Figure 5. Partial crystal packing views down the a (left) and c (right) axis for compound 3.

3.1.3. DFT Structure and Energetics of the Isomers of Chlorohydrazone 1

Species 14 can have 8 minimum energy structures, whereas species 5-7 can have
16 minimum energy structures, totaling 80 minimum energy structures. We first made a
thorough DFT investigation of the isomers of 1-7 at the MOSHX/cc-pVDZ, MOSHX/ cc-
pVTZ, and wB97M-D4/cc-pVTZ level of theory. The energetic and structural comparison in
the Supplementary Materials (Tables S4-521 and Figures S1-512) shows that the computa-
tional results are robust, i.e., that the qualitative picture of the chlorohydrazone isomerism
is not different for different levels of theory and that the quantitative differences in isomer
structure, energetics, population, and interconversion rate are reasonably small.

The minimum energy structures of 1, calculated at the wB97M-D4/cc-pVTZ level,
are depicted in Figure 6, and their relative free energies and populations can be found in
Table 2 and Figure 7.
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Figure 6. Minimum energy structures of 1 calculated at the wB97M-D4/cc-pVTZ level.

Table 2. Energetics of the minimum energy structures of 1 calculated at the wB97M-D4/cc-pVTZ

level. The reaction free energy AG (kJ/mol) is listed along with the relative population at 298 K.

AG (kJ/mol) Rel. Pop.
Eca 549 1.7-10710
Ecs 54.3 2.2.10710
Eta 6.4 0.06
Ets 224 8.6-107°
Zca 459 6.7-107°
Zcs 428 23-.108
Zta 3.0 0.22
Zts 0.0 0.73
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Figure 7. Relative free energy at 298 K of the minimum energy structures of 1 calculated at the
wB97M-D4/cc-pVTZ level. The vertical lines are just a guide for the eye.

The most stable isomer at 298 K is Zts, which is the isomer observed by XRD in the
crystal of 1. The calculated structure of 1-Zts is very close to the experimental one, as
can be appreciated from Table 3. The isomers with appreciable population at 298 K are
Zts, Zta, and Eta. The other isomers have a population from 4 to 9 orders of magnitude
smaller. The Z isomers account for 95% of the 1 molecules, in agreement with previous
findings [20,21]. Unexpectedly, Table 2 and Figure 7 show that the main energetic difference
is between 0 isomers, with 1-®ty favored by ~50 k] /mol with respect to the corresponding
1-Ocy. These peculiar energetics are closely related to the isomer molecular geometry
(Figure 6). All 1-®ty isomers are planar, while in the 1-®cy isomers the phenyl ring is tilted
by 101 =40-50° with respect to the hydrazone moiety (Table 3) due to steric interaction
between the phenyl ring and either the Cl atom or the COOMe group. 1-Z isomers are
more stable that the corresponding E isomers by ~20 kJ/mol with the exception of the
1-(E,Z)ta pair. This exception is caused by the substantial stabilization of 1-Eta with respect
to 1-Ets (16 kJ/mol), much larger than the difference between other syn (favored) and anti
conformers that amount to a few kJ/mol. We now analyze in more detail the energetics of
each isomerism and try to answer questions (i) and (ii) that were posed in the Introduction.

Table 3. Selected molecular geometric parameters of the minimum energy structures of 1 calculated
at the wB97M-D4/cc-pVTZ level compared with those determined by XRD. Bond lengths are in
angstroms, planar and dihedral angles are in degrees.

C=N N-N N-Cipso @ 0 P I3
Eca 1.259 1.362 1.433 238.2 —389 —337 153
Ecs 1.260 1.362 1.431 237.3 —40.1 ~29.0 148
Eta 1.277 1314 1.402 237.4 178.9 0.9 0.0
Ets 1.271 1317 1.401 235.1 1788 13 0.0
Zca 1.262 1351 1.433 1237 —49.7 ~23.8 16.1
Zcs 1.263 1.356 1.434 123.0 —51.0 ~23.8 17.0
Zta 1.268 1314 1.402 1214 1812 0.0 0.0
Zts 1.268 1317 1.401 121.1 180.6 13 0.0
XRD (Zts) 1.270(2) 1.321(2) 1.402(2) 121.65(16) 178.04(18) —0.3(3) 0.2

5% is the the difference 5% = 360° — X, where ¥ is the sum of the planar angles about the -NH-atom.
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Energetics of the 6 (c, t) Isomerism

It is natural to think that the importance of 8 isomerism about the N-N bond is related
to the conjugation (7 electron delocalization) between the 7 electron systems of the phenyl
ring and N=C—C=0 hydrazonic skeleton. However, the conjugation seems to occur through
the formally sp® -NH- nitrogen atom. We now support the conjugation hypothesis with
reference to structural data, and in the following we will give more stringent proof based
on the QTAIM analysis of the electronic structure. As can be seen in Table 3, the length
of the C=N bond is almost constant across the isomers of 1. It is slightly longer in the
1-®ty than in the 1-®cy isomers, hinting at a slightly higher C=N bond order in the latter.
The length of the N-N bond is significantly different between the planar 1-®ty (=1.31 A)
and non-planar 1-®cy (~1.36 A) isomers. We can compare those with the length of the
N-N bond in dinitrogen compounds (Table 4). The N-N length of 1 is between those of
phenyl hydrazine and (phenyl)diazene indicating a partial double bond character. The
latter is much larger for the 1-®ty isomers, in which the N-N bond length is closer to that of
(phenyl)diazenes than that of phenyl hydrazine. The length of the N-Cj,s, bond of 1-®ty
isomers is ~0.3 A shorter than that of 1-®cy isomers, again hinting at a higher bond order
in 0 = t isomers. In summary, structural data suggests that the N-N and N-C;p, bonds
have partial double bond character in 1-®ty isomers, relating to a larger sp? character of
the aminic N atom and improved conjugation. The C=N bond is longer in 1-®ty hinting at
a lower bond order, in agreement with extended 7t conjugation to the whole molecule.

Table 4. Length of the N-N bond (A) in selected small molecules, calculated at the wB97M-D4/ cc-
pVTZ level.

