#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

External electric field: a new catalytic strategy for
the anti-Markovnikov hydrohydrazination of parent
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The anti-Markovnikov hydroamination reaction is considered to be a particular challenge, and one of the
reactants, parent hydrazine, is also regarded as a troubling reagent. In this study, we first studied the
hydrohydrazination of parent hydrazine via an effective and green catalyst—external electric field (EEF).
The calculation results demonstrated that the anti-Markovnikov and Markovnikov pathways are
competitive when there was no catalyst. EEF oriented along the negative direction of the X axis (F,)
accelerated the anti-Markovnikov addition reaction. Moreover, it lowered the barrier height of the first
step by 16.0 kcal mol™ (from 27.8 to 11.8 kcal mol™?) when the field strength was 180 (x107%) au. Under
the same conditions, the Markovnikov reaction pathway was inhibited, which means that EEF achieved

the specificity of hydrohydrazination. The solvents are favorable for the first step addition reaction,
Received 7th February 2021 . . .
Accepted 3rd March 2021 particularly the synergy between solvents and F, lowered the barrier heights by 8.3 (CgHe) and 10.7
(DMSO) kcal mol™ for an F, = —60 (x10™%) au. Besides, the introduction of the electron-withdrawing

DOI: 10.1039/d1ra01037a substituent (trifluoromethyl) is also a good strategy to catalyze hydrohydrazination, while the electron-
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Introduction

Nitrogen-containing compounds constitute a useful family of
natural products,"” such as agrochemicals, cosmetics, and
pharmaceuticals, and are also important intermediates in
numerous industrial processes.* The inspection of the known
synthesis methods, such as hydroamination reaction, which is
the addition of the N-H bond across an unsaturated C-C bond,
is a highly desirable atom-efficient strategy starting from readily
accessible materials.>™* Therein, the use of hydrazine as
a donor of the N-H bond”***® is quite appealing to generate
potentially useful products.’®** In 2002, Odom et al. reported
the first example of the intermolecular hydrohydrazination of
1,1-disubstituted hydrazine to alkynes catalyzed by titanium.*
Moreover, increasing number of investigation on the hydro-
hydrazination of hydrazine were carried out using different
metal catalysts.”*"*'** Among these hydrohydrazination reac-

tions, mono- and di-substituted hydrazines are widely
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donating group (methoxy) is unfavorable.

employed. However, the parent hydrazine (H,NNH,) is used
rarely despite the potential utility of such a reaction. The
possible reasons for hampering the usage of parent hydrazine are
as follows: first, hydrazine readily forms Werner complexes, which
are usually inert.**® Second, H,NNH, is known as a strong
reducing reagent,”* which can induce the formation of inactive
metal (0) particles.* Lastly, the resulting products can undergo
a metal-mediated N-N bond cleavage to form undesired by-prod-
ucts.*** In 2010, the disclosed palladium-catalyzed cross-coupling
of aryl chlorides and tosylates with hydrazine* is the only example
of the transition-metal-catalyzed functionalization of H,NNH,. A
few years later, gold-catalyzed hydrohydrazination of alkynes with
parent hydrazine was reported.***

In general, the hydroamination of a terminal unsaturated
C-C bond can take place by two possible pathways, namely**-**
the Markovnikov (path M) and the anti-Markovnikov (path AM)
addition (Scheme 1). The anti-Markovnikov hydroamination is
considered to be a particular challenge because it requires the
nucleophilic amine to attack the less electrophilic primary
carbon and generate the new [M]-C bond at the more sterically
encumbered carbon when the metal catalyst was used.*
However, our calculations revealed that the respective barrier
heights of the anti-Markovnikov and Markovnikov hydro-
hydrazination of phenylacetylene and parent hydrazine are 27.8
and 28.1 kecal mol ™, which are competitive when there was no
metal complex, respectively (Fig. 1). It probably benefits from
the steric effects in the metal-mediated anti-Markovnikov
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Scheme 1 Two reaction pathways (Markovnikov: path M and anti-
Markovnikov: path AM) for the hydroamination of a terminal alkyne
with hydrazine (some of the hydrogen atoms in hydrazine are omitted).
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reaction being eliminated. Therefore, the challenging anti-
Markovnikov hydrohydrazination of the parent hydrazine
becomes a possible pathway. By analyzing the alkyne molecules,
we found that reducing the charge of the terminal carbon may
be an effective method to generate anti-Markovnikov products
because it would make the nucleophilic amine easier to attack
the primary carbon atom.

