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ABSTRACT: Reductive amination is one of the most important methods to h\o \ ’\f‘
synthesize amines, having a wide application in the pharmaceutical, fine chemicals, CT O HL Hc-y
and materials industries. In general, the reaction begins with dehydration between a OH L o O}\ oH " o 3/\
carbonyl compound and an amine compound, forming an imine, which is then o-§ ~ Na 0-B " Na g
reduced to an alkylated amine product. Sodium triacetoxyborohydride (STAB) is a M\<O O\|//O ‘\ﬁo O\fo

popular choice for the reducing agent as it shows selectivity for imines over aldehydes

and ketones, which is particularly important in direct reductive amination where the

AG* = 24 .1 keal/mol AG* = 10.6 kcal/mol

imine and carbonyl compounds are present concurrently. Here, we analyze the

reaction pathways of acid-catalyzed direct reductive amination in 1,2-dichloroethane

Hydride transfer between STAB and Aldehyde or Imine

(DCE) with acetaldehyde and methylamine. We find that the transition states for the

formation and subsequent reduction of Z-methylethylideneimine (resultant aldimine from acetaldehyde and methylamine) have
lower energies than the reduction of acetaldehyde. Transition state structures for the hydride transfers are organized by the Lewis-
acidic sodium ion. Additionally, reduction reactions with formaldehyde and acetone and their imine derivatives (with methylamine)
are investigated, and again, the hydride transfer to the resultant aldimine or ketimine is lower in energy than that of their parent

carbonyl compound.

Bl INTRODUCTION

Reductive amination is one of the most important methods to
synthesize amines, having a wide application in the
pharmaceutical,l agricultural,2 and materials” industries.
Regarding pharmaceuticals, nearly one-fourth of all C—N
bond-forming reactions are performed via reductive amina-
tion.”* In general, the reaction begins with dehydration
between a carbonyl compound and an amine compound to
form an imine, which is then reduced to an alkylated amine
product (Scheme 1).° Direct reductive amination, wherein
formation of the imine and subsequent reduction occur in situ,
presents a convenient one-pot synthesis method to produce
alkylated amines. Under these reaction conditions, the choice
of reducing agent is crucial as it must selectively reduce the
imine over the carbonyl compound starting material.’ Thus,
sodium triacetoxyborohydride (STAB) is a popular choice for
reducing agent as it shows selectivity for imines over aldehydes
and ketones, unlike other reducing agents.é’7 This selectivity
for imines has been exploited in many synthesis protocols, such
as within drug patents for cinacalcet,”” lapatinib,'’ and
pramipexole,11 which all use reductive amination between an
aldehyde and a primary amine at one step of their synthesis.
The selectivity exhibited by STAB is postulated to be
attributed to the three acetoxy groups, as they can stabilize
the B—H bond via steric shielding and electron-withdrawing
effects."> However, to our knowledge, there is no report in the
literature that computationally probes the selectivity of STAB.
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Herein, density functional theory (DFT) methods are used to
clarify the energetic favorability of imine reduction over
aldehydes and ketones via STAB.

Computational studies in the literature related to reductive
amination largely focus on transition metal catalysis and not
necessarily commonly used synthetic protocols. DFT has been
used to probe the mechanisms of reductive amination utilizing
cobalt,"® nickel,'* iridium,"® osmium,'® and rhodium’
catalysts. These studies focus on homogeneous catalysis
utilizing molecular hydrogen as the reducing agent, apart
from the iridium and osmium catalyst studies. Balcells et al."®
analyzed iridium-catalyzed reductive amination with an alcohol
oxidation mechanism to provide a hydride source, while
Vinogradov et al.'’ investigated osmium catalysis with carbon
monoxide as the reducing agent. However, few studies have
computationally probed systems that do not contain transition
metal catalysts, with even fewer studies analyzing boron
complexes. In the study of Zhao et al,'"® DFT was used to
examine the reaction mechanisms of borane-catalyzed
reductive amination between benzaldehyde and aniline, with
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Scheme 1. General Reductive Amination Reaction Scheme where R' and R* Can Be Alkyl or Aryl and R* Can Be Alkyl or

