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ABSTRACT: A recent study showed that a Mn-pincer could
catalyze the acceptorless dehydrogenative coupling of nitriles
and alcohols to yield acrylonitriles. The reaction mechanism
proposed in that work contained some intermediates that, in
most of the cases, were not characterized. Moreover, one of
the intermediates involved a charged separation, which is un-
likely in apolar solvents. To clarify the reaction mechanism of
this critical reaction, we decided to perform a DFT study. Our
results prove the existence of a cooperative effect of the metal
and the ligand in several steps of the catalytic cycle. We also
find the presence of several equilibria between isomeric inter-
mediates where water, or the same alcohol reagent, take part
in assisting the proton transfer. Furthermore, we have
analyzed the charge separated structure proposed experimen-
tally and have found a nearly pure covalent bond between the
two expected charged moieties. Finally, the Knoevenagel con-
densation step that generates the acrylonitrile is found to be
the rate-determining step.

B INTRODUCTION

Currently being researched by many authors, acrylonitriles are
known to be a worthwhile resource in synthesis, including the
formation of benzonitriles' and pyrroles> used as a treatment
for malaria3 The SOHIO process,* which consists of the cata-
lytic ammoxidation of propylene, is used to produce them on
an industrial level. Another recognized way of producing ac-
rylonitriles is to form a C=C bond using the Knoevenagel con-
densation.5 This reaction involves the nucleophilic attack of
an activated carbon, located between two electron withdraw-

ing groups, on a carbonyl, a ketone or an aldehyde.
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Scheme 1. Knoevenagel condensation for the formation of un-
saturated acrylonitriles.

While this is a widely-used synthetic strategy for many appli-
cations,® researchers nowadays are aiming to produce it using
new methodologies involving less waste, greater productivity,
and energy efficiency gain.” One of these approaches to pro-
duce acrylonitriles is the catalytic dehydrogenative cross-cou-
pling reaction (CDC).® This procedure requires a sacrificial
molecule to accept the liberated hydrogen atoms, thus gener-
ating stoichiometric amounts of waste where, ideally, waste
should not be generated. To reduce this problem, an upgrade
in the mechanism that involves the formation of H, instead of
the hydrogenation of a sacrificial molecule, the so-called
acceptorless dehydrogenative coupling (ADC)° reaction, was
developed.'® In this new procedure that significantly reduces
waste, the formation of H, creates the possibility to
synchronize the acrylonitrile synthesis with the controlled
production of H, as a viable energy source.!' A problem with
this approach is, however, that it usually requires noble tran-
sition metal complexes, such as iridium or rhodium,'? which
are scarce and costly compared to earth-abundant metals like
iron, cobalt or manganese.'? In 2017, an experimental study by
one of us (shown in Scheme 2) reported the (for any catalyst)
unprecedented efficient a-olefination of nitriles by ADC of al-
cohols and nitriles, catalyzed by the recently-developed Mn
pincer catalyst (1, see Figure 1).'*
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Scheme 2. Catalytic acceptorless dehydrogenative coupling
reaction reported by Milstein et al.
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Figure 1. Mn catalyst 1 for acceptorless dehydrogenative cou-
pling as reported by Milstein and coworkers.



This work used various alcohols and nitriles as starting
materials and compared the catalytic activity of 1 with that of
other recently-reported metal pincer catalysts.'> They found
that using their Mn catalyst resulted in conversions of up to
>99% and yielded up to 91% (see Scheme 3).
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Scheme 3. Proposed mechanism by Milstein et al. of
acceptorless dehydrogenative coupling of nitriles with alco-
hols. We have removed both the carbonyl ligands coordinated
to Mn and iPr groups on the phosphorous atoms for the sake
of clarity.“
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The Mn catalyst represents a more promising possibility in the
field of ADC and acrylonitrile synthesis. The production of
molecular hydrogen and water as by-products is but one of the
key reasons behind the importance of this catalysis. As we be-
lieve that this catalyst is a ground-breaking development in its
field, here we unravel the whole reaction mechanism using
Density Functional Theory (DFT) calculations. We start from
the proposed reaction pathway, as shown in Scheme 3. Our
primary goal is to better understand the recent experiments
by Milstein and coworkers that provide substituted acryloni-
trile synthesis by coupling alcohols and nitriles using a man-
ganese pincer complex under mild reaction conditions, 4 i.e., a
partial hydrogen-borrowing reaction that allows water and di-
hydrogen to be released as by-products.