N-N
H,N-NH, 1.476
H,N-NHPh 1.407
HN=NH (2) 1.233
HN=NH (E) 1.235
HN=NPh (Z) 2 1.236
HN=NPh (E) 1.232
N=N 1.091

2 Planar structure. ® Non-planar structure.

To clarify the picture, we calculated the sum, %, of the planar angles about the -NH-
atom and the difference, 8% = 360° — £, the latter being 0° for a planar coordinated sp? atom
and ~29° for the pyramidal sp> N atom of NHMej. 5% is 0.0° for the 1-®ty isomers and is
in the 10-20° range for the 1-®cy isomers. Therefore, 6% indicates that the -NH- nitrogen
atom is sp? in 1-dty whereas it has mixed sp?/sp? character in 1-®cy, in agreement with
the conjugation hypothesis. In conclusion, structural data provide significant (though not
conclusive) proof that the stabilization of the 1-®ty isomers is due to 7 conjugation between
the phenyl ring and the rest of the chlorohydrazone. The 1-Pcy isomers seem to retain
some molecule-wide conjugation despite their non-planar structure.

Energetics of the v (a, s) Isomerism

The next point worth discussing is why 1-Eta is more stable by 16.0 k] /mol than 1-Ets.
By inspecting Figure 6, it is clear that only in the 1-Ety isomers a N-H --- O interaction can
be established. The H --- O distance (1.904 and 1.951 A in 1-Eta and 1-Ets, respectively) is
well below the sum of the H and O van der Waals radii (1.10 + 1.52 = 2.62 A) [44], so this
satisfies the distance requirement for a real hydrogen bond.

The H-bond in 1-Eta is stronger, as supported by the larger N-H distance (1-Eta:
1.012 A, 1-Ets: 1.008 A) and lower calculated N-H stretching frequency (1-Eta: 3518.9 cm ™!,
1-Ets: 3591.3 cm~!). The H-bond in 1-Eta involves the sp? carbonyl oxygen and is therefore
expected to be stronger [45]. In the present case, both 1-Et(a,s) are planar and the N-H
hydrogen points towards the maximum of the oxygen lone-pair sp? orbital in 1-Eta, but it
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points just between the two oxygen lone-pair sp® orbitals in 1-Ets. We will shortly present
further evidence supporting the existence of a real H-bond in 1-Ety.

Energetics of the ® (E, Z) Isomerism

The chemically most interesting point is why 1-Z0y isomers are more stable than the
corresponding 1-E0y isomers. For the 0 = ¢ isomers, not populated at 298 K, it is sufficient
to note that destabilizing steric effects are more important in the crowded 1-Ecy isomers.
It is more interesting to wonder why 1-Zty have lower free energy than 1-Ety despite the
presence of the hydrogen bond in the latter.

To clarify this point, we calculated the energetics of the systems depicted in Figure 8,
where the Cl atom of 1 was replaced with a H atom, or the COOMe group was replaced
with a Me group, or both. These systems are denoted as pro-(E, Z) meaning that the systems
derived from, e.g., 1-Zty by replacement of R! or R?, are denoted pro-Z irrespective of the
priority of R! and R?. The wB97M-D4/cc-pVTZ energetics of the four R! = (H, Cl) and
R? = (Me, COOMe) cases are collected in Table 5. With reference to the AG(Z-E) difference
for the (R = H, R?> = Me) case, one can see that introducing the R> = COOMe group
favors the E isomer by 24.2 k] /mol. Indeed, 2-bromo-1-phenylglyoxal 2-phenylhydrazones,
which have an « carbonyl but no « halogen, prevailingly exist in the E configuration [46].
Introducing the R! = Cl atom favors the Z isomer by 23.2 k] /mol. When both Cl and
COOMe are present (i.e., in 1-(E,Z)ta), Z is favored by 0.3 k] /mol, which is not far from
the algebraic sum of the two effects (+1.0 k] /mol). Then, the two effects are approximately
independent. Stabilization of the E isomer by R> = COOMe is easily explained by the
formation of a N-H --- O H-bond between the COOMe and the -NH- hydrogen atom.
Conversely, why R! = Cl strongly favors the Z isomer is far less clear.

1 2 1 2
R__R R__R
| h
N N
pro-Zt pro-Et
R!=H, CI

R? = Me, COOMe

Figure 8. Model systems used to investigate the (E, Z) isomerism of 1.

Table 5. Free energy difference between Z and E isomers of the pro-systems, calculated at the
wB97M-D4/cc-pVTZ level.

R! R? AG(Z-E) (kJ/mol) Z Fraction 2
H Me 1.7 67%
H COOMe b 225 0%
Cl Me 24.9 100%
Cl COOMe b« 2.0 69%

2 Fraction of the Z isomer at 298 K, referred to the (E, Z)t pair only. by = anti. © This is the 1-(E, Z)ta pair.

In conclusion, the presence of the Cl atom induces a stabilization of the populated Z
isomers. The physical basis for this will be unveiled by the QTAIM analysis below. This
stabilization is almost counterbalanced by the stabilization induced by the H-bond present
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HOMO-12

in 1-Eta, which is 6.4 k] /mol higher than 1-Zts and thus is appreciably populated (5%) at
298 K.

3.1.4. Electronic Structure and 7 Delocalization of the Isomers of Chlorohydrazone 1

The envisaged conjugation (7t electron delocalization) between the aryl and hydrazonic
moieties through the planar aminic N atom is not alien to a naive Lewis structure picture
where it forms four bonds and assumes a formal positive charge balanced by a negative
one residing on the aryl ring or carbonyl group (Figure 9).

O (0] (0]

/ / /
<> + <> <> N+ <>
/I |
— X X | —r

N

Figure 9. Lewis structures of chlorohydrazones 1-7, including zwitterionic structures consistent with
electron conjugation between the aryl and hydrazonic moieties.

The presence of 7 occupied orbitals extending over the N-N and N-Cj,s, bonds
(Figures 10 and S3) is consistent with the extended delocalization picture and partial double
bond character of the N-N bond.

HOMO-17 HOMO-21 (lowest occ. T MO)

Figure 10. wB97M-D4/cc-pVTZ MOs showing molecule-wide 7 delocalization in 1-Zts.

In this section, we analyze in more detail how the molecular electronic structure
determines the energy order of the isomers, adopting the approach of the Quantum Theory
of Atoms in Molecules (QTAIM) [47]. We considered the eight isomers of 1, and conducted
the topological analysis of the wB97M-D4/cc-pVTZ electron density p. We characterized
the bonding structure in terms of properties of the electron density p at the bond critical
points (bcp). We also determined the atomic properties by integrating the electron density
and its multipolar terms over atomic basins. In the following, we report on the main results
in a descriptive fashion, referring the interested reader to the complete set of data collected
in the Supplementary Materials; the atomic charges and dipoles are in Table S1 and the
properties of bonds relevant for the discussion are in Table S2 (bond length, electron density,
Laplacian of the electron density, and bond ellipticity, the latter three calculated at the
bond critical point). The delocalization indices (DIs) of selected atoms pairs of the Ety
and Zty isomers, which provided a key element to rationalize their energy ordering, are
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collected in Table 5, while the complete set of considered DIs is collected in Table S3 of the
Supplementary Materials.