Hydrogen”
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“The starting materials for the carbonyl compound are most commonly aldehydes or ketones, while primary amines or ammonia can be used for
the amine compound. Secondary amines can also be used for reductive amination; however, they can condense to form an enamine, rather than an
imine. Reducing agents (hydride source) are typically catalytic hydrogenation (H,) or borohydride complexes (NaBH,, NaBH;CN, and
NaBH(OACc);). Reductive amination is often done under slightly acidic conditions, with acetic acid (AcOH) being the most common choice for

the proton source.

molecular hydrogen as the reducing agent and tetrahydrofuran
(THF) as the solvent. Their results showed that the product of
this reaction varied depending on the nature of the Lewis acid
catalyst (borane complexes) and could in fact be controlled by
adjusting the natural charge on the boron atom. Additionally,
in the study of Narvariya et al,'” the reductive amination of
benzaldehyde and aniline was studied in the Breonsted acidic
ionic liquid triethylammonium hydrogen sulfate [Et;NH]-
[HSO,], with sodium borohydride as the reducing agent. They
found that the hydrogen sulfate anion of the ionic liquid played
a critical role in catalyzing the reaction, assisting in both
geometry optimization and water elimination. With these
studies, acidic species play a significant role in reduction
amination when boron complexes are implemented, an
important consideration when analyzing STAB selectivity.

As previously stated, there appears to be no report in the
literature that computationally probes the selectivity of STAB
in the reduction of imines over aldehydes or ketones. The aim
of this computational research is to explain the selectivity of
STAB in reductive amination protocols that are commonly
applied in the laboratory. When STAB is utilized in reductive
amination, typically, the preferred solvent is DCE, with less
frequent use of THF, and acetic acid is the common choice for
the catalyst.” Thus, the reaction pathways of acetic acid-
catalyzed direct reductive amination in DCE with acetaldehyde
and methylamine were investigated (Scheme 2), with

Scheme 2. Investigated Direct Reductive Amination
Protocol, where R' and R*> Can Be Alkyl or Hydrogen”

(e} NaBH(OAc)s, \NH
J_. + CHsNH,

1 2
R' 'R AcOH, DCE

R" "R?

“Later investigations in this report will analyze the reduction reaction
in THF and exchange Na* with Li" and K.

elucidation of plausible mechanisms of the transition states
and their respective energies. The reaction between acetic acid
and STAB was not investigated because STAB is regularly used
in excess; thus, such a reaction in the low dielectric constant
solvent DCE or THF will not compete with the reductive
amination.*”

The results suggest that the formation and subsequent
reduction of Z-methylethylideneimine (resulting from the
condensation of acetaldehyde and methylamine) were favored
over the straight reduction of acetaldehyde. Regarding the
located transition states, it appears that Brensted—Lowry and
Lewis acids played pivotal roles by assembling the reactant
geometry and providing a proton source. Additionally,
reduction reactions with formaldehyde and acetone, and

their respective imines, were analyzed (Scheme 2), and
again, it was found that imine reduction was favored over
the reduction of the parent carbonyl compound. Further
investigation into solvent and Lewis acid effects saw the solvent
choice having a greater impact on molecular geometry, while
the Lewis acid choice affects the reaction energetics
significantly.

B COMPUTATIONAL DETAILS

All DFT calculations were carried out with the Gaussian 16
package”® and the M062X functional* in conjunction with the
basis set 6-311+G(d,p). All calculations were performed at the
standard state (298.15 K, 1 atm) and used the SMD solvation
model.”” The frequency analysis was calculated at the same
level of theory as the geometry optimization, with the free
energies taken directly from the Gaussian output. Transition
states were located with the qst2 or gst3 methods and
confirmed with intrinsic reaction coordinate (IRC) calcu-
lations.”>**

B RESULTS AND DISCUSSION

Complete Reaction Pathways of Acid-Catalyzed
Reductive Amination between Acetaldehyde and
Methylamine in the DCE Solvent. Direct reductive
amination requires the in situ imine formation and subsequent
reduction to be both favored over the carbonyl compound
reduction. To investigate the experimentally observed imine
selectivity of STAB, calculations of the possible reaction
pathways in a direct reductive amination protocol were
performed utilizing acetaldehyde and methylamine as the
carbonyl and amine compound representatives, respectively.
These reaction pathways included the formation and
subsequent reduction of Z-methylethylideneimine (the aldi-
mine formed by condensation of acetaldehyde and methyl-
amine) and the reduction of acetaldehyde. The formation of E-
methylethylideneimine was not investigated as the reduction of
the (Z)-isomer was found to have a 0.4 kcal/mol lower
activation barrier than that of the (E)-isomer. In addition,
acetic acid was used as the acid catalyst and DCE as the
solvent.

