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Penta- versus hexa-coordinated iridium catalysts
control the reactivity of the direct reductive
amination between aliphatic amines and aliphatic
ketones: a DFT-guided mechanismf
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Understanding reaction mechanisms of metal-catalyzed processes is of paramount importance for the
design of superior catalysts that circumvent unproductive pathways, while accelerating catalyst discovery.
In this respect, gaining mechanistic understanding for reactions carried out at high pressures of gas
reagents remains a major limitation because special setups are typically required, which is the case for
metal-catalyzed direct reductive aminations (DRA) under high H, pressure. To overcome this issue,
extensive computational calculations have been herein conducted for the iridium-catalyzed DRA between
aliphatic ketones and aliphatic secondary amines. This highly atom-economic reaction delivers only water
as side-product and it is relevant for the identification of active pharmaceutical ingredients. In this
contribution, we highlight that the excellent reactivity encountered with very different P,P-chelating ligands
results from the fact that two different mechanistic pathways operate for each system. In addition, we
found that the key hydride transfer step is more accessible with a penta-coordinated iridium complex
rather than with the expected hexa-coordinated iridium species using a Josiphos-type ligand when
compared to the large bite-angle Xantphos. For comparison purposes, we also evaluated a related
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Introduction

The fine-understanding of the exact mode of action of metal
catalysts is of high relevance for the development of more
powerful systems.'™ In this regard, in-depth kinetic studies
utilizing in situ or operando spectroscopy techniques are very
useful to identify reaction intermediates while postulating
reaction pathways.*® However, homogeneous catalytic
reactions involving the use of gas reagents imply very
demanding set-ups to monitor these processes, thus
significantly limiting the gain of mechanistic insights.”*® On
the other hand, computational calculations by means of state-
of-the-art density functional theory (DFT) protocols enable the
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Josiphos-type ligand and a small bite-angle diphosphane.

identification of reaction pathways for explaining the
selectivity and/or the activity reached with a given metal
catalyst.'®>®  This is particularly advantageous for
homogeneous metal-catalysed reactions involving gaseous
reagents such as H,, CO, CO,, and others, which are routinely
employed in hydrogenations, hydroformylations, (alkoxy)
carbonylations, carboxylations and related ones, including
also the asymmetric variants.>*°

In this context, H,-mediated direct reductive aminations
(DRA) catalysed by metal complexes derived mainly from Rh,
Ry, Ir, Pd, Fe and Co, are very attractive as they enable the
formal coupling of a ketone (or aldehyde) with a primary or
secondary amine leading to the corresponding secondary or
tertiary amine (Fig. 1A and B).**** This type of reaction
meets several green chemistry principles since it is highly
atom economical, benign water is formed as side-product
and low catalyst loading is typically used, thus resulting in a
significantly low environmental impact*>' when compared
to the use of over-stoichiometric amounts of hazardous
reducing agents such as lithium, aluminium or boron
hydrides, or organosilanes.”*>” Of particular importance is
the access to tertiary amines via H,-mediated DRA because
they are ubiquitous in materials and pharmaceutical

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Transition metal-catalysed DRA reactions: (A and B) state-of-
the-art with biased substrates and (C) prior work with unbiased
substrates highlighting the structure of relevant P,P-chelating
diphosphane ligands, whose mechanism is herein studied by DFT
calculations. R = H, alkyl or aryl.

