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Abstract: This computational study explores the copper (l) chloride catalyzed synthesis of (E)-1-(2,2-
dichloro-1-phenylvinyl)-2-phenyldiazene (2CI-VD) from readily available hydrazone derivative and carbon
tetrachloride (CCls). 2CI-VD has been extensively utilized to synthesize variety of heterocyclic organic
compounds in mild conditions. The present computational investigations primarily focus on
understanding the role of copper (I) and NN, N? N?-tetramethylethane-1,2-diamine (TMEDA) in this
reaction, TMEDA often being considered a proton scavenger by experimentalists. Considering TMEDA as
a ligand significantly alter the energy barrier. In fact, it is only 8.3 kcal/mol bigger compared to the
ligand-free (LF) route for the removal of a chlorine atom to form the radical :CCls but the next steps are
almost barrierless. This intermediate then participates in attacking the electrophilic carbon in the
hydrazone. Crucially, the study reveals that the overall potential energy surface is thermodynamically
favorable, and the theoretical turnover frequency (TOF) value is remarkably higher in the case of Cu(l)-
TMEDA complex catalyzed pathway.



1. Introduction

Vinyldiazene (VD) derivatives are extensively used precursors for the construction of versatile value-
added organic substances such as thiazolines,! pyrrols,? pyrazole N-oxides,® pyrazols, 4, triazols, °, 2,3-
pyrazol-1(5H)-ones,® and 4,5-dihydrothiophenes.”(Scheme 1)
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Scheme 1. Product distribution from vinyldiazenes conversion.

Pyridazine derivatives are frequently utilized scaffolds in medicinal chemistry.®! A tedious multistep
procedure was used to synthesize pyridazine moieties.’?> The utilization of halogenated VDs is more
advantageous because functionalized pyridazine structures were synthesized quantitatively in a single
step at room temperature.’®* VD is a hetero-diene with boosted reactivity because of the strong
electron-withdrawing feature of the -N=N- group compared to homo-diene systems. Some of us
previously synthesized halogenated VD systems, which bear geminal chlorine atoms in the edge vinylic
position according to the following reaction scheme to increase reactivity for the straightforward design
of several heterocyclic compounds.’® Synthesis of (E)-1-(2,2-dichloro-1-phenylvinyl)-2-phenyldiazene
(2€I-VD) from 1-benzylidene-2-phenylhydrazine proceeded according to Scheme 2.
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Scheme 2. The reaction considered in the quantum chemical calculations.

The addition of chlorine substituents to VDs opens up new opportunities to build diverse heterocyclic
compounds and other substituted VD derivatives. For example, treatment of malononitrile with 2CI-VD
yielded pyridazine nitrile derivatives, room temperature reaction between 2CI-VD resulted in pyridazin-
3(2H)-ones formation, chlorine atoms were replaced with aril groups via Suzuki reaction, and several
other functionalization of 2CI-VD can be conducted.’®'>' Treatment of 2CI-VD with NaN3 at room
temperature followed the formation of triazole derivatives.!” Previous experimental studies showed that
with the utilized procedure (Scheme 2), several dihalogens or hetero-groups can be introduced at the
edge vinylic position via replacing CCl; with other halogen derivatives such as CClsCO,Et, CFs;CCls,
CF3CBF3, CC|3BI’, CBF4, and CC|3CN.15

Despite the economical and efficient transformations of 2CI-VD synthon into versatile heterocyclic
organic compounds, as stated above, the 2CI-VD synthesis reaction mechanism has so far not been



investigated theoretically, even though calculations are frequently applied to scrutinize reaction
mechanisms.*®% TMEDA and other related diamine species have been frequently exploited previously as
ligands for stabilizing copper complexes.?®?” Lumb et al. studied copper (I) and some diamine (N,N’-di-
tert-butylethylenediamine,  p-(N,N-dimethylamino)pyridine, etc.) ligands containing homogeneous
catalytic systems for selective aerobic oxidation of alcohols to aldehydes.?®3° As a bidentate amine
ligand, TMEDA has also been used in organolithium chemistry.?!