The bonding structure of the lowest energy isomer, 1-Zts, agrees with the one derived
from chemical intuition. The 7t electrons are mostly localized onto the C=N bond, which
has the features of a pure double bond, with a large and negative Laplacian of the electron
density, V?(p), and a marked ellipticity (¢ = 0.51) at the bond critical point due to a
preferential distribution of bonding electrons normal to the plane of the molecule. A lower
7t character is present also in neighboring, formally single C—C and N-N bonds (¢ = 0.17
and 0.12, respectively), as well as the C=0O bond (¢ = 0.13). A residual 7t character has been
found also in the N-Cipso, C-O, and C-Cl bonds. Overall, this picture suggests that, in
addition to the 7t electrons of the sp? carbon and nitrogen atoms, the lone electron pairs of
the halogen, nitrogen, and oxygen atoms are involved in the extended 7t bonding network.
It is therefore confirmed that the 7w bonding structure is delocalized over the entire molecule,
with the exception of bonds involving hydrogens. As for the atomic properties, the ipso,
iminic, and carbonyl carbon atoms have a significant positive charge (about +0.3, +0.8,
and +1.7 e, respectively), while the nitrogen, chlorine, and oxygen atoms have an excess
electronic population (g = -0.7, 0.2, and —1.2 electrons for N, Cl, and O, respectively).
The polarization of electrons within atomic basins of N, Cl, C, and O atoms, quantified
through the evaluation of the atomic electric dipole, counterbalance the electron transfer
among atomic basins, as typical of polar covalent bonds. This feature is observed also in
the hydrogen atom bonded to the aminic nitrogen; H bears a positive charge of about 0.4 e
and has a small atomic dipole of 0.2 a.u., aligned along N-H and directed from N to H,
such as to oppose to the net charge transfer from H to N.

As for secondary intramolecular bonds, neither O---H and Cl---H bonds are present.
However, the analysis of atomic charges indicates that the C—Cl electric dipole, which
points towards C, interacts unfavorably with the nearby and almost parallel C=O dipole,
and favorably with the N-H dipole. The latter points towards the hydrogen atom, is
smaller, and is located at larger distances from C-Cl than C=0O (Figure 6). It is worth noting
that a small but non-negligible pairing among electrons of chlorine and N-H is present
in 1-Zts (Table 6). Indeed, the DI (Cl, N-H) measures 0.051, a value typical of secondary
interactions such as hydrogen bonds of medium strength.

Table 6. Delocalization Indices for the non-covalent interactions of the N-H hydrogen atom with
the chlorine and oxygen atoms of the 1-dty isomers. One member of the atom pair is always the
hydrogen atom bonded to nitrogen, N-H, while the other is reported in the first column.

1-Zts 1-Zta 1-Ets 1-Eta

Cl 0.051 0.051 0.002 0.001
Cc=0 0.001 0.001 0.002 0.075
c-0 0.001 0.000 0.062 0.002

The second lowest-lying isomer, 1-Zta, has the same bonding structure and properties
of 1-Zts. The evaluation of DIs between bonded atom pairs (Table S3) reveals no significant
differences with respect to 1-Zts, with variations of the order of 1% and no evident trend.
The higher energy of 1-Zta can be explained by noting that the strongest dipole-dipole
interaction in Zty is likely the one involving charge transfers associated to C-Cl and C-O
bonds. The increase in energy from 1-Zts to 1-Zta is thus explained considering that the net
charge separation between carbon and oxygen in C-O is almost equal to C=O (Table S1),
but the internuclear distance is about 10% larger in C-O than in C=0 (Table S2), leading to
a larger dipole and repulsive term upon interaction with C-Cl.

1-Eta and 1-Ets isomers are less stable than 1-Zts and 1-Zta. This might appear as a
contradiction of common sense, because in both 1-Eta and 1-Ets an intramolecular N-H
-+ O hydrogen bond is present, as proved by the presence of a bcp between the H and
O atoms. The covalent bonding structure, measured by the DIs (Table S3), presents no
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significant differences between 1-Ety and 1-Zty. Noticeably, in 1-Eta and 1-Ets, the N-H
--- O atoms are far from being aligned, i.e., they largely deviate from the most favorable
conformation for H-bonding. Acceptor::-hydrogen—donor angles significantly smaller than
180° do not prevent hydrogen bond formation, though their stabilizing contribution is
significantly reduced (for a thorough discussion on this topic we refer the interested reader
to Ref. [48]), and this is likely to be the case in 1-Eta and 1-Ets. The properties of H-bonds
in these isomers are typical of closed-shell interactions; the electron density at the bcp
is about one order of magnitude smaller than typical of the primary bonding structure
(p =0.031 and 0.027 e/A3 in 1-Eta and 1-Ets, respectively), while V2(p) assumes positive
values (V2(p) = 0.120 and 0.115 e/A5 in 1-Eta and 1-Ets, respectively). The DI between
hydrogen and oxygen involved in H-bonding measures 0.075 and 0.062 in 1-Eta and 1-Ets,
respectively (Table 6). These values are comparable to the DI (Cl, N-H) in 1-Zta and 1-
Zts, suggesting that the O---H and Cl---H interactions concur to the energy stabilization
with similar strength. The lower stability of 1-Ety isomers with respect to 1-Zty can be
rationalized considering that, in the former, the favorable dipolar interaction between N-H
and C-Cl vanishes and is not fully compensated by the H-bond formation.

Another noticeable feature is that in 1-Ety the anti conformer is much more stable than
the syn one, contrary to what was observed in 1-Zty, 1-Zcy, and 1-Ecy pairs. A stabilizing
contribution to the anti conformer comes from the O---H bond, which in 1-Eta is shorter
and stronger than in 1-Ets. Secondly, in 1-Ets, the electron density at the critical points of
the Cjpso—N and the C=0O bonds loses part of its shared character, with -V2(p) at the bep
decreasing by 29% and 36% with respect to 1-Eta, respectively. The loss of the covalent
character of electrons partaking to these bonds—which comes from a subtle interplay of
electronic effects involving resonant structures—further contributes to destabilizing 1-Ets
with respect to 1-Eta.