sciences.’®®* However, the substrate scope of metal-catalysed

DRA is limited to pre-activated amines and carbonyl-
containing partners directly connected to an aromatic or
benzylic fragment (Fig. 1A and B).**"®> In order to span H,-
mediated DRA towards purely aliphatic systems, we have
pioneered the very first report on the identification of an
iridium/diphosphane system that overcomes this limitation,
thereby enabling to successfully utilize completely unbiased
aliphatic ketones and aliphatic amines (Fig. 1C).** During
this initial investigation, an important task was devoted to
the identification of the most suitable ligand leading,
unexpectedly, to ligands with a very different backbone
structures, namely Josiphos-type ligand L* and Xantphos
(Fig. 1C).** Due to the difficulty to identify and characterize
active iridium species under catalytically-relevant conditions
(50 bar of H,), we turned our attention to study the whole
catalytic cycle of the reaction by means of computational
calculations. Herein, we present an in-depth DFT study that
shows that the H,-mediated DRA between aliphatic ketones
and aliphatic amines with iridium catalysis undergoes a
completely different pathway depending on the nature of the
ligand, being possible to reach high reactivity in both
scenarios. We also found that two other ligands, commonly
used for hydrogenation processes (Josiphos-type L® and
BIBOP-type L), are not appropriate for this iridium-catalysed
DRA, as they promote competitive side-reactions. In addition,
the role of the trifluoroacetate anion was analysed and it was
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found that, depending on the coordinating ability, it can lead
to the stabilization of iridium species of different
coordination geometry, which dramatically influence one of
the key steps of the catalytic cycle, namely the hydride
transfer step from the metal to the substrate. Other metal-
based catalytic systems have been recently reported for the
formation of purely aliphatic (chiral) amines.***’

Results and discussion
Initial considerations

In a previous contribution, we disclosed the iridium-
catalysed DRA between aliphatic ketones and aliphatic
amines leading selectively to tertiary aliphatic amines under
50 bar of H, (Scheme 1).%* After extensive screening, the
optimal reaction conditions identified comprised the use of 2
mol% of [Ir(COD)Cl], (COD = 1,5-cyclooctadiene) dimer as
the pre-catalyst and 4 mol% of a P,P-chelating ligand in the
presence of 30 mol% of trifluoroacetic acid (TFA) in
methanol solution at room temperature. Under these
precise reaction conditions, the catalysis with the Josiphos-
type ligand L* and Xantphos led, surprisingly, to equally
efficient results with almost full conversion and exclusive
formation of the product 3 starting from ketone 1 and the
secondary amine 2. The difference in isolated yields was
ascribed to the difficult, non-trivial purification of 3 during
the column chromatography process. As such, for the DFT
study of the reaction mechanism, we focused in the
reaction involving ketone 1 and amine 2 partners, and
compared the reaction coordinate trajectory by varying the
nature of the ligand. Because little enantioselective
induction (<20% ee) was found using pro-chiral ketones
such as 2-butanone, in this study we focused on a relatively
simple substrate model involving cyclohexanone (1) that
leads to an achiral product 3.

In accordance with previous theoretical studies, we
adopted the DFT ©®B97X-D method® in this study using the
Gaussian 09 program.®® The geometric
methanol solution were optimized using BS-I basis sets, in
which 6-311G(d,p) basis sets were used for non-metallic
atoms, and SDD basis sets with effective core potential were

q

o [I(COD)CI], (2 mol%)
Ligand (4 mol%) [ j

structures in

+ + H,O
N TFA (30 mol%)
H Hy (50 bar)
1 2 MeOH (0.1 M), r.t,, 24 h
(3 equiv.) (1 equiv.) 3

>99% (92%) with LA
>97% (80%) with Xantphos
Scheme 1 Previously-developed iridium-catalysed DRA enabling

formation of purely aliphatic tertiary amine 3. Isolated yields displayed
in brackets.®®
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used for the iridium and iron atoms. The BS-II basis sets
were further used for single point energy optimization, in
which 6-311++G(2d,p) basis sets were used for non-metallic
atoms, and SDD basis sets with effective core potential were
used for the iridium and iron atoms. Note that Ahlrichs’
basis sets have been considered and led to very similar
results (see ESIf). The contribution of thermal corrections
and entropy to Gibbs free energies were obtained by using
®B97X-D/BS-I methods. The refined energies were then
corrected to Gibbs energies at 298.15 K and 1 atm by using
the ®B97X-D/BS-I harmonic frequencies. Calculations carried
out at 50 atm instead of 1 atm led to very similar results (see
ESIT).%>°°” The solvent effect was evaluated using SMD
(density-based solution model) solvation model.”*** We
noted that the formation of the hydrogen-bond complexes
between the methanol solvent molecule and TFA derivatives
are endothermic reactions, suggesting TFA derivatives cannot
form stable associated complexes (see details in the ESIY).
Harmonic frequency analysis is performed to verify that the
optimized geometry is a minimum (no virtual frequency) or a
transition state (TS, with a unique virtual frequency). All
transition states were verified by employing the intrinsic
reaction coordinate (IRC) procedure.”> The cartesian
coordinates of all optimized structures are presented in the
ESI} (Tables S1-S3).

