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The reductive amination of fatty acids (FAs) and fatty acid methyl esters (FAMEs) has been identified as a
green and effective method to produce N,N-dimethylalkylamines (ADMAs). With current technology, this
reaction requires at least two reaction steps. Here, we report a heterogeneous catalytic system for the
one-pot synthesis of ADMAs from FA(ME)s, utilizing solely H, and methylamines (i.e. di- and trimethyl-
amine). The reaction requires two recyclable catalysts: ortho-Nb,Os for the amidation of FA(ME)s and
PtVO,/SiO, for the hydrogenation of the in situ generated fatty amide to ADMAs. The developed system
has a wide range of applicability: it is able to convert all natural FAs to ADMAs (yields up to 90%) and also
other tertiary amines were synthesized. Aside from the development of a sustainable and industrially
applicable process (e.g. utilizing benign solvents or performing solventless reactions), a kinetic model was
developed that describes the reaction rate's relationship with key process parameters such as the H
pressure and water content. By tuning the reaction conditions, different ratios of primary, secondary and
tertiary fatty amines can be obtained.

1. They successfully demonstrated that their method is more efficient regarding energy cost, reactor cost and product iso-
lation. The compounds are fully characterized. The supporting information has all the data necessary to validate the work.
The research is conceptually new and interesting, fits well the scope of the journal.

2. Achievement of a process with (A) environmentally friendly conditions (in CPME or solventless conditions) (B) a limited
energy input (C) recyclable catalysts (D) a wide substrate scope and range of applicability (yields >90%).

3. Actual industrial implementation or application of this work in other fields/similar reactions.

Introduction

amines (ADMAs) with an alkyl chain length from C8 to C22 are
the most important ones in terms of market volume (200 kton

Fatty amines are nitrogen-containing molecules, which in most
cases are derived from natural fats and oils, typically with a chain
length of 8 to 22 carbons. A large portion of the fatty amine
market is made up of tertiary fatty amines of which alkyldimethyl-
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per year) followed by shorter chain C8 to C10 dialkylmethyl-
amines (DAMAs) (100 kton per year)."” Over the past few years,
the production of these compounds as precursors for amphoteric
and cationic surfactants (e.g. quaternized fatty amines, betaines
and amine N-oxides) rapidly increased; they are used in a variety
of personal and home care formulations. The synthesis of
ADMAs from natural oils or fats, however, requires a multistep
process, as visualized in Fig. 1.

Classically, natural oils and fats are converted with water or
an alcohol, typically methanol, liberating the fatty acid (FA) or
fatty acid methyl ester (FAME) respectively. From these plat-
form building blocks, tertiary fatty amines are produced via
either the nitrile process (Fig. 1, bottom) or the alcohol
process (Fig. 1, top).” In the nitrile process, a fatty acid is
reacted with ammonia to an ammonium carboxylate. This

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Common industrial synthesis routes for the production of alkyldimethylamines in contrast to the synthesis method in this manuscript.

ammonium salt is dehydrated (first to the amide, then to the
nitrile) at a temperature above 250 °C and in the presence of
an oxide catalyst, e.g. Al,O3 or ZnO. Next the nitrile is hydro-
genated with a Ni or Co catalyst, at a temperature around
130 °C, 1-30 bar H, and a large amount of NH; to steer the
selectivity towards the primary amine (up to 96% yield).>*
Finally, the primary amine is methylated with methanol or
formaldehyde.>® Although the output of this process is an
amine of high quality and purity, it is clear that such a multistep
process is very energy intensive, requires an extensive work-up
and a complex (and therefore expensive) reactor setup.
Alternatively, in the alcohol process, FAMEs are first hydrogenated
to fatty alcohols. This hydrogenation is typically performed with a
Cu-based catalyst (promoted with Cr or Zn), at a temperature
between 250-350 °C and a high pressure of up to 200 bar H,.>”
In more recent years, newer catalysts have been proposed, e.g.
supported RuSn, that can operate between 150 °C to 250 °C and
50 bar H,.»° After hydrogenation, a wide variety of metal catalysts
can be used for the amination of the fatty alcohol with dimethyl-
amine resulting in the same ADMA, in either a gas-phase or
liquid-phase process.>'>™" This alcohol process has the advantage
that it requires only two separate reaction steps. However, during
hydrogenation towards the alcohol, a significant fraction of up to
10% is lost due to defunctionalisation reactions. Additionally,
fatty alcohols are valuable molecules with many uses and the
global capacity for FAME hydrogenation is limited, resulting in a
limited availability of these alcohols.