The formation of Z-methylethylideneimine is an exergonic
reaction arising from the condensation of acetaldehyde and
methylamine (Figure 1). The condensation reaction begins
with the formation of 1-methylaminoethanol, the hemiaminal
derived from acetaldehyde, methylamine, and acetic acid (1).
The initial transition state (TS,.,) entails the concerted
formation of the C—N bond and protonation of carbonyl
oxygen. After the initial transition state, the reaction pathway
falls to an adduct between the protonated hemiaminal and
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Figure 1. Reaction coordinate diagram for the condensation of acetaldehyde and methylamine in DCE. The condensation reaction forms Z-

methylethylideneimine.

acetate (2). While in the adduct, a barrierless proton transfer
occurs from the nitrogen to the oxygen in the acetate, forming
the hemiaminal and regenerating the acetic acid (3). DFT
calculations of this proton transfer confirm that the free energy
and enthalpy values of the transition state are within the error
of a barrierless transfer (see Figure S1 in the Supporting
Information). After the adduct separates, the reaction pathway
proceeds upward toward the hemiaminal intermediate (4),
which is higher in energy than the starting materials. This
higher energy value is expected as hemiaminals are rarely
observed in experiment.”> The rise in energy leads into the
second transition state (TS,_ ), where water is removed from
the hemiaminal. The water elimination step involves two
processes: the protonation of the hydroxyl oxygen and
breakage of the C—O bond. This is the rate-determining
step (RDS) for the entire imine-forming reaction, an
observation that is supported by studies of imine synthesis in
water.”®”” They found that water elimination becomes the
RDS when the solution pH is above 4, which would be similar
to conditions explored in the DFT calculations considering the
use of acetic acid (pK, = 4.76 in water and 15.5 in DCE
relative to picric acid*®). After water is removed, the reaction
pathway falls to another adduct between the Z-methylethyli-
deneiminium and acetate (5). Again, a barrierless proton
transfer occurs from the nitrogen in the Z-aldiminium to the
oxygen in the acetate, regenerating the acetic acid and forming
Z-methylethylideneimine (6). DFT calculations confirm that
this proton transfer is also barrierless (see Figure S2 in the
Supporting Information). The final state sees the separation of
the adduct, with the Z-aldimine, acetic acid, and water

occupying the lowest free energy position in the reaction
pathway (7).

There are two possible reduction reactions (Figure 2) in a
direct reductive amination protocol with acetaldehyde and
methylamine: reduction of the Z-aldimine (represented in
purple) and reduction of the acetaldehyde (represented in
red). Continuing from the imine formation reaction pathway
(represented in green), the reduction of the Z-aldimine sees
the substrate accepting the hydride from STAB in the
transition state (TS,_g). After the hydride is transferred, the
reaction pathway falls in energy to the ending complex
between the alkylated amine product, sodium acetate, and
triacetoxyboron (8). Regarding the acetaldehyde reduction, it
also accepts the hydride from STAB in the transition state
(TS,_s), yielding the ending complex with the alcohol
product, sodium acetate, and triacetoxyboron (8).

Based on these calculations, the formation and reduction of
the Z-aldimine are more thermodynamically and kinetically
favored over the reduction of acetaldehyde. All the transition
states in the Z-aldimine reaction pathway were found to have a
lower activation free energy than the activation free energy of
the acetaldehyde reduction. Moreover, the free energy of
reaction for the hydride addition, the final step in the reaction
pathway, was lower in the Z-aldimine case than in the
acetaldehyde. Thus, these results support experimental findings
that, in a direct reductive amination protocol utilizing STAB,
acetaldehyde will condense faster with methylamine than react
directly with STAB.

The factors that determine the selectivity for hydride
transfer are subtle and do not entail the typical explanations
of charge distribution nor deformation energy. The charge on
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Figure 2. Reaction coordinate diagram for the possible reaction pathways of a direct reductive amination protocol with acetaldehyde and
methylamine in DCE. Acetaldehyde can either interact with the methylamine (1) or STAB (3), with the starting states of these pathways set to zero
for comparison. If the acetaldehyde condenses with the methylamine, it will follow the imine formation pathway (green) and then the imine
reduction pathway (purple). If acetaldehyde reacts immediately with STAB, it will follow the acetaldehyde reduction pathway (red).