Formation of iminium and/or enamines

The very first step of the reaction is the condensation of
ketone 1 and amine 2 assisted by TFA that may lead to the
iminium 3’ and/or enamine species 3" according to our
previous hypothesis (Scheme 2).** To qualitatively evaluate
the feasibility of the formation of the iminium 3’ and the
enamine 3", we computed the energy landscape for the
reaction of 1 with 2 in the presence of TFA (Fig. 2).

As shown in Fig. 2, the stoichiometric combination of
ketone 1 and amine 2 (A1) binds a TFA molecule via
hydrogen bonding between the acidic hydrogen of TFA and
the carbonyl group of 1 forming the intermediate A2 with an
energy increase of +7.1 kcal mol™". The hydrogen atom from
TFA is transferred to the carbonyl oxygen atom in A2 via the
transition state TS, a3, while the carbonyl carbon atom
changes its hybridization from sp” to sp® in the bounding to
the nearby amine nitrogen atom leading to species A3. The

Q

E
N
[(ﬁj +F )Oj\@‘i[N] + TFA

- H,0 70

3 3"

TFA

1+ 2

Scheme 2 Condensation of ketone 1 and amine 2 in the presence of
TFA.
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energy barrier of this intermolecular C-N coupling step is
+11.6 kcal mol™" and it is important to note an additional
hydrogen bonding between the amine proton and an oxygen
atom from TFA. Then, the TFA molecule is released to
produce the aminoalcohol intermediate A4. In the following,
A4 rebounds to TFA proceeding to the dehydration reaction
through the very accessible transition state TSas3. The
proton in TFA is transferred to the hydroxyl oxygen atom of
the aminoalcohol A4 together with the release of the
trifluoroacetate anion and water producing the iminium 3'.
In brief, the energy span of the transition state TSas 3
starting from the intermediate A3 is +13.1 kcal mol™, and
the formation of the iminium species 3’ is largely exergonic
by 23.5 kcal mol™". Note that a plausible reaction pathway
from intermediate A3 to iminium 3’ considering release of
trifluoroacetate anion instead of TFA before reaching the
transition state TSa4-3 was highly unfavourable with an
energy span of 38.8 kcal mol™, and 31.9 kcal mol™ for the
case in which TFA is involved in a two-fold hydrogen bonding
(see Fig. S1 and S2 in the ESIf). Importantly, considering the
reaction of the iminium 3’ with trifluoroacetate anion
towards the formation of enamine 3" was strongly
disfavoured with a AG = +21.8 kcal mol™". As such, for purely
aliphatic ketones and amines, the iminium intermediate 3' is
thermodynamically more favoured than the corresponding
enamine 3” intermediate. Nevertheless, it is worthy to note
that under the precise reaction conditions of the catalysis the
presence of free TFA is unlikely because it may
instantaneously react with the amine 2 and/or the product 3.
As such, we cannot rule out a process from 3’ to 3" via an
acid/base reaction with the amine 2 or the product 3 acting
as a base. That being said, this does not change the fact that
the iminium intermediate 3' is more favoured to form than
the enamine 3".

Iridium-catalysed hydrogenation of the iminium
intermediate 3’ and catalyst regeneration with ligand L*

Having demonstrated the high stability of iminium 3' over
the enamine 3", we embarked in the DFT analysis of the
hydrogenation of 3’ towards the tertiary amine 3 by an
iridium complex resulting from the chelation of the Josiphos-
type ligand L* (Scheme 3). It is important to remind that,
under the catalytic conditions, TFA is likely involved in an
acid/base reaction with the product 3 at the end, leading to
the protonated ammonium and triflate anion. This explains
the fact that a basic work-up is required in the experimental
procedure to fully recover the amine 3. From a mechanistic
point of view and based on previous reports that indicate the
readily formation of penta-coordinated iridium(m) species
upon combination of a P,P-chelating ligand with [Ir(COD)CI],
under H, pressure,**?*™°* we considered the iridium species
B1 (Scheme 3) as the most reasonable catalytically active ones
for the hydrogenation of iminium 3' in the presence of
trifluoroacetate anion. In the following, three different

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Reaction pathway for the TFA-mediated condensation of ketone 1 and amine 2. The relative Gibbs free energy (AG) and potential energy

(AE) are reported in kcal mol™.

dihydride-based mechanistic pathways have been evaluated:
pathways “A” (Fig. 3), “B” (Fig. 4) and “C” (Fig. 5).