An interesting alternative to these processes would be the
direct one-pot synthesis of ADMAs from relatively cheap and
readily available FAs or FAMEs (e.g. palmitic acid costs around
1.3 € per kg)."> However, reports on the direct synthesis of
amines from carboxylic acids using reusable heterogeneous
catalysts and H, gas are extremely limited. One of the only
reports is the work of Barrault et al., where they converted
dodecanoic acid and its corresponding methyl ester directly
into a mixture of amines using Cu-based catalysts.">™°
Although the corresponding ADMA could be generated
directly, the scope was limited to only C12 FA(ME) and only

This journal is © The Royal Society of Chemistry 2025

with methyl laurate high yields of the corresponding N,N-
dimethyl laurylamine were obtained (i.e. up to 93%).
Additionally, reactions were performed in the vapour phase,
limiting the potential applicability to only short- and medium
chain FAs to the extent that they can be vapourised. In more
recent years, we reported two catalytic systems for the one-pot
synthesis of amines from aliphatic and aromatic carboxylic
acids, respectively.'”'® Although both systems were highly
efficient, with yields >90%, they were specifically designed for
the synthesis of primary amines with NH;. Efforts to produce
tertiary amines were unsuccessful."®

In this work, we report a new catalytic system for the reductive
amination of FAs and FAMEs directly to tertiary fatty amines, e.g.
ADMAs. Such a reaction proceeds via an initial amidation of the
FA(ME) with a secondary amine, e.g. dimethylamine (DMA), to a
tertiary fatty amide intermediate, followed by a hydrogenation.
Both the amidation and the hydrogenation were studied in detail
and robust heterogeneous catalysts were identified. For the ami-
dation of FA(ME)s, we report an ortho-Nb,Os catalyst and provide
insightful data on the kinetics and thermodynamical equilibrium
that is virtually absent in existing literature.'””'*?%**>° For the
hydrogenation of amides, an effective PtVO,/SiO, catalyst was
developed. Over the past two decennia, similar bimetallic amide
hydrogenation catalysts have been proposed."”'***° However,
these catalysts lack activity in the presence of protic compounds.
Especially the presence of water, generated in the reaction, seems
to be highly problematic. Commonly, water is captured with
drying zeolites or an enormously high loading of noble metal is
used to mitigate the issue (e.g. up to 29 mol% Rh).>**° In this
report we propose a kinetic model which allows to describe the
inhibitory effect of water.

Amidation of fatty acids and FAMEs

Catalyst evaluation

As a start, we hypothesized that a one-pot conversion of fatty
acids (FAs) and fatty acid methyl esters (FAMESs) to amines
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could be achieved through the formation of an intermediate
tertiary amide.*’* For this initial amidation, several metal
oxides were evaluated as catalysts (Fig. 2). Reactions were per-
formed with palmitic acid or methyl palmitate as the model
compounds.

For the preliminary catalyst screening methyl palmitate was
selected as the model substrate. Such an alkyl ester is generally
regarded as a relatively inert substance that typically requires
harsh reaction conditions to facilitate amidation (in contrast
to the corresponding carboxylic acid).”* Under the intended
reaction conditions, the highest conversion and yield for the
desired tertiary amide were obtained with niobium oxides
(Nb,Os) and zirconia (ZrO,; 44-47% yield). Apparently, a reac-
tion temperature of 200 °C is sufficiently high to induce some
acid-catalyzed disproportionation of dimethylamine (DMA) to
mono- and trimethylamine (MMA and TMA). This leads to the
generation of the corresponding secondary amide, ie. N-
methylpalmitamide, which was observed in small quantities
as the main side product (up to 3%). Both ortho-Nb,Os and
ZrO, contain a variety of Brensted and Lewis acidic sites.
However, a reaction with Na*/Nb,Os, i.e. ortho-Nb,Os in which
the acid protons were exchanged with sodium cations, led to
an analogous result. Thus, this experiment illustrates that
mainly Lewis acid sites accelerate the amidation reaction.
Materials with only basic sites, e.g. hydroxyapatite (HAP), or
with a limited number of acid sites, e.g. pyrogenic silica or
y-Al, 03, are poor catalysts for this reaction. The commercially
obtained Nb,Os; possesses only a fraction of the catalytic
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Fig. 2 Influence of the catalyst on the amidation of methyl palmitate.
Reaction conditions: methyl palmitate (5 mmol), 200 °C, 0.8 g dimethyl-
amine (DMA), 0.25 g catalyst, dodecane standard (100 pL), CPME (cyclo-
pentyl methyl ether, 18.5 mL), 5 h reaction time, batch setup. (com) =
commercial catalyst. HAP = hydroxyapatite.
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activity displayed by a self-synthesized ortho-Nb,Os. Such a
commercial Nb,O5 was calcined at a much higher temperature
(i.e. =550 °C vs. 400 °C) resulting in the loss of most of the
Lewis acid surface sites.*' ortho-Nb,Os was selected as the best
catalyst for its excellent activity and selectivity. An extensive
characterization of this ortho-Nb,Os amidation catalyst is avail-
able in a previous report (see also ESIT).>?