Figure 3. Located transition states for the formation of Z-methylethylideneimine with M062X/6-311+G(d,p) and DCE as the solvent. The first
transition state entails the formation of the C—N bond (a), followed by the deprotonation of the nitrogen (b). The second transition state involves
the elimination of water (c), again followed by the deprotonation of the nitrogen (d).

the hydride-accepting carbonyl carbon in the acetaldehyde
reduction is slightly more positive than that on the iminium
carbon in the Z-aldimine reduction, with APT charges of 1.53
and 1.35 on the carbonyl and iminium carbon, respectively.
Additionally, the deformation energy between the ground state

and the transition state is greater in the Z-aldimine case than in
the acetaldehyde, with enthalpy values of 27.3 and 18.3 kcal/
mol in the Z-aldimine and acetaldehyde reduction, respec-
tively. Since the charge distribution and deformation energy
were contrary to expectations, the more probable reasons that

30557 https://doi.org/10.1021/acsomega.2c04056
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Figure 4. Located transition state (a) and ending complex (b) of the acetaldehyde reduction with M062X/6-311+G(d,p) and DCE as the solvent.
Bond distances of Na*™—O in panel (a) range from 2.25 to 2.43 A. Bond distances of Na*—O in panel (b) range from 2.22 to 2.46 A. In panel (a),
the B—H and H—C_,pony distances are 1.33 and 1.38 A, respectively, while the OH—O,ypony distance is 1.52 A

(a)

L

Figure 5. Located transition state (a) and ending complex (b) for Z-methylethylideneimine reduction with M062X/6-311+G(d,p) and DCE as the
solvent. Bond distances of Na*—O in panel (a) range from 2.28 to 2.43 A. Bond distances of Na*—O in panel (b) range from 2.31 to 2.49 A. In
panel (a), the B—H and H—C,;,;.m distances are 1.36 and 1.35 A, respectively, while the NH—O distance is 1.95 A.

dictate selectivity are bond formation and electrostatic
attraction. The transition state for the Z-aldimine reduction
is “later” than that for the acetaldehyde reduction as the
Ciminium_thdride (135 A) and Niminium_Hproton (102 A) bonds
are more fully formed in the amine than in the alkoxide, with
equivalent CcarbonyI_thdride (138 A) and OcarbonyI_Hproton
(1.52 A) bonds being less developed. Furthermore, there is
greater electrostatic attraction acting on the sodium ion in the
Z-aldimine reduction than in the acetaldehyde reduction. In
the Z-aldimine reduction, the acetic acid is already
deprotonated, yielding acetate, in which the oxygens of the
acetate begin to interact with the sodium ion. These
electrostatic attractive forces induce additional stability for
the Z-aldimine reduction, which is not seen in the
acetaldehyde reduction as the acetic acid has not fully
deprotonated yet and therefore does not interact with the
sodium ion.

The transition states in the imine formation pathway all have
a similar structure, adopting a quasi-hexagonal shape. The
formation of this six-membered ring pattern begins in the first
transition state (TS, _,,), with acetic acid approaching an amine
proton and carbonyl oxygen. The acetic acid brings the
methylamine and acetaldehyde compounds together, facilitat-

ing the initiall C—N bond formation, while simultaneously
protonating the carbonyl oxygen (Figure 3a). After the C—N
bond is formed, the hexagonal shape tightens with the
deprotonation of the nitrogen (Figure 3b) and generation of
the hemiaminal. The interactions between acetic acid,
acetaldehyde, and methylamine are in line with well-known
dimeric structures of acetic acid””~* and salt bridge formation
between acetic acid and amino acids.**~>° These structures all
exhibit a hexagonal shape with the carbon, nitrogen, and
oxygen atoms at the vertices and protons passed along the
edges. With the formation of the hemiaminal, the second
transition state follows (TS,_s), whereupon acetic acid again
interacts with the amine proton and hydroxyl oxygen. Acetic
acid assists in the elimination of the water group (Figure 3c)
by protonating the hydroxyl oxygen as the C—O bond breaks.
After the removal of water, the nitrogen is again deprotonated
(Figure 3d), releasing the acetic acid, water molecule, and
newly formed imine from the hexagonal shape.