Here, we focused on identifying the catalytic effects of the TMEDA/CuCl complex in the reaction
shown in Scheme 2 through quantum chemical calculations, which had been previously investigated
experimentally in detail.*

2. Computational details.

The Gaussian 16 program 32 was utilized in all calculations. The reaction species such as reactants,

products, intermediates, and transition state structures were optimized with Kohn-Sham Density
Functional Theory (KS-DFT), using the B3LYP functional®®* with D3BJ dispersion corrections.?* The 6-
311G(d,p) basis set was used for H, C, N, and Cl atoms. def2-TZVP basis set were used for Cu since it is
widely utilized for 3d metal atoms.3>36

Due to the paramagnetic nature of Cu(ll) species (Cu®* and -CCls may result in forming two unpaired
electrons in the structures), we also monitored the Gibbs energies concerning the triplet spin states of
the relevant species. Our computational observations indicate that structures with triplet spin state
generally exhibit energy levels that are predominantly higher than those of singlet species.
Singlet/triplet state instability was observed only in the final stage of the mechanism. The energy of I3-L-
tns singlet state intermediate is initially quite higher than the corresponding triplet state 13-L-tns-TRIP
structure due to potential delocalization of double bonds (C=C—N=N). Further stability analysis of the
singlet stationary state (I3-L-tns) revealed the RHF (Restricted Hartree-Fock) = UHF (Unrestricted
Hartree-Fock) instability. The broken symmetry approach was used according to the previous study®’ for
wavefunction stabilization, and eventually, we achieve to stabilize the related energy for the 13-L-tns
intermediate (See Figure 2, and ESI, Figure S2 for molecular orbital analysis). Solvent effects were
studied via a self-consistent reaction field (SCRF) and default polarizable continuum model (PCM) with a
dielectric constant for DMSO (e= 46.826).3 Minima (no imaginary frequency), transition states (one
imaginary frequency), and free energies (including entropy contributions from rotations, vibrations, and
translation) were determined via analytic frequency calculations. Gibbs energies and related data are
given for a temperature of 298.15 K because of experimentally applied procedures. Intrinsic reaction
coordinate (IRC) searches were applied to connect the transition state (TS) and intermediate/product
structures.® Optimized geometries (in xyz format), total energies, Gibbs energies, and enthalpies of all
structures are given in the electronic supporting information (ESI).

3. Results and discussion

Initially, we assumed the (N%N? N? N?-tetramethylethane-1,2-diamine) TMEDA role as a proton
scavenger in the reaction of Scheme 2 and did not consider it as a ligand with CuCl in our computational
study. We made the TMEDA-free assumption because Stack et al. reported the [(TMED)Cu(l)]** complex
instability in the presence of weakly coordinating anions and aprotic solvent.*® As seen from the Gibbs
energy profile, the 2CI-VD formation is energetically “downhill” (Figure 1) in the case of the ligand-free
(LF) route, which started with concerted transition state (TS1-LF, AG*=17.3 kcal/mol) comprises Cl atom
migration from CCl; to CuCl and the -CCl; radical attack on the substrate. Considering that I1-LF
intermediate contains CuCl,, we calculated both singlet and triplet state structures (11-LF-TRIP) and
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identified that the triplet state intermediate Gibbs energy is considerably higher (9.5 kcal/mol) compared
to the singlet state. The next deprotonation step (TS2-LF) goes over a 10.7 kcal/mol energy barrier. The
second chlorine atom removal (TS3-LF) from CCls-substrate adduct (12-LF-HCI) is calculated to have 5.9
kcal/mol energy, which results in I3-LF formation. Since 13-LF bears CuCl, its triplet version (13-LF-TRIP)
was also calculated to be 21.7 kcal/mol higher in energy than singlet state. We conclude that the singlet
state intermediate (I3-LF) conversion via TS4-LF (AG*=11.3 kcal/mol) transition state results in the
formation of product (2CI-VD). The overall reaction is calculated to be 33.0 kcal/mol exergonic in the
case of the LF route. Our calculations revealed that the product formation is not a favorable path in the
case of LF, since the TS4-LF energy is smaller than 2CI-VD.