Optimization of the reaction conditions and rate

Next, the reaction conditions were optimized, starting with the
ideal DMA content (Fig. 3 and S4t). The DMA concentration
has a strong influence on the reaction rate (and equilibrium).
Analogous findings were observed for both Nb,Os and ZrO, as
amidation catalysts (Fig. 3 and S41 respectively). A clear
optimum in DMA concentration was observed at 1 g DMA per
20 mL solvent (approximately 4x excess of DMA over substrate)
for the amidation of FAMEs (e.g. methyl palmitate). This
resulted in a methyl palmitate conversion of 63% to mainly
N,N-dimethylpalmitamide (61% yield). We hypothesize that
with a decreasing DMA concentration (<1 g DMA per 20 mL)
the reduced availability of DMA limits the reaction. On the
other hand, at concentrations >2 g DMA per 20 mL, DMA inhi-
bits the reaction. Most of the Lewis acid sites on the catalyst
surface are then occupied by DMA making it difficult for sub-
strate molecules to interact with the surface. Reactions with
FAs (i.e. palmitic acid) lead to almost complete conversion to
N,N-dimethylpalmitamide under all tested conditions.

In a consecutive series of experiments, the reaction time
and temperature were varied. Catalytic reactions with a reac-
tion time of only 5 h provided information about the reaction
rate (Fig. 4), whereas those with a 16 h reaction time gave
insights about the thermodynamic equilibrium (Fig. 5).
Noteworthy differences were observed when comparing the
amidation of FAs with the amidation of FAMEs. While FAME
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Fig. 3 Influence of dimethylamine (DMA) concentration on the amida-
tion of methyl palmitate and palmitic acid. Reaction conditions: sub-
strate (5 mmol), 200 °C, variable amount of DMA, 0.25 g Nb,Os,
dodecane standard (100 pL), CPME (18.5 mL), 5 h reaction time, batch
setup.
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Fig. 4 Amidation of palmitic acid or methyl palmitate after a reaction
time of 5 h. Reaction conditions: substrate (5 mmol), 1 g DMA, if a cata-
lyst was used: 0.25 g Nb,Os, dodecane standard (100 pL), CPME
(18.5mL), 5 h.
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Fig. 5 Amidation of palmitic acid or methyl palmitate after a reaction
time of 16 h. Reaction conditions: substrate (5 mmol), 1 g DMA, if a cata-
lyst was used: 0.25 g Nb,Os, dodecane standard (100 plL), CPME
(18.5 mL), 16 h reaction time, batch setup.

amidation requires a catalyst, the impact of a catalyst on the
amidation of fatty acids (FAs) is rather small. Whereas we only
observe a 6% methyl palmitate conversion after an uncatalyzed
reaction of 16 h at 200 °C (4% excess of DMA), under similar
reaction conditions a reaction with the corresponding FA
already yields 69% N,N-dimethylpalmitamide (same conver-
sion, Fig. 5). After the addition of a limited amount of Nb,Os,
the conversions of reactions with methyl palmitate and palmi-
tic acid rose to 74% and 96% respectively (with 92% selectivity
for N,N-dimethylpalmitamide in both cases). In the range
from 170 °C to 225 °C, the reaction equilibrium for the amida-
tion of FAs is always at high conversions (>90%). With increas-
ing reaction temperatures, however, the disproportionation of
dimethylamine (DMA) to NHj;, methylamine (MMA) and tri-
methylamine (TMA) is increasingly dominant. This leads to

This journal is © The Royal Society of Chemistry 2025
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side reactions with N-methylpalmitamide as the main by-
product.