The reduction transition states are more complex, with
multiple interactions occurring between the substrate (Z-
aldimine or acetaldehyde), STAB, and acetic acid. Both located
transition states for the reduction step show that the transfer of
the hydride is facilitated by Brensted—Lowry and Lewis acids,

https://doi.org/10.1021/acsomega.2c04056
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Figure 6. Reaction coordinate diagram for the investigated hydride transfers in DCE, with the acetaldehyde (red), imine 1 (purple), acetone
(orange), imine 2 (blue), formaldehyde (pink), and imine 3 (green) represented in the six reaction pathways. Imine 1 refers to Z-
methylethylideneimine (acetaldehyde + methylamine), imine 2 refers to N-methyl-2-propylideneimine (acetone + methylamine), and imine 3

refers to N-methylmethanimine (formaldehyde + methylamine).

with the exact coordination geometry slightly altering depend-
ing on the substrate. For the acetaldehyde reduction (Figure
4a), the hydride transfer from the boron atom to the carbonyl
carbon occurs in tandem with protonation of the carbonyl
oxygen by acetic acid. Upon accepting the hydride from the
boron, the carbonyl carbon converts to a tetrahedral geometry,
while the boron atom adopts a planar geometry.

Another important characteristic of the transition state is the
placement of the sodium ion, which holds the three
compounds together via ionic interactions with four oxygens.
In this regard, the sodium ion acts as a Lewis acid and
assembles the structure of the reactants for the hydride
transfer. The sodium ion pins two of the acetoxy arms away
from the boron center while also lowering the acetaldehyde
above the boron, preparing the substrate for hydride
acceptance. After the hydride transfer, ethanol (alcohol
product), acetate, and triacetoxyboron continue to coordinate
around the sodium ion (Figure 4b). In the ending complex, the
sodium ion keeps the boron and two of its acetoxy arms in the
same plane, while the acetate and ethanol are perpendicular to
this plane and coordinate with each other. The ending complex
optimizes with triacetoxyboron and free acetate instead of
forming tetraacetoxyborate, suggesting that the polarity of the

solvent (DCE) is sufficient to solvate the ionic species within
the ending complex. The coordination geometry exhibited by
the sodium ion in both the transition state and ending complex
is akin to that of crown ether complexes, in particular 15-
crown-5 or 18-crown-6.>""*’ The Na*—O bond distances
found in both the transition state and ending complex are in
the range of 2.2—2.5 A, which is similar to reported crystal
structures of sodium 15-crown-5 complexes.*”*' In reductive
amination protocols, reactions are typically quenched with
aqueous basic solutions, especially when acid catalysts are
used.”” The complexing behavior around the sodium ion may
explain the necessity of aqueous workups, as a salt exchange
would be required to isolate the reduced product.

For the reduction of the Z-methylethylideneimine (Figure
Sa), similar behavior as previously described in the
acetaldehyde reduction can be seen. The key difference
between the reduction reactions is the behavior of the acetic
acid. In the Z-aldimine reduction, protonation via acetic acid
occurs prior to the hydride transfer instead of being concerted.
This behavior can be explained by the higher pK, of the
iminium than that of the protonated aldehyde.

Although the geometry of the transition state and ending
complex in the Z-aldimine reduction remains similar to the
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Figure 7. Reaction coordinate diagram for the investigated hydride transfer in THF, with the acetaldehyde (red), imine 1 (purple), acetone
(orange), imine 2 (blue), formaldehyde (pink), and imine 3 (green) reductions represented in the six reaction pathways. Imine 1 refers to Z-
methylethylideneimine (acetaldehyde + methylamine), imine 2 refers to N-methyl-2-propylideneimine (acetone + methylamine), and imine 3

refers to N-methylmethanimine (formaldehyde + methylamine).

acetaldehyde reduction, the sodium ion does not directly
coordinate with Z-aldimine or the reduced product. In the
transition state (Figure Sa), the Z-aldimine is protonated
before the transfer of the hydride, with the acetate lowering the
iminium above the boron atom and the sodium ion holding the
acetate in place. In the ending complex (Figure Sb), the
sodium ion does not coordinate with N-ethylmethylamine but
instead complexes with both acetate oxygens and two arms of
the triacetoxyboron. Again, the formation of tetraacetoxyborate
is not seen, inferring that DCE can support the acetate and
sodium ion species, even without hydrogen bonding as seen in
the acetaldehyde reduction. Even though the reduced product
does not appear to interact with the sodium ion, an aqueous
workup would still be required to remove the sodium ion,
acetate, and triacetoxyboron from solution.