Fig. 3 (pathway “A”) displays the hydrogenation of 3’
considering a direct hydride/hydrogen transfer with
trifluoroacetate involved in the catalyst regeneration process.
First, the hydride ligand of the pentacoordinate iridium
complex Bl can be transferred to the unsaturated carbon
atom of the intermediate iminium 3’ via the transition state
TSg;i_p, With an energy span of 19.3 kcal mol ™. As a result,
the amine product 3 is formed. The -cationic, iridium
intermediate B2 may undergo reaction with H, leading to a ¢

. 1/2 [ICOD)CIl,

: tBU\PFQ/ PAr, H,

1 e _— >
| By e
i LA Ar=o-tolyl

Scheme 3 Iridium-catalysed hydrogenation of iminium 3’ with the
iridium B1 catalyst.

This journal is © The Royal Society of Chemistry 2024

H,-ligated iridium species B3 with an energy increase of 11.2
kcal mol™. The coordinated dihydrogen ligand on the
iridium centre of B3 undergoes H-H bond heterolytic
cleavage thanks to the trifluoroacetate anion through the
transition state TSgz g1, thereby releasing TFA and
regenerating the catalytically active iridium species B1. From
this evaluation, the H-H bond heterocyclic cleavage via
TSgps-g1 is the rate-determining step of the whole catalytic
cycle with an energy span of 22.2 kcal mol " and the catalytic
role of TFA is explained. Interestingly, it is relevant to note
that these calculations did not identify any interaction
between the iminium and the metal, thus ruling out any
coordination to reach hexa-coordinated iridium species
followed by hydride transfer.

On the other hand, we also evaluated other mechanistic
scenarios, namely pathways “B” and “C” (Fig. 4 and 5,
respectively). In Fig. 4 (pathway “B”) we have considered the
hydride/hydrogen transfer pathway with the trifluoroacetate
anion coordinating to the iridium catalyst B1 via a plausible
hexacoordinated iridium species C1. The trifluoroacetate
anion can coordinate to B1, being this process endothermic
by 4.2 keal mol™. The hydride ligand of the hexa-coordinated
iridium complex C1 is transferred to the unsaturated carbon
atom of the iminium intermediate 3’ via the transition state
TSci-c2 with an energy span of 33.9 kcal mol . As a result,
the amine product 3 and the intermediate C2, with the
trifluoroacetate ligand bound to iridium, are obtained. Then,
the dihydrogen molecule coordinates to the iridium centre of

Catal Sci. Technol,, 2024,14, 3984-3995 | 3987
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C2 to form the hexa-coordinated iridium complex (C3) with
an energy increase of 11.0 kcal mol™. The coordinated
dihydrogen ligand on the iridium centre of C3 undergoes
H-H bond heterolytic cleavage through the transition state
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diphosphane ligand LA,

associated to the energy of TSc;_c» (Fig. 4) is higher than that
of TSgps_p: (Fig. 3) by 11.7 kcal mol™, indicating that the
trifluoroacete-mediated pathway “B” is unlikely using the
Josiphos-type ligand L*,