The isomers 1-Zca and 1-Zcs reside at considerably higher energies with respect to the
0 = t isomers considered so far. Indeed, in 1-Zca and 1-Zcs there are neither intermolecular
hydrogen bonds nor favorable N-H/C—Cl dipolar interactions. Furthermore, the phenyl
group rotates out of the molecular plane, inducing a noticeable rearrangement in the
bonding structure. The Cjpso—N bond elongates and weakens; p at the bcp decreases by
about 10% with respect to the more stable conformations discussed above, while a 5%
decrease is observed in —V2(p). The 7 character of this bond reduces as well, becoming
more similar to a single bond. These same effects, and even more markedly, are observed in
N-N, while the opposite happens in C=N. Overall, the delocalization of the 7t structure over
the entire molecule is reduced, and 7 electrons localize mostly along the C=N internuclear
axis. Overall, the two isomers, 1-Zca and 1-Zcs, share the same electronic structure. The
relative energy ordering between the two is dictated by the dipolar interaction of C—Cl with
C=0 or C-0, analogous to the case of 1-Zta and 1-Zts. The lower stability of 1-Zca with
respect to 1-Zcs comes therefore as no surprise.

As for the isomers at even higher energies, 1-Eca and 1-Ecs, the molecule becomes
even less planar and the delocalization of 7t electrons further reduces, as indicated by the
low ellipticity of p at all bcps except that of C=N. Noticeably, in the N-N bond, the shared
character of electrons (measured by —~V?(p) at the bep) reduces by about 10% with respect
to 1-Zca and 1-Zcs, even if the internuclear distance and the net atomic charges remain
unaltered. The isomer 1-Eca is almost degenerate with 1-Ecs, and the two share very similar
electron density distributions. We just note that in 1-Eca the ellipticity of the C—C bond
is reduced with respect to 1-Ecs (0.04 compared with 0.08), suggesting an even smaller
delocalization of 7t electrons. The lower stability of 1-Eca with respect to 1-Ecs is probably
due to this effect, together with a slightly larger steric hindrance between the methyl and
phenyl groups.

In summary, our QTAIM analysis evidenced that in the planar, 0 = t isomers of 1, the 7t
bonding structure is not independently localized onto the O=C-C=N chain of sp? atoms in
the hydrazonic moiety and on the aryl ring, as assigned on the basis of chemical intuition.
In particular, the N-N bond also has a partial but relevant 7 character, in agreement with
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the analysis of the energetics and geometry of these isomers. Secondly, intramolecular
hydrogen bonding between H and O occurs whenever these two atoms face each other
(1-Ety), as suggested by energetics and geometry. The QTAIM analysis enables us to trace
the predominance of the Z isomers back to the electrostatic interaction between the C-Cl
and N-H bond dipoles. Therefore, the energy ordering of the four planar isomers can be
rationalized simply in terms of a balance between H-bond stabilization and dipole-dipole
interactions. As for high energy isomers, their lower stability is mainly driven by the
weakening of the delocalized 7 bonding structure.

3.1.5. Structure and Energetics of the Isomers of Halogen-Substituted Chlorohydrazone 2-7

After the detailed analysis of the isomerism of 1, we turn to the halogen-substituted
chlorohydrazones 2-7. The relative free energy of the isomers can be found in Tables 58-513
(Supplementary Materials) and in Figure 11.
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Figure 11. Relative free energy at 298 K of the minimum energy structures of 1-4 (left) and 5-7 (right)
calculated at the wB97M-D4/cc-pVTZ level. The vertical lines are just a guide for the eye.

The qualitative picture of the isomer energetic location is the same for all investigated
chlorohydrazones 1-7, so the previous qualitative analysis of 1 also applies to 2-7. The AG
between isomers changes by less than 5 k] /mol upon halogen substitution.

The isomers of 4-X (X = Cl, Br, I) substituted chlorohydrazones 2—4 have structures and
energetics very similar to those of the corresponding isomers of 1. The calculated geometry
of 3-Zts is very close to that measured by XRD (Table 7). Clearly, the qualitative analysis
is also the same as for 1. The presence of the halogen in position 4 causes AG changes
of a maximum of 1.1 kJ/mol. Then, the isomer energetics are scarcely influenced by the
electronic availability in the aryl ring. The population of the three low-lying isomers varies
by a few percent at most.
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Table 7. Selected molecular geometric parameters of the Zts isomer of 3 calculated at the wB97M-
D4/cc-pVTZ level compared with those determined by XRD. Accuracy of the latter is shown in
parentheses. Bond lengths are in angstrom, planar and dihedral angles are in degrees.
C=N N-N N-Cipso @ 0 P 133
Zts 1.268 1.311 1.393 121.13 179.95 179.79 0.0
XRD (Zts) 1.277(3) 1.329(2) 1.397(3) 120.02(18) 173.19(19) 178.1(2) -0.6
5% is the difference, 8% = 360° — X, where X is the sum of the planar angles about the aminic N atom.

The general picture of the structure (Figure 12) and energetics (Figure 11, right) of the
isomers of the 2-X substituted 5-7 are not much different from that of 1-4, provided that
the presence of a halogen atom in position 2 of the aryl ring is considered. The halogen may
sterically and electrostatically interact with the rest of the molecule, and, at any rate, its
mere presence gives rise to additional { isomerism (conformation about the N-Ar bond).
Therefore, the chlorohydrazones 5-7 deserve a brief discussion.

0 O
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H H
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H
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Cl Cl
o o
N N
Ztcs Ztts

Figure 12. Selected (y = s) wB97M-D4/cc-pVTZ minimum energy structures of 7 (X = I). They are
representative of the corresponding y = a isomers and of the structures of 5 and 6.
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Among the 5-7 isomers, the planar ones are the (E,Z)tty; the other isomers have
more or less extended but, in all cases, twisted conformations. The (E,Z)tcy isomers are
non-planar (J ~ 49 to 58°) and thus are probably destabilized by the decreased conjugation
between the aryl and hydrazone moieties, though they retain quasi-planar coordination
around the -NH- nitrogen atom (8% between 3 and 7°).

The 6 =t [(5-7)-Pty] isomers are more stable than the 6 = ¢ [(5-7)-Pcry] isomers by
several tens of k] /mol. This difference is larger for the { = t than the { = ¢ isomers because
the ®dtty are much lower in G than the ®tcy isomers, whereas the ®cty and Pccy isomers
have similar energy. This is probably due to the unfavorable location of the electron rich
atoms Cl, iminic N, and X on the same molecular edge, which electrostatically repel and
destabilize the ®tcy with respect to the ®tty isomers, a situation that does not occur in the
twisted ®cty and Pccy isomers. The ) = t [(5-7)-POty] isomers are in all cases more stable
than the corresponding V) = ¢ [(5-7)-®Ocy] isomers, but the free energy difference is much
larger when 0 = t.

The net result of these interactions is that the most stable isomers are the (5-7)-®tty.
They lie 10-25 k] /mol higher and the 6 = ¢ [(5-7)-Pcy] isomers are grouped together at
~50 kJ/mol higher.