Comparison of Reduction Reactions with Form-
aldehyde, Acetaldehyde, and Acetone, and Their
Respective Imines, in the DCE Solvent. In experiment,
the selectivity of STAB has been observed to be sensitive to the
nature of the carbonyl compound used, with aldehydes
reduced more rapidly than ketones.'”**** Thus, comparison
of reduction reactions with formaldehyde, acetaldehyde, and
acetone, and their respective imines, would further illuminate
the selectivity of STAB. In DCE, it was found that all imine

reductions were both thermodynamically and kinetically
favored over their parent carbonyl compound, apart from N-
methylmethanimine (resultant imine of formaldehyde and
methylamine), which was only kinetically favored. In Figure 6,
the starting position (7) has the substrate (carbonyl or imine
compound), acetic acid, and STAB, followed by the hydride
transfer transition state (TS,.s) where the hydride in the
STAB reagent is transferred to the substrate, reducing the
substrate to either its alcohol or alkylated amine product. After
the reduction step, the reaction pathway falls in energy to the
product complexes (8).

The activation free energy of all imine derivatives is lower by
6.9—11.8 kcal/mol (34—65%) than that of their parent
carbonyl compound, with the addition of methyl groups
increasing the activation free energy emerging as a general
trend. Similar conclusions can be drawn for the free energy of
reaction of the imine derivatives, which is 1.9—2.7 kcal/mol
(47—140%) lower than that of their parent carbonyl
compound, except for N-methylmethanimine (resultant imine
from formaldehyde and methylamine). In the N-methylme-
thanimine case, the free energy of reaction is 1.9 kcal/mol
(16%) higher than that for formaldehyde. However, its
activation free energy is significantly lower than that for the
formaldehyde reduction (9 kcal/mol, 58%); thus, it is still
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(a)

(b)

L

Figure 8. Located transition state (a) and ending complex (b) of the acetaldehyde reduction with M062X/6-311+G(d,p) and THF as the solvent.
Bond distances of Na*™—O in panel (a) range from 2.25 to 2.43 A. Bond distances of Na*—O in panel (b) range from 2.24 to 2.45 A. In panel (a),
the B—H and H—C_,oqy distances are 1.33 and 1.37 A, respectively, while the OH—O,pony distance is 1.53 A

Figure 9. Located transition state (a) and ending complex (b) for Z-methylethylideneimine reduction with M062X/6-311+G(d,p) and THF as the
solvent. Bond distances of Na*—O in panel (a) range from 2.28 to 2.44 A. Bond distances of Na*—O in panel (b) range from 2.25 to 2.38 A. In
panel (a), the B—H and H—C,;;.m distances are 1.36 and 1.35 A, respectively, while the NH—O distance is 1.93 A.

kinetically favored. From either a thermodynamic or kinetic
perspective, the hydride transfer to the imine derivatives is
more favorable than that of their parent carbonyl compound,
supporting the experimentally observed selectivity of STAB.
Additionally, although acetone is slightly kinetically favored
over acetaldehyde (0.4 kcal/mol, 2%), acetaldehyde is far more
thermodynamically favored than acetone (4.0 kcal/mol,
166%). The thermodynamic unfavorability of the acetone
reduction is consistent with STAB’s selectivity toward
aldehydes over ketones reported in the literature. The
structural behavior of the located transition states for all
reduction reactions is similar to that described previously for
the acetaldehyde and Z-aldimine reductions, with form-
aldehyde and acetone adopting the same behavior as
acetaldehyde and their imine derivatives adopting the same
behavior as Z-methylethylideneimine. The transition states,
along with their ending complexes, can be found in the
Supporting Information.

Thus far, this report has only focused on the (Z)-isomer of
methylethylideneimine as past studies on reductive amination
using organic hydride donors found that the (Z)-isomer was

more kinetically favored than the (E)-isomer due to a decrease
in steric hindrance for the hydride attack.”**> Our own DFT
calculations align with these studies, as it was found that
hydride transfer to the (Z)-isomer of the iminium was slightly
kinetically favored by 0.4 kcal/mol over the (E)-isomer.