Alternatively to the trifluoroacetate-mediated pathway
above-described in Fig. 4, we envisioned a different
mechanistic scenario in which H, activation occurs at the
iridium species B1 leading to a hexa-coordinated iridium
species with the trifluoroacetate anion behaving as an
external base without coordination to iridium, namely
pathway “C” (Fig. 5). More precisely, the DFT-computed
pathway “C” started with the reaction of B1 with H, in which
the H, molecule coordinates in a ¢ manner to the iridium
centre of B1 forming the hexa-coordinated species D1 with
an energy increase of +10.2 kcal mol™. In the presence of
trifluoroacetate anion, the coordinated dihydrogen ligand on
the iridium centre of D1 undergoes H-H bond heterolytic
cleavage via intermediate D2 and through the transition state
TSps-p3- A hydrogen atom is abstracted by the trifluoroacetate
anion forming TFA as well as the anionic iridium
intermediate D4. Subsequently, the hydride ligand of the
hexa-coordinated iridium intermediated D4 can be
transferred to the unsaturated carbon atom of the iminium
intermediate 3’ via the transition state TSp4_g; With an energy
barrier of +21.7 keal mol™" while regenerating the catalyst B1.
The energy span for the hydride transfer transition state
TSpap: is very high (+55.4 kcal mol™), strongly suggesting
that this pathway is not accessible in the experimental
conditions in which the catalysis occurs at room temperature.

This journal is © The Royal Society of Chemistry 2024

As such, from the three different mechanistic scenarios
evaluated (Fig. 3-5), the most plausible one for the iridium-
catalysed hydrogenation pathway using the ligand L* is via
the iridium penta-coordinated pathway “A” displayed in
Fig. 3 (vide supra).

Iridium-catalysed hydrogenation of the iminium
intermediate 3’ and catalyst regeneration with Xantphos
ligand

Because similar efficiency is found with the Josiphos-type
ligand L* and Xantphos (Scheme 1), we were curious to see
which pathway (“A”, “B” or “C”) was more favoured with
Xantphos starting from the homologous catalytically active
iridium species to B1, namely E1 [(Xantphos)Ir(H),(Cl)]. Fig. 6
displays the reaction trajectory for the hydrogenation of the
iminium 3’ starting from E1 via a penta-coordinated iridium
intermediate (right, pathway “A”) and via a hexa-coordinated
iridium intermediate F1 (left, pathway “B”). The rate-
determining step for pathway “A” is placed at +28.5 kcal
mol ™" whereas the one for pathway “B” is at +27.4 kcal mol .
This difference might be relevant enough for a reaction
occurring at room temperature, especially considering that
the key transition state (TSgi_g) is reached via the
intermediate F1 that is higher in energy than E1. Comparing
both pathways after the rate-determining step, it is evident
that intermediate F2 is more accessible than E2, leading to a
mild trajectory for the following hydrogen activation step as
well as providing an affordable driving force for the previous

Catal. Sci. Technol., 2024, 14, 3984-3995 | 3989


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cy00516c

Open Access Article. Published on 13 June 2024. Downloaded on 4/1/2026 5:57:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
T +
<
§
p=
§ Fa€
H TSrser

CFsCOOH

H -39.1

cl

~l
>
e}

- T bl

CFy

N i
ol ok ol o
g 3

View Article Online

Catalysis Science & Technology

CF1COOH

AG* = 28.5 kealmol

""""""""""" E2
203 H
26235 259

E1 rate-determining step

AE»iﬁ4 it P>‘|r <cwﬂ W
o

| P\!r A v

ke > .

— a 1S

Parray 7| | [paraway A

reaction coordinate.

reaction coordinate

Fig. 6 Reaction coordinate for the hydride/hydrogen transfer pathway occurring in a penta-coordinated iridium complex E1 (pathway “A”, right -
unfavourable) and reaction coordinate for the trifluoroacetate-mediated, hydride/hydrogen transfer pathway occurring in a hexa-coordinated
iridium complex F1 (pathway “B”, left - favourable). The relative Gibbs free energy (AG) and potential energy (AE) are reported in kcal mol™. P-P:

diphosphane ligand Xantphos.

hydride addition step. Overall, the rate-determining step for
the iridium-catalysed hydrogenation of 3’ using Xantphos
appears to follow the hexa-coordinated pathway “B” and the
scenario is reversed considering pathways “A” and “B” with
the Josiphos-type ligand L. Note that the pathway “C” with
Xantphos, which comprised initial H, activation followed by
trifluoroacetate-mediated, hydride/hydrogen transfer pathway
occurring in an hexa-coordinated iridium complex led to a
much higher energy barrier (+53.6 kcal mol™) for the rate-
determining step (see details in Fig. S3 in the ESI{), similarly
as found in Fig. 5 for ligand L* thereby ruling out this
reaction pathway for Xantphos as well. Consequently, the
Xantphos ligand, which is known to give rise to metal
complexes with very large bite-angles'® "% and its
phosphorus atoms are of different steric and electronic
nature compared to Josiphos-type ligand L% is a truly
convenient and affordable ligand for the iridium-catalysed
DRA between both aliphatic amines and aliphatic ketones.