The external electric field (EEF), which is well-known as a green
and effective metal-free catalyst, is emerging into one's insight.>***
This “invisible catalyst”, by now, has been investigated by numerous
theoretical studies®** and further confirmed by experiments for the
Diels-Alder reaction in 2016.* These investigations manifested that
EEF not only influence the atom charge but also catalyzes the
chemical reactions. Moreover, using EEF to replace the metal-
mediated catalyst could reduce the costs of preparing ligands and
metal complexes. Inspired by these reports, we studied the hydro-
hydrazination of phenylacetylene and parent hydrazine by EEF as
a catalyst. The effects of solvents on hydrohydrazination were also
taken into account, which are usually considered in experiments.
Besides, the local electric field was studied as well, in which the
electron-withdrawing and electron-donating groups were used.
Another terminal alkyne, namely 1-hexyne, was probed to prove that
the obtained conclusion is not occasional. This study conquers the
difficulties associated with the usage of parent hydrazine and opens
an avenue for extensive applications from theory point of view, and
may further provide a new method for the experiments.
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Computational details

All the studies of the hydrohydrazination of phenylacetylene
and parent hydrazine, including geometry optimizations and
energy calculations, were carried out using the Gaussian 09
program.®”” The geometries of the reactants (Rs), transition
states (TSs), intermediates (IMs), and products (Ps) were fully
optimized at the level of M06/6-31G(d)*® because this functional
has been proved previously in the hydroamination reac-
tions.®>”* All of the stationary points were also calculated by
frequency calculations at the same level of theory to confirm
that all transition states had only one imaginary frequency,
while the others had no imaginary frequency. Furthermore, the
transition states were analyzed by intrinsic reaction coordinate
(IRC)™*7® calculations with the aim of testing the TSs correctly
connecting the former and the later stationary points. The
single-point energies of all the structures were calculated using
M06/6-311++G(d,p). Therefore, the corresponding energies are
labelled as M06/6-311++G(d,p)//M06/6-31G(d). Considering the
hydrohydrazination reactions are generally performed in
solvents, we also examined the solvent effects using the solva-
tion model density (SMD) model”” with CsHg (¢ = 2.3) and
DMSO (¢ = 48.9) solvents. The substituent effects were also
considered in this study. The “Field = M + N” keyword was used
in calculations to probe the effects of external electric fields on
hydrohydrazination, which defines the direction and magni-
tude of EEF in Gaussian 09. In this study, the directions of the
used EEF are shown in Scheme 2. The EEF oriented along the
C1-C2 triple bond was defined as F,, with its positive direction
pointing from C1 to C2 atom.

Besides, we also employed the MO062X method, which
combined the other two basis sets (6-311G(d,p) and 6-
311++G(d,p)) to prove our calculations. The optimized geome-
tries of every stationary point are similar to those of the previous
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. . >
Reaction Coordinates

Fig.1 Relative energy (kcal mol™?) profiles for the hydrohydrazination of phenylacetylene and parent hydrazine according to the two pathways.
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Scheme 2 Directions (denoted as Fy, F,, and F,) of the applied external
electric field in the hydrohydrazination of phenylacetylene and parent
hydrazine.

method. From the relative energies listed in ESI Tables S2 and
S3,1 we could also obtain the same conclusions as the M06
functional results. Therefore, the calculation results in our
study are convincing.