Choosing the right reaction solvent is a delicate task. The
solvent helps to dissolve reagents and remove products from
the catalyst but must be easily recoverable and must not
adversely affect the reaction (e.g. by competitive adsorption on
the catalyst). Mainly in the following sections (hydrogenation
of amides), the reaction solvent will exert an important influ-
ence; the hydrogenation of tertiary amides is usually only poss-
ible in aprotic solvents such as ethers and alkanes." Since the
ultimate goal was to establish a one-pot fatty acid (methyl
ester)-to-amine reaction, the influence of the reaction solvent
on the amidation reaction of fatty acid methyl esters was
studied (Fig. S57). Although mild fluctuations are observed in
conversion depending on the exact reaction solvent, the ami-
dation can be performed with high selectivity (i.e. >95%) in a
wide range of ether solvents that vary widely in boiling point
(e.g. MeTHF: 80 °C versus tetraglyme: 275 °C). This allows,
based on the FA(ME) employed, to select a solvent that is
easily separable from the final product (e.g. by distillation).

Hydrogenation of fatty amides
Catalyst evaluation

After selecting the best metal oxides for the amidation of fatty
acids, mono- and bimetallic hydrogenation catalysts were syn-
thesized for the hydrogenation of fatty amides, e.g. N,N-di-
methylpalmitamide to N,N-dimethyl-palmitylamine (Fig. 6). In
order to establish a one-pot fatty acid-to-amine reaction, the
catalyst must tolerate methylamines. For this reason, DMA was
added to the reaction mixture as well, although no net DMA is
consumed during this hydrogenation itself. Non-promoted cat-
alysts show little hydrogenation activity. Among these mono-
metallic catalysts, the best result was obtained with Pt/Nb,Os
(1 wt% Pt) leading to a yield of 17% N,N-dimethyl-
palmitylamine. The catalytic activity can be improved signifi-
cantly by adding a Lewis acid metal oxide promotor (to the
catalyst), with optimal results when utilizing vanadium oxide.
Ideally, the best metal oxide catalysts for the amidation of FAs
and FAMEs (i.e. Nb,Os and ZrO,) could be employed as carrier
materials for the hydrogenation of the corresponding amide.
However, supports with acidic sites generally lead to catalysts
with a low hydrogenation activity. Additionally, such materials
also catalyze the formation of secondary amides and amines,
i.e. N-methylpalmitamide and N-methylpalmitylamine. This is
particularly the case for ZrO,-based materials (e.g. with Pd/
ZrO, and Pt/Zr0O,). It is likely that the reduced catalytic activity
of these materials is associated, at least in part, with the for-
mation of these side products (in comparison with catalysts
supported on neutral or basic materials). The best hydrogen-
ation catalysts were obtained when Pt and V were deposited on
a basic or neutral support material. Such catalysts lead to vir-
tually no N-methylpalmitamide as a by-product. Addition of an
amidation catalyst, leading to a physical mixture of both cata-
lysts, would still allow a one-pot fatty acid-to-amine reaction

Green Chem., 2025, 27,1410-1422 | 1413
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Fig. 6 Catalyst evaluation for the hydrogenation of N,N-dimethylpalmitamide. Reaction conditions: N,N-dimethylpalmitamide (5 mmol), 200 °C, 2 g DMA,
40 bar Hp, 5 mg noble metal (loaded on a support material), dodecane standard (100 pL), CPME (18.5 mL), reaction time of 16 h, batch setup.

and did not generate a substantial quantity of side-products
(Fig. 6, see PtVO,/HAP + Nb,0Os). Hydrogenation catalysts sup-
ported on hydroxyapatite and BaAl,0, were not considered
suitable because of limited stability in corrosive mixtures of di-
methylammonium  carboxylates.'””  Therefore, PtVO,/SiO,
(7 wt% Pt, with Pt-V ratio of 1) was selected as the optimal

1414 | Green Chem., 2025, 27,1410-1422

hydrogenation catalyst. A catalytic reaction under non-opti-
mized conditions already resulted in a conversion of 56% with
an overall amine selectivity of 93% (i.e. yields of 43% N,N-di-
methylpalmitylamine, 10% N-methylpalmitylamine and <1%
palmitylamine). Small quantities of the defunctionalized
product are observed as well (i.e. hexadecane; 6% selectivity).