Attempts of predicting the iridium-catalysed hydrogenation
of the iminium intermediate 3’ with catalysts based on
Josiphos-type ligand L® and BIBOP-type ligand L°

Based on the above-described findings, we wondered whether
other type of Josiphos-type ligand, such as L® that bears
different substitution patterns in the phosphorus atoms
compared to L* could eventually be used for this
transformation. Moreover, due to the fact that Xantphos, in
which the phosphorus atoms are wide apart over six chemical
bonds, typically leads to metal complexes with a relatively
large bite angle,’”™"% we aimed at comparing it with a
ligand whose metal complexes display a small bite angle,
such as BIBOP-type ligand L¢,'°°'° with only three chemical
bonds separating the two chelating phosphorus atoms
(Scheme 4). We reasoned that these two ligands can give rise
to catalytically active G1 and I1 species (Scheme 4),
respectively, which we considered as the initial point for the

3990 | Catal Sci. Technol.,, 2024, 14, 3984-3995

calculations involving hydrogenation of the iminium 3’
towards amine 3.

The calculations were carried out following the three
pathways “A”, “B” and “C” above-considered for L* and
Xantphos, respectively. Fig. 7 and 8 displays the reaction
pathways “A” and “B” for L® and L, respectively. Note that
the pathway “C” with L® or L, which comprised initial H,
activation followed by trifluoroacetate-mediated, hydride/
hydrogen transfer pathway occurring in an hexa-coordinated
iridium complex (equivalent to Fig. 5, vide supra) led to a
much higher energy barrier (+55.2 kcal mol™ for L® and
+40.0 kcal mol™ for L) for the rate-determining step (see
details in Fig. S4 and S5 in the ESIY), similarly as found for
ligands L* and Xantphos, thus ruling out this reaction

pathway for L® and L€ too.

F
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Scheme 4 Iridium-catalysed hydrogenation of iminium 3’ with the
iridium G1 and 11 catalysts derived from ligands L% and L€ considered
for DFT computations.
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The Josiphos-type ligand L® prefers to follow the pathway
“A” rather than the pathway “B” (Fig. 6) as it was also found
previously for L* with the same ferrocene backbone.
However, the rate-determining step for the reaction pathway
“A” is 5.5 kecal mol™" higher in energy that the one obtained
with L* (27.7 kecal mol™ vs. 22.2 kecal mol™). In agreement
with a higher energetic profile associated to L®, the rate-
determining step for L® in the pathway “B” reached the value
of 42.1 keal mol™ (Fig. 7), which is 8.2 kcal mol™ higher in
energy than the one observed for pathway “B” using ligand
L*. Consequently, L® appears to be less efficient than L* but
similar to Xantphos, which featured a rate-determining step
at a comparable 27.4 kcal mol™" although via the pathway “B”
(Fig. 6).

Regarding the behaviour of LP, we found that both
reaction pathways “A” and “B” are energetically accessible

energy

CF:COOH

with rate-determining steps associated to 19.0 kecal mol™" and
19.4 kecal mol™, respectively (Fig. 8). These values are very
similar to those observed with L* considering the reaction
pathway “A” (Fig. 3). Interestingly, the rate-determining step
for pathway “B” with ligand L® correspond to the catalyst
regeneration step and not the hydrogen/hydride transfer to
the substrate, in stark contrast with the other three ligands
analysed here. These findings indicate that, in principle,
ligands L® and LS, should promote the iridium-catalysed
DRA between aliphatic amines. However, we reported that
when using 2-butanone instead of cyclohexanone as ketone
for the reaction with the amine 2, its conversion and the
isolated yields of the corresponding tertiary amine product
decreased significantly compared to L* and Xantphos.®*