Solvent Effects on Reduction Reactions: Exchanging
the DCE Solvent with THF. Another common solvent used
in the literature for reductive amination is tetrahydrofuran
(THF); thus, the reduction reactions of formaldehyde,
acetaldehyde, and acetone, and their imine derivatives, were
also performed using THF model solvation (Figure 7). The
reduction reactions in THF adopted similar reaction pathways
as in DCE, with the starting position (7) having the substrate,
acetic acid, and STAB, followed by the hydride transfer
(TS,_s), and then falling in energy to the product complexes
(8).

In THEF, the hydride transfers to the imine derivatives are all
thermodynamically and kinetically favored over their parent
carbonyl compounds, with the activation free energy being
9.2—12.6 kcal/mol (59—68%) lower and the free energy of
reaction being 1.0—6.7 kcal/mol (4—18%) lower. Additionally,

https://doi.org/10.1021/acsomega.2c04056
ACS Omega 2022, 7, 30554—-30564


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04056/suppl_file/ao2c04056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04056?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

the acetaldehyde reduction is more thermodynamically favored
over acetone (2.6 kcal/mol, 10%). Although not shown in
Figure 6, E-methylethylideneimine was also considered in
comparison to Z-methylethylideneimine, and it was again
found that the hydride transfer to the (Z)-isomer was slightly
kinetically favored by 0.7 kcal/mol over the (E)-isomer.

The most notable difference with the reduction reactions in
THEF is the ending complexes, where the acetate by-product
binds directly to the boron center, forming tetraacetoxyborate
(Figures 8 and 9). The sodium ion is encapsulated by the
acetoxy arms, forming a cage-like structure around the ion. In
the case of the carbonyl compound reductions, the alcohol
product also coordinates with the sodium ion. The difference
in geometry is likely due to the solvent’s dielectric constant
(g), with THF (e = 7.43) having a lower dielectric constant
than DCE (& = 10.1) and therefore being less able to stabilize
electric charge. The cage-like structures seen in the ending
complexes are reminiscent of binding sites in transport
proteins**™* and allosteric pockets of G protein-coupled
receptors (GPCRs).>*" Such behavior is anticipated as the
dielectric constant for the interior of proteins typically falls
within 6—7,”* comparable to that of THF’s dielectric constant.
Although the ending complexes are optimized into different
geometries than for DCE solvation, the transition states in
THF have similar motions to the ones located in DCE. The
transition states in THF, along with their ending complexes,
can be found in the Supporting Information.

Lewis Acid Effects on Reduction Reactions: Exchang-
ing Na* with Li* and K*. To investigate the importance of
the Lewis acid, calculations of the acetaldehyde and Z-
methylethylideneimine reduction reactions were performed
with lithium or potassium in place of sodium. It was found that
the overall geometry of these transition states did not change,
with only the ijon—oxygen bond distances adjusting to
accommodate the ionic radii of the Lewis acid. In the lithium
case, the Li*—O bond distances were found to be 1.9-2.3 A,
similar to 12-crown-4 complexes, while the potassium case had
K*—O bond distances in the 2.6—2.7 A range, similar to 18-
crown-6 complexes.””*” However, more considerable differ-
ences were observed in the activation free energy of these
transition states (Tables 1 and 2). For both acetaldehyde and

Table 1. Activation Free Energy of Acetaldehyde Reduction
Reactions in Reference to Metal Ions”

solvent
ion DCE THF
lithium 23.8 24.2
sodium 24.1 24.7
potassium 26.1 26.6

aEnergy values are reported in kcal/mol.

Table 2. Activation Free Energy of Z-
Methylethylideneimine Reduction Reactions in Reference
to Metal Ions®

solvent
ion DCE THF
lithium 10.1 10.4
sodium 12.3 12.1
potassium 16.0 15.9

“Energy values are reported in kcal/mol.