Results and discussions
Anti-Markovnikov hydrohydrazination of phenylacetylene

We first explored the anti-Markovnikov hydrohydrazination of
phenylacetylene with parent hydrazine. The optimized geome-
tries of the reactants (R), transition states (TS1 and TS2),
intermediate (IM), and product (P) along the potential energy
surface with their key bond parameters and relative energies are
shown in Fig. 2.

From Fig. 2, it can be seen that when the hydrazine molecule
approached the phenylacetylene molecule, a four-membered
ring (C1-C2-N4-H3) structure formed, which is the first tran-
sition state (TS1) of the anti-Markovnikov hydrohydrazination.
The only imaginary frequency of TS1 is 1560.5i cm™". In TS1,
one of the nitrogen atoms (N4) in hydrazine interacted with the
terminal carbon atom (C2) of phenylacetylene, accompanied by
the formation of a new C2-N4 bond. One of the hydrogen atoms
(H3), attached to the nitrogen atom (N4), reacted with the
internal carbon atom (C1) in phenylacetylene, and the new C1-
H3 bond took its shape. Simultaneously, both the bond lengths
of C1-C2 and N4-H3 in TS1 were elongated, implying that the
C1-C2 triple bond was impaired, and the N4-H3 bond tended to
be ruptured. By inspecting the relative energy of TS1, we could
conclude that the barrier height of the first step of this hydro-
hydrazination is 27.8 kcal mol™". As the interactions between
phenylacetylene and hydrazine were further strengthened, the
N4-H3 bond broke completely. Then, the intermediate (IM) of
the addition reaction formed, which is also a product of the first
addition of N-H to C=C bond. The relative energy of IM is

View Article Online
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—37.5 keal mol . Next, the other hydrogen atom (H5) attached
to the nitrogen atom (N4) interacted with the internal carbon
atom (C1) again, and the second transition state (TS2) of the
hydrohydrazination was generated. The sole imaginary
frequency of TS2 is 1642.9i cm™ ', which connected the
intermediate and the product correctly. It can be seen that
TS2 is also a four-membered ring structure (C1-C2-N4-H5).
Similar to that of TS1, the C1-C2 bond was further impaired,
and the distance of N4-H5 was also elongated, tending to
break down. Moreover, a new chemical bond, C1-H5, began
to form. The interactions between C2 and N4 atoms were
further enhanced, along with the corresponding single bond
becoming its transitional double bond. From Fig. 2, one can
see that the relative energy of TS2 is 12.8 kcal mol™". Thus,
the second addition process needs to overcome a higher
barrier of 50.3 kcal mol . Ultimately, the N4-H5 bond
ruptured, and the final product hydrazone formed.

Hydrohydrazination under external electric field

As mentioned above, the anti-Markovnikov and Markovnikov
hydrohydrazination pathways are competitive. Therefore,
reducing the barrier heights of the anti-Markovnikov addition is
a good strategy to achieve the specific reaction. Based on the
fact that the external electric field could change atom charges
and catalyze reactions, we first tested the variations of natural
bond orbital (NBO) charges on carbon atoms in phenylacetylene
under different directions of EEF. The calculated results are
shown in Fig. 3. From Fig. 3, it can be seen that EEF oriented
along Y and Z axes (Scheme 2) induced little influence on the
charges of the C2 atom, while F, had an obvious effect on it.
Therefore, we believe that the EEF oriented along the X-axis is
most likely to catalyze the addition reaction. We also calcu-
lated the relative energies of anti-Markovnikov hydro-
hydrazination by the action of all directions of EEF. The
results (ESI, Table S57) also verified that F, could catalyze the
reaction much more. On the other hand, it can be seen from
Fig. 3 that the charge of the C2 atom decreased with the
increase in the external electric field oriented along the
negative X-axis. This demonstrated that the nitrogen atoms
in hydrazine are more likely to react with the C2 atom, which
means the anti-Markovnikov channel is accelerated. On the
contrary, the charge of the C2 atom increases gradually when
the direction of F, is flipped, which means that the anti-
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Fig. 2 Geometries (bond lengths are given in A) and relative energies (in kcal mol™?) of the stationary points in the hydrohydrazination of

phenylacetylene with parent hydrazine.
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Fig. 3 Variations of the natural bond orbital (NBO) charges (e) on the C2 atom in phenylacetylene under different directions of the external

electric field (x10~% au).