The H-bond stabilizes both (5-7)-Et(t,c)a isomers and the effect is weaker for the { =t
(=10 kJ/mol) isomers than for the { = ¢ (=16 kJ/mol). The latter value is in line with that
of 1-4. The lower value for { = t might be related to the electrostatic interaction between
N-H and X, which competes with the N-H --- O interaction.

The interplay between ®, 6, 1, and y isomerisms is such that only three isomers of
5-7 are appreciably populated at 298 K, namely Ztts, Ztta, and Etta.

In this section, we have shown that the most stable isomer of investigated 1-7 systems
is Zt(t)s, followed by the similar Zt(t)a. The Zt(t)y isomers together account for >90% of the
isomeric forms. Unexpectedly, the Et(t)a isomer is present only as a minor fraction of the
isomeric forms, notwithstanding the N-H --- O hydrogen bond. These planar isomers seem
to have 7 conjugation extending to the whole molecular skeleton, which is transmitted
through a planar tri-coordinated nitrogen atom.

3.2. Kinetics of the Isomerization of Chlorohydrazones 1-7
3.2.1. Generalities

Several isomer interconversion processes can occur in chlorohydrazones 1-7 related to
the (E, Z) isomers and the 0, 1, and y conformers (Figure 13). Conformational isomers can
interconvert by rotation about the N-N (6), C-COOMe (v), and N-Cjps, () bond.

The number of isomerization processes is 12 for 1-4 and 32 for 5-7. Since each
isomerization proceeds through a TS, characterization of the isomerization dynamics of
1-7 requires locating 144 TSs. As a result of the large number of TSs, we conducted
a thorough investigation of 1 at the wB97M-D4/cc-pVTZ level while we restricted the
investigation to the most significant TS structures in the 2-7 species. The TSs are denoted
as n-P0pyd’'oYPy .

3.2.2. Isomerization Transition States of Chlorohydrazone 1

For the sake of clarity, we first discuss the isomer interconversion kinetics of 1. The
free energy activation barriers AGt and the corresponding rate constants, calculated using
the Eyring formula k = x (kgT/h) exp (-AG*/RT) with x = 1 and T = 298 K, are collected in
Table 8 and in Figure 14, grouped as to the interconversion process.
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Figure 13. Schematic depiction of the isomer interconversion processes occurring in the chlorohydra-
zones 1-7. Top: interconversions of 1-4. The eight isomers are placed at the vertices of a cube and the
edges represent umklapp, 8, and y interconversions. The non-populated isomers are grayed. Bottom:
interconversions of 5-7. The 16 isomers can be placed at the vertices of a sort of hypercube, the { =c
and t isomers lie at the vertices of the inner black and outer red cubes, respectively. The important
isomers Ztts, Ztta, and Etta are denoted by a blue dot. The blue lines are processes interconverting 1
isomers. Processes within the inner and outer cubes are as in the top panel.

Table 8. Free energy activation barriers, AGH, calculated at the wB97M-D4/ cc-pVTZ level, and
corresponding rate constants at 298 K for the isomer interconversion processes of 1. The barriers are
grouped with respect to the interconversion mechanism.

Isomerization From To AGt (KJ/mol) k(s~12
Eca Ecs 7.4 3.2-1011

Ecs Eca 7.9 2.6 - 101

Eta Ets 37.4 1.7 - 10°

Rotation, Ets Eta 21.4 1.1-10°

Y Zca Zcs 9.6 1.3 - 101

Zcs Zca 12.7 3.7 - 1010

Zta Zts 19.5 24-10°

Zts Zta 225 7.1-108
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Table 8. Cont.

Isomerization From To AGYt (KJ/mol) k(s 12
Eca Eta 27.3 1.0- 108
Eta Eca 75.8 0.33
Ecs Ets 27.8 8.4 -107
Rotation, Ets Ecs 59.7 2.2 102
0 Zca Zta 20.8 1.4 -10°
Zta Zca 63.7 43
Zcs Zts 18.8 3.2-10°
Zts Zcs 61.6 100
Eca Zta 59.8 210
Zta Eca 111.7 1.6-1077
Ecs Zts 68.1 7.2
Urnklapp, & (0) Zts Ecs 122.5 22 10:2
Eta Zca 104.5 3.1-10
Zca Eta 65.0 25
Ets Zcs 89.9 1.1-1073
Zcs Ets 69.6 4.0
2 The rate constants were calculated using the Eyring formula k = x (kgT/h) exp (-AGH/RT) with « = 1 and
T =298 K.
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Figure 14. Activation barriers, AGH, at 298 K of the isomerization processes of 1 calculated at wB97M-
D4/cc-pVTZ level of theory. The barriers are grouped as to the isomerization type.

Selected TS structures are shown in Figure 15 and selected molecular geometric
parameters of the TS structures of 1 are collected in Table 9.
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EcaEcs (v) EtaEts (y) ZtaZts (y)
EcaFEta (O) ZcaZta (0) Zcs/ts (O)
EtaZca (®) EcaZta (D) EcsZts (D)

Figure 15. Selected transition state structures of 1 calculated at the wB97M-D4/cc-pVTZ level. The
process type is indicated in parentheses.
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Table 9. Selected molecular geometric parameters of the TS structures of 1 calculated at the wB97M-
D4/cc-pVTZ level. Bond lengths are in angstroms, planar and dihedral angles are in degrees. When
d = 180°, 6 is of limited structural meaning, as the C=N-N moiety is nearly linear.

Isomerization TS C=N N-N (3] 0 P 8-
EcaEcs 1.259 1.346 235.5 0.0 —113.4 2.6

Rotation, EtaEts 1.259 1.347 240.3 170.4 16.3 55
Y ZcaZcs 1.254 1.382 120.1 —64.7 -79 23.4
ZtaZts 1.257 1.332 121.2 175.3 9.5 1.1
EcaEta 1.257 1.436 243.6 —54.1 —34.6 18.4
Rotation, EcsEts 1.258 1.436 243.6 —54.8 —33.0 18.5
0 ZcaZta 1.252 1.428 115.6 121.0 —-31.4 314
ZcsZits 1.256 1.427 115.3 118.8 —25.5 31.1

EcaZta 1.225 1.281 191.0 0.9 -1.9 0.1

Umklapp, ® EcsZts 1.222 1.282 187.5 —-17.5 —-19.1 0.4
(©) EtaZca 1.220 1.276 179.8 -30.7 1.1 0.0
EtsZcs 1.220 1.276 179.1 163.2 1.1 0.0

5X. is the difference, 5 = 360° — ¥, where X. is the sum of the planar angles about the -NH- atom.