Next, the reaction mechanism was examined with inclusion of one molecule of TMEDA as a
ligand to CuCl to identify the CuCl complexation effect on the same reaction. Comparing to the TS1-LF
energy barrier, the TS1-L (AG*=25.6 kcal/mol) activation energy is calculated to be 8.3 kcal/mol higher.
Previous experimental studies revealed that the obtained product (2CI-VD) is in the trans configuration.®
Because of the TS1-L transformation probability to both the cis- (I11-L-cis) and the trans- (l1-L-tns)
intermediates, we tested both routes shown in Figure 2.
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Figure 1. Gibbs free energy profile for CCl;+CuCl+ Ph-CH=N-NH-Ph (1-benzylidene-2-phenylhydrazine). Phenyl groups are
omitted for the sake of clarity. All the species are optimized as singlet states, excluding species ending with TRIP. The Gibbs
energy profile was designed based on the trans conformers.

The further deprotonation step in the case of trans route (TS2-L-tns, blue path in Figure 2) is calculated
to have a 6.8 kcal/mol energy barrier. In comparison, the cis route energy barrier is much smaller (TS2-L-
cis, AG*=2.2 kcal/mol, red path). The second chlorine atom removal energy barrier from the 12-L-tns
intermediate is found to be 1.3 kcal/mol, whereas the cis analog (I3-L-cis) conversion is 5.8 kcal/mol
higher in energy.



Both TSs (TS3-L-tns and TS3-L-cis, see Figure 3) can yield the trans structure since Cl,C=C bond
formation urges the structure to be more stable in the trans configuration. Because of the internal
repulsive forces, the TS3-L-cis structure is 7.4 kcal/mol higher in energy than its trans analog. As seen in
Figure 3, TS3-L-cis = I3-L-tns conversion seems possible via the 2N-1N-2C-1C dihedral angle (DA)
rotation. The phenyl hydrazone moiety of the TS3-L-cis is not on the same plane as the ClsC-C- part
(DA=8.8°). A slight rotation toward the trans configuration indicates that the cis transition state (TS)

structure is likely to produce a trans intermediate. Our computational findings are in good agreement
with the X-ray analysis of the previously synthesized product structure.®
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Figure 2. Gibbs free energy profile for CCls+CuCl-L+ Ph-CH=N-NH-Ph. The blue route indicates the transformation of the starting
compound to 2CI-VD over trans and triplet state TSs and intermediates. The red route describes cis structures. All the species
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Figure 3. Optimized structures of TS3-L-tns and TS3-L-cis with important bond lengths (given in A) and natural charges.
Hydrogen and carbon atoms of the aromatic ring and TMEDA are omitted for the sake of clarity.



We also conducted a Natural Bond Orbital (NBO) analysis*! to examine the natural charges of selected
atoms in the TS3-L-tns and TS3-L-cis structures. As seen in Figure 3, the differences in the atomic charges
are small and unlikely to be associated with the selectivity of the reaction.

As seen in Figure 2, the more stable trans intermediates formation is also possible even though the
reaction follows the cis route (red). TS3-L-cis and trans configurations result in the formation of 13-L
intermediates via maintaining double bond 1C=2C (Figure 3). By 1C=2C formation the 1N-2C bond order
becomes one, which supports free rotation through the 2N-1N-2C-1C DA. Because of the steric
hinderance for the proton removal in the TS4-L-cis structure (See ESI, Figure S1), the reaction rather
follows more stable trans route via rotation yielding the trans product. Compared to TS3-L-cis, in the
TS4-L-cis structure the 2N-1N-2C-1C DA is expanded from 8.8° to 61.1°, which strongly supports our
hypothesis. As a result of the TMEDA-CuCl complex and CCl, moiety repulsive interactions in the TS4-L-
cis structure the rotation toward trans configuration becomes inevitable.

For better understanding of the TMEDA effects as a ligand on CuCl, we also conducted NBO analysis to
compare the natural charges of Cu and Cl atoms in both CuCl and CuCI-TMEDA complex. In CuCl, the Cu
charge is +0.78 e, which decreases to +0.54 e when CuCl forms complex with TMEDA. However, no
significant differences in charge are noticed for the chlorine atoms (-0.78 e - -0.74 e). Considerable
decrease in the copper natural charge indicates electron donation from TMEDA to Cu, resulting in lower
electrostatic interaction between Cu and Cl atoms compared to CuCl. This provides the Cu atom in the
CuCI-TMEDA complex with more availability to convert CuCl, by accepting an additional chlorine atom
from CCl,, and other related species.