This journal is © The Royal Society of Chemistry 2025
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Optimization of the reaction conditions

In a subsequent series of experiments, the reaction conditions
were optimized, starting with the DMA concentration and
hydrogen pressure (Fig. 7 and S6t). The influence of DMA is
twofold. On the one hand, an increasing concentration of
DMA increases the selectivity for amine formation over defunc-
tionalization. On the other hand, polar components such as
DMA interact strongly with the active sites of the hydrogen-
ation catalyst. As a result, the catalytic activity decreases with
increasing DMA concentration. For this reason, 1 g DMA per
20 mL solvent was selected as the optimum. This concen-
tration falls within the optimum range for the amidation of FA
(ME)s to tertiary fatty amides as well (Fig. 3). Elevating the
hydrogen pressure has a negligible impact on the product
selectivity but exerts a positive influence on the reaction rate
(Fig. S61).

As previously mentioned, the selection of reaction solvent
plays a crucial role in the effectiveness of amide
hydrogenation.'”****>° Ppolar (and protic) compounds more
easily desorb amine products and water from the catalyst,
leading to less consecutive side reactions (e.g., hydrogenolysis
and transalkylation). However, especially protic compounds
tend to preferentially adsorb on the active sites of the catalyst,
drastically lowering the amide hydrogenation rate.
Additionally, they have a limited H, solubility in contrast to
apolar solvents. Therefore, ethers are often selected as ideal
candidates: they are aprotic, yet able to undergo H-bonding
with e.g. water; and dissolve the reactants and the formed
amine products rather well. This was confirmed in a solvent
screening (Fig. S71). The choice of solvent also depends on the
employed or required reaction temperature (Fig. 8). When
increasing the reaction temperature, for example to 220 °C, the
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Fig. 7 Variation of DMA concentration during the hydrogenation of
N,N-dimethylpalmitamide to N,N-dimethylpalmitylamine. Conditions:
N,N-dimethyl-palmitamide (5 mmol), 200 °C, DMA, 40 bar H,, 0.5 mol%
Pt (PtVO,/SiO,, 7 wt% Pt), dodecane standard (100 pL), CPME (18.5 mL),
reaction time of 16 h.
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Fig. 8 The influence of the reaction temperature on the hydrogenation
of N,N-dimethylpalmitamide. Reaction conditions: N,N-dimethyl-
palmitamide (5 mmol), 180-240 °C, 1 g DMA, 60 bar H,, 0.5 mol% Pt
(PtVO,/SiO,, 7 wt% Pt), dodecane standard (100 pL), solvent (18.5 mL),
16 h. *2 g DMA instead of 1 g.

hydrogenation rate decreases in CPME (i.e. cyclopentyl methyl
ether). This counterintuitive observation can be attributed to
the degradation of CPME into alcohols (i.e. cyclopentanol and
MeOH) or even water. Such an inhibition is not observed in
n-decane. However, working in this non-polar solvent is subop-
timal due to impaired removal of the amine product from the
catalytic surface to the liquid phase. This, in turn, leads to an
increased susceptibility to complete defunctionalization
through C-N hydrogenolysis to n-hexadecane. Elevating the
reaction rate also increases the rate of transalkylation of the
desired N,N-dimethylpalmitylamine product into its corres-
ponding secondary or even primary alkylamine. Striking a
balance between activity and selectivity, an optimal reaction
temperature of 200 °C (in CPME) was identified. Under these
conditions, we achieve a near complete conversion within
16 h, utilizing only 0.5 mol% Pt and obtaining a global amine
selectivity of 92%, with specific amine yields of 69% for N,N-di-
methylpalmitylamine, 16% for N-methylpalmitylamine and
2% for palmitylamine.

As mentioned previously, the water (or MeOH) content has
an enormous effect on the amide hydrogenation rate (Fig. 9).
While after a normal reaction run only 4% amide substrate
remains after 16 h, the reaction nearly completely halts upon
addition of 1 equivalent of water along with 1 equivalent of
methanol at the start of the reaction. Interestingly, MeOH has
a stronger inhibitory effect compared to water. To deal with
this issue, in most reports either water is removed continu-
ously by drying zeolites (working at a low temperature) or large
amounts of noble metal catalyst are utilized, e.g. 29 mol%
Rh.?®2%73% On an industrial level, neither approaches are feas-
ible or practical.