B RESULTS AND DISCUSSION

The full reaction mechanism for the formation of substituted
acrylonitriles from the coupling of alcohols with nitriles is de-
picted in Figure 2, starting from the well-characterized cata-
lyst 1.
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Figure 2. Full mechanism for the acceptorless dehydrogenative coupling of benzyl alcohols with nitriles (relative Gibbs energies
for solvent media in kcal/mol and referred to catalyst 1, and P = P'Pr,). For the sake of clarity, we have reported the missing Lewis
structures for a few transition states in Figure 3. All data shown were calculated at T = 135 °C, mimicking the experiments.



In the first step, a H, molecule is formed with a relatively low
energy barrier (22.0 kcal/mol). A water molecule assists the H-
H bond formation from the hydride of the manganese and the
hydrogen atom held by one of the N-H groups of the catalyst.
The resulting H, coordination gives intermediate 2, which is
unstable by 16.1 kcal/mol in comparison to 1. The rather low
thermodynamic stability of 2 helps to understand the small
energy barrier, only 3.6 kcal/mol, required to release the H,
molecule and thus leading to the trigonal bipyramid 3. There-
fore, 2 is the intermediate required for the formation of the
hydrogen molecule and its liberation. In the experiments, an
isomer of compound 3 was found, 3’, which is 5.5 kcal/mol
more stable, and so their equilibrium needed further discus-
sion. In the previous work, 3’ was assigned as the thermody-
namic isomer and 3 as the kinetic. Its interconversion involves
a proton transfer to the nitrogen atom from its nearby meth-
ylene group in 3, to generate the NH and CH moieties in 3.
We found that the direct interconversion was unaffordable
since it would require overcoming a 75.3 kcal/mol energy bar-
rier. Moreover, adding a water molecule barely assisted this
step as it only decreased the energy barrier by a mere 5.4
kcal/mol. Nonetheless, we had to consider that complex 3’ had
been determined using X-ray analysis, and that it had been
obtained using two different approaches: firstly by heating the
media up to uo °C for 30 min, and, secondly, by leaving the
media rest for 12 h. This result implies that an alternative in-
terconversion step, or sum of steps, had to be taken into ac-
count.
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Figure 3. Formation of the thermodynamic isomer 3' from the
kinetic 3, using either water or benzyl alcohol as a cocatalyst.
Calculated at 25 and 135 °C (energy values in green and violet,
respectively) relative Gibbs energy values (in kcal/mol) re-
ferred to catalyst 1; P = PiPr, and CO ligands not included for
the sake of clarity).

Figure 3 depicts the steps involved in the interconversion
between 3 and 3’. Results show that this interconversion takes
place through complex 4. The transformations of 3— 4 and
4— 3’ assisted by an alcohol molecule have Gibbs energy
barriers of 23.7 and 25.2 kcal/mol, respectively, at 135 °C (see
Figure 3). Therefore, 3 and 3’ can be interconverted using the
alcohol in the media. Nevertheless, the experiments showed
the formation of 3’ from 3 without alcohol, but only
stoichiometrically.42 Thus, the same approach using water
was studied. As we hypothesized, when using water we
obtained Gibbs energy barriers at 135 °C for the steps 3— 4
and 4— 3’ of 15.4 and 27.9 kcal/mol, respectively. These energy

barriers are perfectly surmountable at room temperature and
could easily be sped up by heating. These results are in perfect
agreement with the experiments carried out at 25 and 135 °C,
respectively.

Figure 4. Structural geometry of the transition state for the
step 4—3’, assisted by water, with relevant distances shown in
A (most of the H atoms have been omitted for clarity).