All the TS structures were optimized as spin singlets. Attempts to optimize them as spin triplet have
failed due to convergence problems. This strongly supports the dominance of singlet states for the
transition states. The chlorine atom removal form CCl, was conducted in two stages: PRC>11-L-tns and
12-L-HCI=>13-L-tns both yielded CuCl, complex. As seen from Figure 1 and 2, most of the triplet state (I11-
L-tns-TRIP, I11-LF-TRIP, and I3-LF-TRIP) intermediates have significantly higher Gibbs energies compared
to the singlet state intermediates for the same step.

To validate the ligand-free CuCl and ligand-inclusive CuCl methodologies for the mechanistic
studies we conducted additional calculations. Considering the possibility of CuCl dimer formation under
the calculated reaction conditions (Scheme 2), we added one more CuCl molecule to the TS1-LF
structure to re-optimize Cl removal from CCls and *CCl; free-radical attack on the substate. The calculated
energy barrier for the TS1-LF+CuCl is 16.1 kcal/mol, which represents a negligible change (1.2 kcal)
compared to the same energy barrier for TS1-LF. Although we included the SCRF solvation model for
DMSO in all our calculations to reflect solvent effect, we also modeled the possible CuCl-DMSO adduct
synergetic effect on the reaction by adding one molecule DMSO to the TS1-LF structure. Our calculations
demonstrated that the TS1-LF+DMSO energy barrier (AG¥=19.7 kcal/mol) is slightly higher compared to
that for TS1-LF (See ESI, Table S3 for energies and page S24 for xyz coordinates of the TS1-LF+CuCl and
TS1-LF-DMSO structures).

Overall, for catalytic efficiency estimations, we used the energy span approximation using the
Eyring equation 42%* (See ESI). We calculated the turnover frequency (TOF) for the ligand included blue
(trans) route in Figure 2 and compared the results with the ligand-free route. The ligand-included cis
catalytic cycle infeasibility was scrutinized above. The fastest catalytic route (trans, blue) of Figure 2 was
matched with the LF route described in Figure 1. Our observations revealed that in the LF case the TOF
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(0.2) is considerably lower (the ligand-included blue route is faster by many orders of magnitude than
the LF route), which suggests that TMEDA-Cu complex formation facilitates the substrates conversion to
2CI-VD. The amount of TMEDA was taken as 2.5 times than the main substrate concentration (See
Scheme 2). One equivalent TMEDA, which possesses two tertiary amine groups, can neutralize HCI
molecules released in the 11-L-tns=>12-L-HCl and 13-L-tns=>2CI-VD steps. Computations suggest that
complex formation (which speeds up the reaction according to TOF analysis) increases catalytic efficiency
of CuCl on the tested reaction. Considering complex formation (with 1 mol% CuCl) and proton
scavenging (using 1 eq TMEDA to neutralize 2 eq of HCl released from the reaction), 1.01 equivalents of
TMEDA may be sufficient to conduct the reaction. The excessive TMEDA ligand utilization for the studied
reaction may lead to additional complications by forming the [(TMEDA),Cu(l)]* complex, as previously
suggested.*°

Conclusion

The transformation of vinyldiazenes (VD) into diverse, value-added organic molecules under mild
conditions has revealed the potential utilization of VDs in unexplored synthetic applications, solidifying
their importance as fundamental building blocks in organic synthesis. Our primary focus was on the
mechanistic studies of both the ligand-free (LF) and ligand-inclusive (L) pathways in the copper ()
chloride-catalyzed transformation of 1-benzylidene-2-phenylhydrazine and CCl, into (E)-1-(2,2-dichloro-
1-phenylvinyl)-2-phenyldiazene (2CI-VD) to elucidate the role of copper (1) in the reaction. In comparison
to the Cu-(1)-TMEDA complex, our calculations indicate that the LF route was the thermodynamically less
favored pathway. Furthermore, our computational TOF analysis suggests that the inclusion of TMEDA
significantly increases the rate of the reaction. Our computational analysis has indicated that using the
less sterically hindered TMEDA ligand in complexation with CuCl enhances catalytic performance. This is
achieved by reducing the energy barriers for chlorine removal steps, leading to faster product formation.
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