A kinetic model with competitive adsorption

Although the general consensus is that water has a strongly
negative influence on the amide hydrogenation rate, to date a
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Fig. 9 The influence of water and methanol on the hydrogenation of
N,N-dimethylpalmitamide. Reaction conditions: N,N-dimethyl-
palmitamide (5 mmol), 200 °C, 1 g DMA, 60 bar H,, 0.5 mol% Pt (PtVO,/
SiO,, 7 wt% Pt), dodecane standard (100 puL), CPME (18.5 mL), H,O and/
or methanol (0-2 eq.), 16 h.

kinetic model has never been established. The experimental
data for the hydrogenation of amides do not fit with simple 1%
or 2™ order kinetics in amide concentration (Fig. S9t). For
this reason, we propose a model for the hydrogenation of fatty
amides to fatty amines with competitive adsorption of amines
and water to the catalytic surface, based on a Langmuir-
Hinshelwood adsorption-desorption mechanism.*> The reac-
tion rate could be reduced to eqn (1) (a complete mathematical
derivatization is provided in the ESIf).

Rate — _ Olamide] _ & - [amide] - (Py,)’ ()
ot (1 + k- [HzO])3

The equation resembles a regular second order rate
equation but has an additional term in the denominator. This
(simplified) equation is valid if 2 important conditions are
met; firstly, water and the ADMA product must be generated in
equimolar amounts and stay within the reactor. Secondly, and
more importantly, no secondary products are generated with
significantly different adsorption/desorption rate constants.
This last condition is not always met. For instance, transalkyla-
tion reactions occur more prominently at lower H, pressures
(Fig. S177). Such transalkylations yield primary amines (i.e.
MMA) which adsorb much more strongly to the catalytic
surface than secondary and tertiary amines, causing a signifi-
cant deviation between experimental and theoretical values.
Nevertheless, the model fits perfectly with the experimental
data (Fig. 10 and S10-S121). Remarkably, the denominator
comprises a [H,0]’ term, uncovering the extreme sensitivity of
the reaction to water (or other protic molecules, Fig. 10).
Additionally, the reaction displays a second order in H,
pressure. This is at sharp contrast with the results of
Mitsudome et al., who hydrogenated tertiary amides with a H,
pressure of 1 bar, but needed a drying zeolite to remove the
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Fig. 10 Kinetic profile for the hydrogenation of N,N-dimethyl-
palmitamide with competitive adsorption of water and amines, with
external addition of water (and N,N-dimethylpalmitylamine). Orange
dots: experimental data. Black line: fit with the model. Error bars rep-
resent the standard deviation. Experimental conditions: N,N-dimethyl-
palmitamide (5 mmol; 0.25 M), 200 °C, 1 g DMA, 60 bar H,, 0.5 mol% Pt
(PtVO,/SiO,, 7 wt% Pt), dodecane (100 pL), CPME (18.5 mL), variable
reaction time and variable, but equimolar addition of water and N,N-
dimethylpalmitylamine.

water.”® We were able to confirm that drying zeolites can be
used to enhance the reaction. However, we opted for an inter-
mediate drying of the reaction mixture (Fig. 11). This does not
limit us to perform the hydrogenation below 150 °C. In
addition, such an approach is easier to adopt industrially.

® N,N-dimethylpalmitamide  ® N,N-dimethylpalmitylamine
® N-methyl palmitylamine B Palmitylamine
® Hexadecane

100%

90%
80% |
70%
60% |
50% I
40%
30%
20%
10%

0%

Product distribution

1h 2h
- =

Intermediate drying of
liquid phase with 3A
zeolite after 1 h

Fig. 11 Hydrogenation of N,N-dimethylpalmitamide to N,N-dimethyl-
palmitylamine with and without intermediate drying of the reaction
mixture with molecular sieves. Reaction conditions: N,N-dimethyl-
palmitamide (5 mmol), 200 °C, 1 g DMA, 60 bar H,, 0.5 mol% Pt (PtVO,/
SiO,, 7 wt% Pt), dodecane standard (100 pL), CPME (18.5 mL), batch
setup. In case of intermediate drying: after a reaction time of 1 h the
reaction was stopped; 0.5 g of 3A zeolite were added to the supernatant
for 12 h; next, the reaction was continued for another h.
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This intermediate drying of the reaction mixture signifi-
cantly increased the conversion from 76% to 95%, with an
N,N-dimethylpalmitylamine yield of 83% (compared to an
initial yield of only 70%). The kinetic model with competitive
adsorption, also allows us to calculate the apparent activation
energy (E,) for the hydrogenation of N,N-dimethylalkylamides.
E, appears to be 103 k] mol ™", which is a very typical value for
amide hydrogenations in general."