Z-aldimine reduction reactions in either DCE or THEF, the
lithium case required less activation free energy, while
potassium required more. The activation free energy for the
acetaldehyde reduction with lithium triacetoxyborohydride
(LTAB) decreased by 0.3 kcal/mol (1%) and 1.9 kcal/mol
(8%) in DCE and THF, respectively. In regard to the
acetaldehyde reduction with potassium triacetoxyborohydride
(PTAB), the activation free energy increased by 1.9 kcal/mol
(8%) in both DCE and THF. As for the Z-aldimine reductions,
with LTAB, the activation free energy decreased by 2.2 kcal/
mol (20%) and 1.7 kcal/mol (16%) in DCE and THEF,
respectively, and with PTAB, the activation free energy
increased by 3.6 kcal/mol (26%) and 3.8 kcal/mol (27%) in
DCE and THEF, respectively. Changing the Lewis acid has a
more significant impact on the Z-aldimine reduction than
acetaldehyde.

Methylamine—Acetic Acid Equilibrium. A potential
issue with the use of an acid catalyst is the acid—base
equilibrium between the amine reagent and the acid catalyst.
The amine reagent and acid catalyst are often used in similar
stoichiometric amounts;®’ thus, the acid—base equilibrium
may compete with the overall reductive amination reaction. If
the basicity of the amine is too strong, or acid catalyst is too
strong, then the amine will be protonated and will not be able
to perform the nucleophilic attack. Thus, the enthalpy
difference between the methylamine and acetic acid adducts
was obtained to determine the favorable side of the equilibrium
(Scheme 3).

Scheme 3. Methylamine—Acetic Acid Equilibrium

i H i H
AO—H---Ni— AO--‘H@NI\—

H © H

The left side of the methylamine—acetic acid equilibrium
was found to be more thermodynamically favorable by 3.5 and
4.9 kcal/mol in DCE and THEF, respectively. Also, notably, the
methylammonium—acetate adduct did not readily optimize,
requiring fixing of the N—H ammonium bond distance (1.033
A as per Allen et al>”) to obtain a pseudo-stable geometry.
With these calculations, it can be safely assumed that the
methylamine would remain unprotonated and therefore will
have the ability to perform the nucleophilic attack and start the
reductive amination process.

B CONCLUSIONS

The acid-catalyzed formation of Z-methylethylideneimine from
acetaldehyde and methylamine and its subsequent reduction
were both found to be thermodynamically and kinetically
favored over the acetaldehyde reduction. Despite the mutistep
pathway of Z-aldimine formation and reduction, all activation
free energies and free energies of reactions were lower than
those of the reduction of the acetaldehyde, which supports the
favorability of the imine reduction observed in experiment.
Thus, acetaldehyde will more easily condense with the
methylamine than react with STAB in a direct reductive
amination protocol. The acid-catalyzed imine formation
transition states all exhibited a hexagonal structure, with acetic
acid both assembling the reactant structure and providing
protons. For the hydride transfer transition state, Bronsted—
Lowry and Lewis acids play pivotal roles as they both facilitate
the hydride transfer from the STAB reagent to the substrate.
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Acetic acid (Brensted—Lowry) appears to provide stabilization
of the end products through protonation, while the sodium ion
(Lewis acid) organizes the reactants for the hydride transfer
and provides additional stabilization for the end products by
coordinating with oxygen atoms. The N—H and C—H bonds
in the hydride transfer to iminium in the “late” transition state
are more fully formed compared to the O—H and C—H bonds
in that to the aldehyde; in addition, sodium-acetate electro-
static attractions are greater in the iminium transition state.
These factors account for the lower activation energy for
hydride transfer to the iminium.

The additional analysis of the hydride transfer step using
formaldehyde, acetaldehyde, and acetone, and their respective
imine derivatives, further supports the higher reactivity of the
imine, with the imine reductions being either thermodynami-
cally or kinetically favored over their parent carbonyl
compound. The structure and motions of the transition states
did not significantly change between the substrates, with acetic
acid providing the proton source while the sodium ion
providing stabilization through coordination with oxygen
atoms. The calculations of the reduction reactions performed
using the THF model did not display significant differences in
the transition sates; however, the geometry of the ending
complex did change dramatically. In the ending complexes,
acetate directly bonds with the boron center to generate
tetraacetoxyborate; such behavior is likely due to THF’s lower
dielectric constant. As for replacement of the sodium ion with
potassium and lithium, it was found that the activation free
energies for hydride transfer were lower in the lithium cases
but higher in the potassium cases. Although the Lewis acid
plays an essential role in the reaction, the investigated
reduction reactions are not very sensitive to the identity of
the alkali metal.
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