The interconversion between the y = (a, s) conformers is trivial. The barriers are
generally low since no covalent bond is broken. Even when a hydrogen bond is broken
during the interconversion of the 1-Et(a,s) pair, the rate constants at 298 K are very high.
Thermal equilibrium within each 1-®6(a,s) pair is thus expected to be established quickly
at 298 K. The TS structures are characterized by an angle between the COOMe group and
the CI-C=N fragment close to 90°, even in the crowded TS between 1-Eca and 1-Ecs.

The interconversion between the 0 = (c, t) isomers occurs by rotation about the N-N
bond. This isomerization occurs between isomer pairs separated by several tens of k] /mol
(Table 2) so the forward and backward barriers are largely different. We focus on the
barriers from the more stable 0 = t isomer to the 8 = c isomer. These barriers are in the 60-75
kJ/mol range and the calculated rate constants are around 102571, except for the slower
process between the high-lying 1-Eta and 1-Eca isomers. The isomerizations from 0 =t
isomers are many orders of magnitude slower than the y isomerizations but it does not
seem that the isomers can be separated, though the 6 processes might be spectroscopically
observed, e.g., by NMR. The TSs for the 6 isomerization are characterized by an enhanced
pyramidal character of the -NH- nitrogen atom (Table 8). For instance, % is about 30°
for the 1-ZcyZty TSs between planar 1-Zty and 1-Zcy, which has a 6X well below 20°.
Furthermore, we observe a dramatic elongation of the N-N bond from 1.31-1.35 A in the
minimum energy structures to 1.42-1.43 A in the corresponding TSs. This process is clearly
accompanied by a marked decrease in the sp? character of the -NH- nitrogen atom and
disruption of the conjugation between the phenyl ring and the hydrazonic moiety.

We are particularly interested in the kinetics of the chemically important interconver-
sion between the (E, Z) geometrical isomers. This has been briefly studied in the framework
of substituted imines R! R? C = NR?, including a few imines with heteroatoms on the N
atom, such as oximes and hydrazones [49-51]. In the latter, (E, Z) geometrical isomerization
occurs by the umklapp mechanism; for hydrazones (R® = NHR), the -NHR fragment rotates
in the molecular plane towards a linear C=N-N configuration (which is usually close to the
TS) and then proceeds to the other isomer (Figure 16, top). (E, Z) interconversion of hydra-
zones by rotation about the C=N bond (such as in ethylenes) does not. Our calculations
confirmed this finding: we found umklapp TSs for 1-7 but, despite several attempts, TSs for
the ethylene-like rotation about the C=N bond were not located.
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Figure 16. Schematic depiction of the umklapp mechanism for the (E, Z) interconversion in a generic
C-methoxycarbonyl-N-aryl chlorohydrazone (top) and in the specific example 6-Ztts/6-Ects (bottom).

Note that the umklapp mechanism for the (E, Z) interconversion involves an inter-
conversion of the 8 = (c, t) isomers, as can be appreciated by inspecting the example in
Figure 16, bottom. Therefore, there is no direct interconversion between the important
isomers Zt(t)a and Et(t)a; the umklapp step must be preceded (or followed) by at least
one rotation about the N-N bond, i.e., an interconversion of the 0 = (c, t) isomers. The
(E, Z) interconversion between Zt(t)a and Et(t)a thus necessarily involves at least one of the
high-energy isomers.

Umklapp occurs between isomer pairs separated by tens of k] /mol (Table 2) so the
forward and backward barriers are largely different also in this case. The barriers from the
populated 1-Zty and 1-Eta isomer are in the 105-125 kJ /mol range (Table 7), sufficient to
prevent isomerization at room temperature and enable isomer isolation. The calculated rate
constants are many orders of magnitude smaller than those of 0 isomerizations starting
from 6 = t isomers. The umklapp barrier is much lower than the internal rotation barrier of
ethene (=280 k] /mol) [52]. Thus, the umklapp mechanism reasonably has a lower barrier
for the (E, Z) isomerization than the putative internal rotation about the C=N bond as it
does not involve breaking a covalent bond. However, umklapp barriers are too high (E, Z)
to make the isomerization for C=N bonds thermally accessible.

All umklapp TSs have planar coordination about the -NH- nitrogen atom (Figure 15).
The 1-EtyZcy TSs have an extended, planar structure with a linear C=N-N fragment
(Table 8). This conformation is slightly perturbed in 1-EcyZty TSs because of the steric
hindrance between the phenyl ring and the COOMe group. This unfavorable interaction
structurally affects 1-EcsZts () ~ —17°) more than 1-EcaZta (\p ~ 1-2°) and is probably also
responsible for the slightly bent conformation of the C=N-N core (ca. 10°). A surprising
peculiarity is found when analyzing the C=N and N-N bond lengths of the umklapp TSs
(Table 8). The former is ~1.22 A long, about 0.5 A shorter than in the minimum energy
structures (Table 3). The N-N bond is ~1.28 A long in the unklapp TSs and 1.31 (1.34) A
in the minimum energy structures of the 0 = t (c) isomers. Thus, the length of both
bonds directly involved in the umklapp process are shorter in the TS than in the minimum
energy structure. In the TSs, the N-N bond is slightly longer than the N=N distance in
(phenyl)diazenes (Table 4). It may seem that the TS N-N bond is almost a double bond.
Thus, in the umklapp TSs we find an increase in the bond order within the C=N-N fragment,
which is the hotspot of the isomerization process. This is accompanied by a slight (=0.1 A)
increase in the N-Cjps, length.
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3.2.3. Umklapp Kinetics of Chlorohydrazone 1

As we have seen, at 298 K the populated isomers are 1-Zts, 1-Zta, and 1-Eta. The
1-Zt(a,s) can be considered in thermal equilibrium on the timescale of the ® and 0 isomer-
ization processes. Therefore, for the present we consider the interconversion between 1-Zta
and 1-Eta, which cannot occur in a single step (Figure 16). The shortest paths are 1-Zta =
1-Zca = 1-Eta and 1-Zta = 1-Eca = 1-Eta. The energetics of these processes are shown in
Figure 17. Consideration of the law of consecutive first-order reactions [53] shows that the
1-Zta — 1-Zca — 1-Eta path (red arrows in Figure 17) is much faster than 1-Zta — 1-Eca —
1-Eta because of the presence in the latter of the high 1-Zta — 1-Eca barrier. Similarly, path
1-Eta — 1-Eca — 1-Zta (blue arrows in Figure 17) is much faster than that proceeding via
1-Zca. Therefore, the 1-Zta — 1-Eta interconversion, and its inverse 1-Eta — 1-Zta, occur
along different pathways and involve different intermediates.