Markovnikov addition is unfavorable. Consequently, we
believe that the negative F, could accelerate the anti-
Markovnikov hydrohydrazination, while the positive F,
inhibits this pathway. In order to prove our assumption, we
calculated the effects of both the positive and negative F,
acting on the hydrohydrazination according to path AM and
path M. The obtained results in Fig. 4 clearly revealed that the
negative F, decreased the barrier height of path AM and
increased the barrier height of path M. In addition, the same
direction of F, has an opposite influence on the two path-
ways, which also illustrates that it might achieve reaction
selectivity. In the following, we focused our study on the
effects of the negative F, for the anti-Markovnikov hydro-
hydrazination of parent hydrazine.

We re-optimized all the stationary points along the potential
energy surfaces at different negative F, field strengths and re-
calculated their relative energies. The geometries and energies
are shown in Fig. 5 and Table 1, respectively. From Fig. 5, it can
be seen that the geometries of the stationary points changed
very little under the negative F,. By inspecting their relative
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Fig. 4

1598 | RSC Adv, 2021, 11, 11595-11605

energies from Table 1, one can conclude that the barrier heights
lowered gradually with the increase in field strength. To be
specific, for the first step, the barrier height is reduced by
5.7 kcal mol ! when F, = —60 (x10~ %) au, equivalent to the rate
enhancements by several orders of magnitude. More excitingly,
it was lowered by 16.0 kcal mol™ "' as the field strength was
enhanced to 180 (x10~*) au. For the second step, the influence
of negative F, is also effective but not as large as in the first step.
It can be seen that the barrier height of the second addition is
lowered by 4.8 kcal mol~* when F, = —180 (x10~*) au. There-
fore, the negative F, had an effective influence on the anti-
Markovnikov hydrohydrazination of phenylacetylene with
parent hydrazine, particularly for the first step. Why the barrier
heights are gradually lowered with the increase in negative F,,
and why the second step had a smaller variation than the first
step? We analyzed the frontier molecular orbitals of ‘R’ (phe-
nylacetylene) and ‘IM’ (intermediate) under different negative
F,, in which ‘R’ and ‘IM’ were separated from their corre-
sponding optimized transition states. In addition, the absolute
energies of the two transition states under negative F, were also
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Barrier heights (kcal mol™?) of the hydrohydrazination according to path AM and path M under the positive and negative F, (x10~* au).
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Fig. 5 Geometries (bond lengths are given in A) of the stationary points in the hydrohydrazination of phenylacetylene with parent hydrazine

under different negative F, field strengths (x10
—80, —100, —150, and —180 (x10~%) au

calculated. These results are summarized in Table 2. From the
energies point of view, we can conclude that the stronger the
field strength, the smaller the lowest unoccupied molecular
orbital (LUMO) energy of ‘R’. Moreover, the total energy of TS1 is
lowered as the field strength is increased. Therefore, the smaller
LUMO energy of ‘R’ and the smaller absolute energy of TS1
made the addition reaction occur easily. Alternatively, the
barrier height of the hydrohydrazination for the first step is
reduced. For the second step, the total energy of TS2 is also
reduced with the rising field strength. As a consequence, the
barrier height of hydrohydrazination for the second step is
lowered. However, the LUMO energy of ‘IM’ is increased when
the field strength is increased, which is different from the first
step. Thus, the enhancement of LUMO energy of ‘IM’ is unfa-
vorable for the second addition. Thus, the second barrier height
of hydrohydrazination had a smaller change than the first
barrier height.