Previous observations and equations are not only valid in
diluted solutions (in CPME). As a proof of concept, short sol-
ventless reactions were also conducted (Fig. 12). Once again,
addition of water drastically decreased the overall hydrogen-
ation rate. Addition of DMA, another protic compound, had a
similar effect but to a lesser extent. Upon addition of TMA
(non protic molecule) the reaction rate remains essentially the
same in comparison with the reference reaction, but with the
added benefit of an increase selectivity for the ADMA product.

Recyclability and catalyst characterization

Next, the PtVO,/SiO, catalyst was extensively characterized.
Synthesizing a material with well-dispersed Pt crystallites is
not sufficient to create an effective amide hydrogenation cata-
lyst (e.g. Pt/C). CO chemisorption experiments indicate that
both carbon and niobia supported Pt catalysts exhibit signifi-

m N,N-dimethylpalmitylamine
m Palmitylamine
® Hexadecane

m N,N-dimethylpalmitamide

 N-methyl palmitylamine

H Dipalmitylmethylamine
Hexanol
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c 90%
2
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]
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o
5
3 60%
o
o
& 50%
0%
DMA: / / / 04g 1g 2g 1g 1g
TMA: / 05g 1g / / / / /
H,0: / / / / / / 0.125eq. 0.25eq.

Fig. 12 Solventless hydrogenation of N,N-dimethylpalmitamide.
Reaction conditions: N,N-dimethylpalmitamide (9.47 g), 200 °C; DMA,
TMA and/or water; 60 bar Hy 0.5 mol% Pt (PtVO,/SiO,, 7 wt% Pt),
dodecane (333 pL), 1 hour reaction time.
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cantly greater Pt dispersion (i.e. between 25% and 35%) com-
pared to the best performing catalyst, PtVO,/SiO,, which has a
dispersion of only 9% (Table S41). Experimental results also
indicate that the mere presence of Lewis acid sites on the
carrier material, like in Pt/Nb,Os, is not adequate to obtain a
performant catalyst (Fig. 6). High angle annular dark field
scanning transmission electron microscopy experiments
(HAADF-STEM) clearly confirm that while there is no perfect
overlap between the regions containing Pt and V, the major
portion of V is concentrated near or even on Pt particles
(Fig. 13). Overall, Pt and V are distributed uniformly on the
SiO, support, with small Pt crystallites averaging 1.70 nm in
size. The partial coverage of Pt by V also explains the relatively
low Pt dispersion as observed in CO chemisorption
measurements.

A recycling test confirmed that the PtVO,/SiO, catalyst can
be reused multiple times (Fig. 14). Despite a decline in cata-
Iytic performance following the initials runs, the catalytic
activity seems to stabilize after three uses. A mild calcination
at 300 °C between the 4™ and 5™ runs minimally improved the
overall reaction conversion and product yield. Thus, the
decrease in catalytic activity is not attributed to catalytic de-
activation via coke formation but rather to the sintering of

m N,N-dimethylpalmitylamine ® N-methyl palmitylamine
® Palmitylamine ® Dipalmitylmethylamine
m N,N-dimethylpalmitamide ™ Hexadecane

111

Fresh Ixused 2xused 3xused 4xused
(calcined)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Product distribution

Fig. 14 Recycling test of PtVO,/SiO, for the hydrogenation of N,N-di-
methylpalmitamide. Reaction conditions: N,N-dimethylpalmitamide
(5 mmol), 200 °C, 1 g DMA, 60 bar H,, 0.5 mol% Pt (PtVO,/SiO,, 7 wt%
Pt), dodecane standard (100 pL), CPME (18.5 mL), 16 h.

Fig. 13 HAADF-STEM imaging and EDX elemental mapping of a fresh PtVO,/SiO, catalyst (7 wt% Pt, molar Pt-V ratio of 1-1). Elemental mapping of

Si, O, Ptand V.
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Fig. 15 Size distribution of Pt nanoparticles of PtVO,/SiO, catalysts
(7 wt% Pt, Pt-V ratio of 1), determined by TEM analysis. Size distributions
based on 150 particles for each sample. Mean Pt diameter sizes of
1.70 nm, 2.14 nm and 2.28 nm for fresh, 1x used and 5x used catalyst
respectively.

small Pt nanoparticles (Fig. 15). HAAFD-STEM analysis indi-
cates that following the first reaction run, the average Pt par-
ticle size increases from 1.7 nm to 2.1 nm, with very few par-
ticles exceeding 4 nm.