The interconversion of 3—3’ via intermediate 4 would indeed
be feasible with traces of water from a non-dried solvent,
acting as a proton transfer shuttle,'® progressing in the
equilibria towards the thermodynamically most stable isomer
3’ as Milstein et al. previously described.4 Additionally, we
also studied the possibility of the interconversion between —
OH and -OCH2Ph ligands in molecule 4 to see whether they
were interchangeable. With a barrier of 18.0 and 21.5 kcal/mol
at 25 and 135 °C, respectively, to exchange the alkoxy ligand
from the original alcohol by a hydroxo from a water molecule,
we conclude that it is possible to exchange both ligands.
With regard to Figure 2, to close the catalytic cycle through 4,
the liberation of the aldehyde requires overcoming a
transition state (TS) with an energy barrier placed 181
kcal/mol above 4. 4—1 involves a proton transfer from the
methylene group of the alkoxy ligand still bonded to the
metal, to release the aldehyde together with the regeneration
of the catalyst 1. Thus, this is an inner shell process since the
alkoxy group is bonded via its oxygen to the manganese
making a single molecule. It is important to remark that we
were not able to find a TS with an assisting water or alcohol
molecule for this 4— 1 transformation, probably due to the
steric constraints of the active site.

The alternative outer shell mechanism is represented in the
step 3— 1 with an energy barrier of 22.0 kcal/mol above 3 and
27.5 kcal/mol with respect to 3. In this process, the alcohol
undertakes a concerted double proton transfer to yield the
expected aldehyde in a single step.!” Comparing the
mechanisms, both are possible but the outer shell mechanism
is favored. We also considered the transition from 3’ to 1 but
with a barrier of 44.3 kcal/mol above 3, this step is not
competitive.

Continuing along the acrylonitrile catalytic pathway from 3,
the reaction can also evolve to intermediate 5, since the
corresponding transition state is 21.9 kcal/mol above 3, and
thus in perfect competition with 3—1 transformation, which
step is only 0.1 kcal/mol higher in energy. The path from 3’ to
5 was also studied. This transformation has a 52.2 kcal/mol
energy barrier above 3’, which is too high to be surpassed at
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experimental conditions. The addition of a nitrile to 3 was
analyzed, connecting Mn with the C atom in the CH group of
the nitrile or with the N atom. None of the attempts to
connect Mn with the C atom of the CH group resulted in the
formation of stable intermediates. On the other hand, the
interaction of the nitrile through the N atom leads to
intermediate 5. An alternative intermediate 5, described in a
similar way as species 5" in Scheme 3, would lead to a nitrile
ligand anion and a protonated catalyst cation which would
stay together through an electrostatic interaction, but
calculations have confirmed the covalent character of the Mn-
N interaction in intermediate 5. Moreover, the Mayer bond
order'® (MBO) of the formed Mn-N bond in complex 5 was
found to be o0.55, not far from the typical values of Mn-N
bonds.!® Further, to check whether we had an ionic or a
covalent bond, we analyzed the NPA charges of both moieties
which were -0.25 (nitrile) and 0.25 e- (Mn complex), thus far
away from the ca. +1 and -1 charges expected in an ionic
complex. The values of the charges and bond order support
the covalency of this bond and rule out the ionic nature of the
Mn-N bond in complex 5.

Once we reach molecule 5, given the nucleophilic character of
the nitrile ligand, the reaction pathway evolves to 6 with the
formation of the C-C bond between the carbonyl of the
aldehyde and the terminal CHPh moiety of the former nitrile.
Intermediate 6 holds a favorable H-bond between the NH
moiety and the oxygen of the carbonyl group. On the other
hand, the relatively low negative charge on the oxygen atom
(-0.402 ") of intermediate 6 is consistent with a partial anionic
character on it. Moreover, the new C-C bond is still rather
weak, elongated by 1.748 A, with an associated MBO of just
0.669 e~. We also tried to approach the C-C bond formation
starting from 4 and adding the nitrile here, but without
success.