Solvent effects

All the stationary points were re-optimized by the SMD model
with C¢Hg and DMSO solvents (ESI, Fig. S271). Furthermore, the
solvent effects of the hydrohydrazination of phenylacetylene
with parent hydrazine were also considered under the negative
F,. The calculated reaction barrier heights are shown in Fig. 6.
On the one hand, we can see that the application of solvents
reduced the barrier height of the first step irrespective of the
presence of negative F, (for Fig. 6a, without EEF, and for Fig. 6b,

Table 1 Relative energies (kcal mol™?) of the stationary points in the
hydrohydrazination of phenylacetylene with parent hydrazine under
different negative F, field strengths (x10™* au)

0 —-20 —40 —60 —80 —-100 —-150 —180
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1 27.8 25.9 24.0 22.1 20.3 18.5 14.3 11.8
IM -375 -383 -39.6 —409 -—42.5 —44.1 —484 514
TS2 12.8 11.2 9.3 7.3 5.3 3.2 —2.4 —-5.9
P —44.7 —45.3 —46.0 —46.7 —-473 —47.9 503 —51.6

© 2021 The Author(s). Published by the Royal Society of Chemistry

~* au). The parameters are listed with the increase in the field strength, which are —20, —40, —60,

with EEF), which indicates that the solvents are favorable for the
first step of the reaction, while it had few influences on the
second step. On the other hand, the combinations of the
negative F, and solvents significantly influenced the reaction
barrier heights for the first step compared with that in
vacuum (Fig. 6¢). For example, the barrier heights were low-
ered 8.3 (C¢Hg) and 10.7 (DMSO) kcal mol ™ (ESI, Table S81)
for the first step with F, = —60 (x10~*) au. We considered
that the decrease in the barrier heights caused by the solvents
also induced the redistribution of the atom charges, which is
similar to the effect of the external electric field. Thus, the
introduction of solvents catalyzed the hydrohydrazination,
and the synergistic effects between solvents and F, acceler-
ated the reaction much more.

Substituent effects and its synergism with EEF

The intramolecular local electric field is also an effective
method to change the distribution of atom charges. The
applications of substituents, including electron-withdrawing
and electron-donating groups, are the common strategy in
experiments. In this study, the electron-withdrawing substit-
uent (trifluoromethyl) and electron-donating group (methoxy)
are selected to study their influences on the hydro-
hydrazination, which are often used in experiments.*® All the
structures were fully optimized, and their relative energies were
calculated. The geometries of stationary points and their energy
results are listed in Fig. 7, S3, and Table 3, respectively. The
introduction of the trifluoromethyl substituent reduced the
barrier heights of the first and second steps by 2.1 and
0.2 kcal mol?, respectively. However, the introduction of
a methoxy substituent increased the barrier heights of the first
and second step by 2.9 and 0.3 kcal mol™', respectively.
Therefore, we regarded the application of the electron-
withdrawing substituent as an effective method to reduce the
energy barrier heights.

Furthermore, we used negative F, in hydrohydrazination in
the presence of the trifluoromethyl substituent. The calculated
results are exhibited in Fig. 8. It can be seen that the negative F,

RSC Adv, 2021, 11, 11595-11605 | 11599
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Table 2 Images of the lowest unoccupied molecular orbital (LUMO, isovalue = 0.08) of ‘R’ (phenylacetylene) and ‘IM’ (intermediate) and their
energies (eV) and the absolute energies (in au) of the transition states (TS1 and TS2) under different negative F, (x10™* au)

Fy, (x107* au) LUMOw, Erumo-r' (€V) Ers: (au) LUMOur, Erumo-mv (€V) Ers, (au)

0 ’ ~419.8401

-0.0886

—20 ® L 4 ' —419.8429

—40 ‘ ' ’ —419.8464

~60 ~419.8505

further accelerated the addition reactions in the presence of an
electron-withdrawing substituent. Besides, the combination of
trifluoromethyl phenylacetylene and negative F, lowered the
barrier heights much more than that of phenylacetylene,
particularly when the field strength is not large. Therefore,
applying the substituted phenylacetylene combined with

1600 | RSC Adv, 2021, 11, 11595-11605

&9

® o
e

"*‘ —419.8639

-0.0328
J’ o
" . —419.8663

-0.0316

', . ~419.8698

-0.0302

-, . —419.8740

-0.0289

a small EEF is a promising method for catalyzing anti-
Markovnikov hydrohydrazination.