To evaluate the predicted behaviour of L® and L®, we
performed experimentally the iridium-catalysed DRA between

"
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Fig. 8 Reaction coordinate for the hydride/hydrogen transfer pathway occurring in a penta-coordinated iridium complex I1 (pathway “A”, right)
and reaction coordinate for the trifluoroacetate-mediated, hydride/hydrogen transfer pathway occurring in a hexa-coordinated iridium complex J1
(pathway “B”, left). The relative Gibbs free energy (AG) and potential energy (AE) are reported in kcal mol™. P-P: diphosphane ligand LE.
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enabling formation of purely aliphatic tertiary amine 3 using ligands L®
and LS, respectively. Isolated yields displayed in brackets.

Table 1 Summary regarding the rate-determining step versus the activity
and selectivity of the iridium-coordinated ligands

Rate-determining step

Conv.  Yield Yield (kcal mol™)
Ligand 2 (%) 3(%) 4(%) PathA PathB PathC
LA >99 92 0 22.2 33.9 55.4
Xantphos — >97 80 0 28.5 27.4 53.6
L® 68 39 <15 27.7 421 55.2
L 72 41 <15 19.0 19.4 40.0

1 and 2 under H, atmosphere and methanol solvent at room
temperature using catalytic amounts of TFA (30 mol%). Note
that the reaction conditions are identical to those used with
L* and Xantphos, respectively, in Scheme 1 (vide supra). After
24 hours of reaction, the conversions using L® and L¢ were
around 70% with the tertiary amine 3 being isolated in yields
close to 40% (Scheme 5). Importantly, we noted the
formation of the cyclohexanol side-product 4 originating
form a formal hydrogenation of the ketone 1 in yields around
to 15% according to GC-MS analysis (see ESIT for details).
Consequently, the performance of L®* and L® for DRA
predicted by DFT calculations was in competition with a
ketone hydrogenation reaction, which is not the case of
Josiphos-type ligand L* and Xantphos. Overall, the ligands
L® and L® are not as competent as L* and Xantphos for
the DRA between aliphatic ketones and amines. A summary
of the key observations regarding the rate-determining step
in each pathway versus the reactivity in catalysis is provided
in Table 1. Finally, we envisioned to analyse by NBO
analysis the key DFT-computed key transitions states
involving the hydride transfer step from the metal to the
substrate (Fig. S37 in the ESIY). is found that the
electronegativities of hydrides and the steric hindrance can
well account for the computed energy barriers of the
hydride transfer steps.

Conclusions

In conclusion, by means of state-of-the-art computation
calculations at the DFT level, we have demonstrated that the

3992 | Catal Sci. Technol., 2024, 14, 3984-3995
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iridium-catalysed DRA reaction between aliphatic ketones
and aliphatic amines follows very different mechanistic
trajectories depending on the nature of the ligand."'™"'* In
particular, the already experimentally identified Josiphos-type
ligands L* and Xantphos follow very different reaction
pathways. Whilst L* favours the hydride/hydrogen transfer
pathway occurring in a penta-coordinated iridium (pathway
“A”), the large bite-angle diphosphane Xantphos is more
adapted to the trifluoroacetate-mediated, hydride/hydrogen
transfer pathway occurring in a hexa-coordinated iridium
complex (pathway “B”). With the aim of predicting the
catalytic outcome, the calculations using Josiphos-type
ligand L® and the small bite-angle BIBOP-type ligand L€ led
to rather counterintuitive findings with both ligands
appearing suitable for the iridium-catalysed DRA although
via different rate-determining steps. However, the
experimental results shown non-negligible formation of
ketone hydrogenation as a side-reaction. As such, ligands L®
and L® are engaged in undesired processes, thereby under-
performing L* and Xantphos for iridium-catalysed DRA. In
addition, we have shown that the iminium intermediate is
more stable than the corresponding enamine for the case of
purely aliphatic substrates, which is of relevance for
evaluating metal-catalysed DRA or other type of
(asymmetric) hydrogenations. Furthermore, we demonstrate
and highlight the complex mechanistic scenarios that
should have to be considered for metal-catalysed hydrogen-
mediated organic transformations.
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