The Gibbs energy barrier for the next step 6—7 at 15.8
kcal/mol above 6 using water as a proton transfer assistant
(32.9 kcal/mol without H,O or alcohol as proton shuttle). The
formation of intermediate 8 from 7, which consists of a
concerted release of a water molecule through a condensation
reaction, requires overcoming a 16.3 kcal/mol energy barrier.
We also investigated if additional explicit water or alcohol
molecules could play an assisting role in all the different
proton transfer reactions present in the mechanism. An
addition of a second water molecule in all the water assisted
steps did not decrease any energy barrier. The substitution of
the assisting water molecule by an assisting alcohol molecule
increased the energy barriers by an small amount. In the
presence of alcohol all assisted steps are still possible and
therefore, the mechanism could be performed initially in a
thoroughly dried media.

Finally, the regeneration of 3 and the release of the desired
product 9, closing the mechanistic cycle (8—3), occurs with
an 8.7 kcal/mol barrier.

All in all, and considering the higher stability of molecule 3’,
we observe that the rate determining step (rds) is located at
the Knoevenagel condensation step 7—8 involving release of
water and formation of the acrylonitrile product 9 coordi-
nated to Mn. This 7—8 process has a global energy barrier of
39.8 kcal/mol from 3, or 34.3 kcal/mol from 3. It is also im-
portant to note that the Gibbs energy barriers for steps 3'—4

and 8—3 (both placed 39.2 kcal/mol above 3’) have a differ-
ence of only 0.6 kcal/mol as compared to that of the rds, being
the latter processes in clear competition with the described
rds. 20

Figure 5. Structural geometry of the transition state that cor-
responds to the rds step 7—8, with relevant distances shown
in A. Most of the H atoms have been omitted for clarity.

B CONCLUSIONS

We have described the full DFT mechanism for the Mn
catalyzed acceptorless dehydrogenative coupling of alcohols
with nitriles. Our study indicates that the rate-determining
step corresponds to the release of a water molecule that leads
to the final product g (7—8 step). For the equilibrium between
3 and 3’, our results show the importance that a water mole-
cule has in assisting the proton transfer to carry out the inter-
conversion between the kinetic complex 3 and its thermody-
namic isomer 3. The alcohol reagent can also adopt the same
role, with an additional kinetic cost of only a few kcal/mol. We
tested the coordination of the nitrile through the C atom al-
pha to the N atom in complex 3, but only the N coordination
leads to the stable complex 5. Complex 5 was found to have
the Mn metal center bonded covalently to the N atom of the
nitrile ligand. A proton transfer assistant, like water, is needed
in almost all proton transfer reactions except for the rds 7—8,
and the 3—s5 step. The reagent alcohol is also capable of
undertaking the same proton transfer assistant role as water,
although water performs better. It is worth emphasizing that
the cooperative MnNH framework acts as both a platform for
alcohol dehydrogenation and as a kind of templating agent for
the Knoevenagel intramolecular proton relay and H-bonding
group. Finally, we confirmed that the catalytic mechanism is
restarted when intermediate 8 released product 9 and yielded
complex 3.

B COMPUTATIONAL DETAILS

DFT calculations were performed with the Gausianog set of
programs,> using the BP86 functional of Becke and
Perdew,?>2324 together with the Grimme D3(BJ)>26 correction
term to the electronic energy. We described the electronic
configuration of the molecular systems with the triple-C basis
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set of Weigend and Ahlrichs for all atoms (TZVP keyword in
Gaussian).>” We performed the geometry optimizations with-
out symmetry constraints, and analytical frequency calcula-
tions were carried out to characterize the located stationary
points. These frequencies were used to calculate unscaled
zero-point energies (ZPEs) as well as thermal corrections and
entropy effects at 25 and 135 °C. Single-point energy
calculations were performed on the optimized geometries
with the Mo6 functional?® and the cc-pVTZ basis set.”’ The
same functional and basis set were used to estimate solvent
effects with the universal solvation model SMD of Cramer and
Truhlar,3° using toluene as the solvent. The reported Gibbs en-
ergies in this work include Mo6/cc-pVTZ//BP86-D3BJ/TZVP
electronic energies with solvent effects obtained at the same
level of theory, corrected with zero-point energies, thermal
corrections and entropy effects evaluated at 25 or 135 °C with
the BP86-D3BJ/TZVP method.
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