Hydrohydrazination of 1-hexyne

In order to test that the above-mentioned conclusions are not
occasional, the hydrohydrazination of aliphatic 1-hexyne
with parent hydrazine was also investigated. The CgHsg

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Barrier heights (kcal mol™?) of hydrohydrazination for the first and second steps in the gas phase, C¢Hg and DMSO solvents, and negative
F. (x107*au). (a) In solvents; (b) in solvents and negative F,; (c) in the gas phase (the blue column) and in solvents and negative F, (red and green

columns).
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Fig.7 Geometries (bond lengths are given in A) of the stationary points in the hydrohydrazination of trifluoromethyl phenylacetylene with parent
hydrazine (values in red were calculated with an external electric field, F, = —60 x 10™* au).

Table 3 Relative energies (in kcal mol™?) of the stationary points in the
hydrohydrazination of the substituted phenylacetylene with parent
hydrazine

Trifluoromethyl Methoxy
R 0.0 0.0
TS1 25.7 30.7
M —39.2 —36.9
TS2 10.9 13.7
P —45.4 —41.6

solvent as well as the substituted alkyne (6-trifluoromethyl-1-
hexyne) were considered simultaneously. The obtained
geometries and barrier heights of the first step are shown in
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Fig. 9 and 10, respectively. It can be seen that (i) the reaction
mode of the hydrohydrazination of 1-hexyne is similar to that
of phenylacetylene; (ii) the application of EEF lowered the
barrier height of the first step of the reaction; (iii) whether the
solvent effect or the introduction of an electron-withdrawing
substituent accelerated the hydrohydrazination; (iv) the
combination of solvent or substituent and EEF further
decreased the reaction barrier heights. All the phenomena
are consistent with the hydrohydrazination of phenyl-
acetylene with parent hydrazine.
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Fig. 8 Barrier heights (kcal mol™) for the hydrohydrazination of phenylacetylene and trifluoromethyl phenylacetylene with parent hydrazine

under negative F, (x 10~ au).
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Fig. 9 Geometries (bond lengths are given in A) of the stationary points in hydrohydrazination of 1-hexyne (6-trifluoromethyl-1-hexyne) with

parent hydrazine.
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Fig. 10 Barrier heights (kcal mol™) of the hydrohydrazination of 1-
hexyne for the first step in the gas phase, CgHg solvent, and external
electric field (F, = —60 x 107 au) and the substituted 1-hexyne.

Conclusions

The effective and green external electric field (EEF) catalyzed
anti-Markovnikov hydrohydrazination of parent hydrazine was
first studied in the present study using the M06 functional.
There are two possible pathways (path M and path AM) in the
hydrohydrazination reactions, which are competitive with each
other when there was no metal catalyst. Once EEF was introduced,
the anti-Markovnikov addition pathway was accelerated when its
direction oriented along the negative F,, which would achieve the
selectivity of hydrohydrazination of the parent hydrazine.
Furthermore, the larger the field strength of the negative F,, the
lower the barrier heights. The solvents reduced the barrier heights
of the first step, but had little effects on the second step. The
introduction of substituents in phenylacetylene demonstrated that
the electron-withdrawing substituent (trifluoromethyl) could
accelerate the reactions. In summary, the best strategy for accel-
erating this hydrohydrazination is by combining solvent or
substituent and external electric field. Hopefully, this study would
provide a new guidance for the extensive applications of hydro-
hydrazination of parent hydrazine in experiments, particularly for
the first step of addition reactions.
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