Zta ZcaZta Zca EtaZca Eta EcaEta Eca EcaZta Zita

Figure 17. Energetics of the shortest paths for the interconversion between 1-Zta and 1-Eta comprising
an umklapp (®) and a 0 isomerization step. Solid bars indicate minimum energy isomers and hatched
bars indicate transition states. The fast pathways are indicated by curved arrows.

There are, of course, many other paths involving more than one intermediate isomer.
The whole kinetic network (Figure 13) is described by a system of first-order differential
equations. The solution of the system allows one to calculate the isomer population kinetics
and the velocity of any reactive path interconverting two given isomers. The well-known
exponential matrix method is easily applied to our case, but it unfortunately turns out that
the kinetic matrix is ill-conditioned, and the solution is numerically unstable. We therefore
resort to a kinetic Monte Carlo (KMC) approach [41]. Due to the huge difference among
the rate constants of the kinetic isomerization network (about 20 orders of magnitude) we
were forced to assume that (a,s) pairs with significant population equilibrate much faster
than ® and 6 interconversion processes. KMC simulations (Figure 18) clearly indicate that
1-Zt(a,s) — 1-Zc(a,s) — 1-Et(a,s) and 1-Et(a,s) — 1-Ec(a,s) — 1-Zt(a,s) processes dominate
the dynamics of the interconversion among the populated isomers.
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Figure 18. Kinetic Monte Carlo simulations of the 1-Zt(a,s) — 1-Et(a,s) (left) and 1-Et(a,s) — 1-Zt(a,s)
(right). The molar fraction of each isomer is plotted as a function of time.

In the KMC simulation starting from an equilibrium mixture of 1-Zt(a,s) (Figure 18,
left), 1-Zc(a,s) is first formed. The timescale of the Figure is such that only the stationary-
state concentration of 1-Zc(a,s) is visible. After ~107° s, an increasing population of 1-Eta
develops (the molar fraction of 1-Ets is very small in the simulation time window). The
simulation shows that the dynamics of the 1-Zt(a,s) — 1-Eta interconversion are dominated
by the process occurring via 1-Zcy. By a similar reasoning, based on the KMC simulation
starting from an equilibrium mixture of 1-Et(a,s) (Figure 18, right), we find that 1-Et(a,s) —
1-Zt(a,s) is dominated by the process occurring via 1-Ecy. Therefore, also when all possible
reactive paths are considered, the latter interconversion and its inverse occur by different
mechanisms involving different intermediates.

3.2.4. Electronic Structure and 7 Delocalization of the Umklapp TSs of Chlorohydrazone 1

The quasi-double bond nature of the N-N bond has no simple justification based on
Lewis structures, since predominance of a charge-separated Lewis structure is unlikely. The
wB97M-D4/cc-pVTZ nt MOs of 1-EtsZcs (Figure S10) do not suggest stronger conjugation
nor higher bond orders.

More detailed information about this issue will be provided by the following QTAIM
bond analysis, carried out according to the same scheme adopted for stable isomers. The
discussion is based on the QTAIM atomic and bond properties of the umklapp TSs of 1,
which are collected in Tables S1 and S2 in the Supplementary Materials along with the
relevant bond lengths. As extensively described above, the most noticeable feature of these
TSs is the almost linear N-N=C alignment, with N-N and C=N internuclear distances
significantly shorter than those of the stable isomers connected by the TS (Tables 3 and 8).
On the contrary, the C—Cl distances are elongated by more than 0.05 A, and a smaller but
non-negligible elongation of the (N=)C-COOMe internuclear distance occurs (Table S2).
As for the electron density distribution, we first note that in stable isomers the two nitrogen
atoms have similar atomic charges (about —0.7 e), while in the TSs they are significantly
unbalanced. Indeed, the aminic nitrogen atom loses electrons and has a net charge of about
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—0.6 e, while the iminic N gains electrons and reaches g = 0.9 e (Table S1). As for the iminic
carbon atom, its positive charge increases from about +0.8 e in stable isomers to almost +0.9
e in the TSs. Chlorine also increased its excess electron population, from about -0.2 e to
—0.3 e. These data suggest that resonant structures inducing positive charges on the aminic
nitrogen and the iminic carbon and a negative charge on the iminic nitrogen are favored in
the transition state with respect to the stable isomers. At the same time, the lone pairs of
chlorine are less involved in bonding.

In addition, the variation of the bonding properties is mostly relevant along the N-
N=C fragment (Table S2). The 7t character of the N-N bond is larger in the TS than the
stable isomers; the electron density at the bep increases from 5% to 15%, depending on the
structures considered. The negative of the Laplacian increases as well, from 10% to almost
30%. The shortening of the N-N internuclear separation indeed corresponds to an increase
in the shared character of the interaction, which gets closer to double-bonding between
nitrogen atoms.

As for the C=N bond, which shortens, we did not find net features of a triple bond.
In the TSs there is no further accumulation of electron density at the bcp with respect
to the stable isomers. Furthermore, the positive curvature of the Hessian of p at the bcp
becomes dominant over the two negative ones, leading to a positive value for the Laplacian
at the bep, which is typical of interactions dominated by charge separation instead of pure
covalent bonds. This same conclusion can be drawn from trends in ellipticity at the C=N
bond critical points. Indeed, ¢ is only slightly smaller with respect to stable isomers, while
it should vanish in a triple bond. These data suggest only a residual triple bond character
for C=N.

Overall, in transition states the charge separation between atoms is favored with
respect to the stable isomers. The 7 conjugation due to the participation in bonding of the
lone pairs of chlorine and oxygen atoms is reduced. The data indicate an increased partial
double bond character for N-N, while no triple bond character emerges in C=N.

3.2.5. Isomerization Transition States of Chlorohydrazones 2-7

After the detailed analysis of the isomerization TSs and kinetics of 1, we turn to the
halogen substituted chlorohydrazones 2-7. For 4-X (X = Cl, Br, I)-substituted chlorohy-
drazones 2-4, we optimized the four TSs involved in the just discussed interconversion
between Zta and Eta, and the TS for the 'y isomerization of the Zt(a,s) pair. In the case of
the 2-X-substituted chlorohydrazones 5-7, in addition to these five TSs (calculated for the
more stable { =t case), we optimized the three TSs connecting the populated (5-7) Ztty
and (5-7) Etta isomers with their 1 = ¢ counterparts.

The wB97M-D4/cc-pVTZ free energy isomerization barriers corresponding to the
selected TSs can be found in Tables 10 and 11 and in Figure 19.

Table 10. Free energy activation barriers, AGH, calculated at the wB97M-D4/ cc-pVTZ level, and
corresponding rate constants at 298 K for selected isomer interconversion processes of 2—4. The
barriers are grouped with respect to the interconversion mechanism.

AGHt (kJ/mol)

Isomerization From To 2 3 4
Rotation, Zta Zts 19.4 18.9 18.8
Y Zts Zta 22.0 21.5 21.4
Eca Eta 22.7 22.0 21.5
Rotation, Eta Eca 70.9 70.7 70.2
0 Zca Zta 16.2 16.1 18.6
Zta Zca 59.7 59.9 62.9
Eca Zta 60.8 60.6 61.0
Umklapp, ® Zta Eca 112.0 112.4 112.9
(0) Eta Zca 105.9 106.0 106.1

Zca Eta 65.4 65.3 65.0
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Table 11. Free energy activation barriers, AGH, calculated at the wB97M-D4/ cc-pVTZ level, and
corresponding rate constants at 298 K for selected isomer interconversion processes of 5-7. The
barriers are grouped with respect to the interconversion mechanism.

AG? (kJ/mol)

Isomerization From To 5 6 7

Rotation, Ztta Ztts 18.9 18.8 18.5
Y Ztts Ztta 21.2 21.0 20.6
Ecta Etta 17.3 17.6 19.0

Rotation, Etta Ecta 68.9 68.7 68.3
0 Zcta Ztta 10.4 10.4 16.9

Ztta Zcta 57.4 57.6 61.8

Etca Etta 6.1 5.9 5.8

Etta Etca 68.9 68.7 68.3

. Ztca Ztta 5.0 52 55
Rotation, Ztta Ztca 317 31.8 30.6

Ztcs Zitts 54 5.4 6.3

Ztts Ztcs 29.9 29.9 29.2

Ecta Ztta 57.8 58.7 59.8
Umklapp, ® Ztta Ecta 114.6 115.1 114.7
) Etta Zcta 104.9 104.6 104.2
Zcta Etta 63.0 62.8 64.8

The qualitative picture of the TS energetic location is the same for all investigated
chlorohydrazones 1-7, so the previous kinetic analysis of 1 also applies to 2-7.

The TSs of 4-X (X = Cl, Br, I)-substituted chlorohydrazones 2—-4 have structures very
similar to those of the corresponding TSs of 1. Upon halogen substitution in position 4, the
change in AGH? barrier is ~5-7 kJ /mol for 0 isomerizations, <5 kJ/mol for ® processes, and
a few kJ/mol for y isomerizations (Table 10 and Figure 19, top). Similar to the minimum
energy structures, the TS energetics are scarcely influenced by the electronic availability in
the aryl ring. The differences between 2—4 are generally small (<2 kJ/mol). The barriers
to the Zta = Eca isomerization increase from Cl < Br < I, whereas those of the Zca = Eta
isomerization decrease in the same direction. The barrier difference is somewhat larger for
0 isomerizations.

The general picture of the TS structures (Figure 20) and associated barriers (Table 11
and Figure 19, bottom) of the 2-X-substituted 5-7 are not much different from that of 1-4,
provided that the presence of a halogen atom in position 2 of the aryl ring is considered.
The halogen may sterically (and electrostatically) interact with the rest of the molecule;
however, its mere presence give rise to the additional 1 isomerism (conformation about
the N-Ar bond). Therefore, the TSs of chlorohydrazones 5-7 deserve some discussion. The
barriers of the ® and y isomerizations are very similar across the whole 1-7 set because
the possible steric hindrance introduced by the halogen in position 2 is found in the more
extended conformation of the ® TSs and is nearly constant in the y TSs. The umklapp
barriers of 5-7 are either slightly lower or higher than those of 1. No clearcut trend can
be seen when comparing the umklapp barriers of 5-7. Somewhat larger differences can
be seen in the 6 TSs, e.g., for the Zcta to Ztta isomerization. The 1 barriers related to
the populated isomers are highly asymmetric. In the corresponding TSs, the aryl ring
is approximately perpendicular to the hydrazonic moiety ( ~ 65° (opposite to NH) for
ZtcaZtta and ZtcsZtts, \ ~ 74° (towards NH) for EtcaEtta). The barriers related to the Ztty
isomers (~30 kJ/mol) are low enough for fast equilibration at RT. The Etta — Etca barrier
is much higher (=69 kJ/mol) and could lead to observable effects.
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Figure 19. Activation barriers, AGH, of the isomerization processes of 1-7 at 298 K, calculated at the

wB97M-D4/cc-pVTZ level of theory. The barriers are grouped as to the isomerization type. The
vertical lines are just a guide for the eye.
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EctaEtta (0) ZctaZtta (0) ZttaZtts (y)
EttaZcta (D) EctaZtta (D)
EtcaEtta (V) ZtcaZtta (V) ZtcsZtts ()

Figure 20. Selected transition state structures of 7 calculated at the wB97M-D4/cc-pVTZ level. The
process type is indicated in parentheses. They are representative of the corresponding transition state
structures of 5 and 6.



Chemistry 2022, 4 1651

4. Conclusions

Analysis of the electron density, energetics, and structure of the isomers of C-methoxycarbonyl-
N-aryl chlorohydrazones 1-7 calculated at the wB97M-D4/cc-pVTZ level of theory, sup-
ported by the XRD determination of the molecular structure of 1 and 3, allowed us to answer
the three questions we posed in the Introduction. Isomers with a transoid configuration
about the N-N bond are planar and feature a molecule-wide delocalization of 7t electrons
occurring over a formally sp3 nitrogen atom. Within these low-energy planar isomers, the
Z isomers are thermodynamically favored because the favorable electrostatic interactions
between the dipoles of the C-O, C-Cl, and N-H bonds overcome the stabilization induced
by the real N-H --- O hydrogen bond present in the E isomers. The prevalence of E or Z is
a delicate balance of interactions that can be modulated by changing the substituents on
the iminic carbon. The (E, Z) isomerization is very slow at room temperature because the
interconversion among the low-energy planar isomers involves the umklapp interconversion
that has high barriers (=110 kJ /mol) despite the extended electron delocalization present
in the TS. We note that the (E, Z) isomerization is a two-step process involving one umklapp
and one 0 (N-N rotation) interconversion.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemistry4040106/s1, including QTAIM atomic and bond param-
eters, QTAIM delocalization indices, results of MOSHX/cc-pVDZ and MO8HX/ cc-pVTZ calculations,
geometries of all calculated isomers and TSs, and CIF data.
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