Subsequently, after 5 reaction runs, the average size
increases only slightly to 2.3 nm (once again with few particles
exceeding 4 nm). The data suggest that Pt nanoparticles of
>2 nm remain (virtually) stable and do not sinter to large Pt
aggregates. TEM analysis confirms that after 5 runs, both Pt
and V remain well dispersed over the SiO, support (Fig. S287).
In addition, the reactions were performed with only 0.5 mol%
Pt. Aside from the catalyst’s excellent recyclability, very little Pt
is required to generate a large quantity of fatty amines from
fatty amides.

Reductive amination of FAs and FAMEs

Compatibilization of amidation with hydrogenation. After
performing the amidation and hydrogenation separately, both
reactions were combined into one reductive amination step.
Different reaction protocols were evaluated as summarized in
Fig. 16. In a first run, the amidation of palmitic acid and the
hydrogenation of the in situ generated amide were performed
simultaneously by combining the Nb,Os and PtVO,/SiO, cata-
lysts in one batch reaction. A lot more defunctionalized
product, i.e. n-hexadecane, is observed than in the hydrogen-
ation of N,N-dimethylpalmitamide. Most likely, the FA is
hydrogenated directly to the corresponding fatty alcohol,
which is more prone to defunctionalization (Fig. 17). In an
initial attempt to minimize the formation of hexadecane, the
coupled reaction was performed with intermediate addition of
H,. Such a procedure consists of a stage A (i.e. amidation) in
the absence of H,, or with limited H,, followed by a stage H
(i.e. hydrogenation) in which H, is added to the reaction
mixture. However, under the initial H,-deficient conditions,
disproportionation of DMA to MMA and TMA is significant.
This metal-catalyzed reaction follows a hydrogen borrowing
mechanism on the Pt catalyst (Fig. S16-S19%). The formed
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Fig. 16 Variation of the reaction protocol for the reductive amination
of palmitic acid. Each run consists of a stage A (amidation) and stage H
(hydrogenation), except for the bar at the left, which is one-step reac-
tion. Reaction conditions (unless stated otherwise): palmitic acid
(5 mmol), 200 °C, 1 g DMA, 2.5 mol% Pt (PtVO,/SiO,, 7 wt% Pt), 0.2 g
Nb,Os, dodecane standard (100 puL), CPME (18.5 mL). Pt*: PtVO, catalyst
added in stage H.

MMA not only reacts with FAs to form a more stable secondary
amide (in comparison with a tertiary amide) but also preferen-
tially adsorbs onto the hydrogenation catalyst, greatly limiting
the hydrogenation rate. In an alternative approach, the PtVO,
catalyst was added together with H,, without intermediate
removal of Nb,Os; in between the two steps. A significant
improvement is observed when compared with the initial
batch reaction. Even with partial amidation of the FA after
stage A (e.g. 17% palmitic acid remaining), limited defunctio-
nalization is observed. Presumably, the acid is sufficiently
stabilized in an ion pair by the amines present, which gradu-
ally increase in concentration.

Based on previous experiments, we were able to construct a
reaction network (Fig. 17). Starting from a FA (1) or FAME (2),
the molecule is amidated with DMA to the corresponding N,N-
dimethylalkylamide (3). FAs can also form an organic salt with
secondary (or primary) amines (although this salt is in equili-
brium with its free amine-acid form). Ideally, the N,N-di-
methylalkylamide (3) is hydrogenated to the corresponding
amine (4), but alongside C-O cleavage, a small amount of C-N
cleavage also occurs, leading to an alcohol (5). This alcohol
can also be formed by direct hydrogenation of (1) or (2) and is
much more susceptible to complete defunctionalization (to
(6)) than the N,N-dimethylalkylamine (ADMA). Alongside the
tertiary fatty amine, we also observe the formation of second-
ary (7) or even primary fatty amines (8). This is (mainly) the
result of transalkylation (or disproportionation) reactions (see
also Fig. S16-S197). The disproportionation of DMA leads to
the formation of TMA and MMA; the latter in turn reacts
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Fig. 17 Reaction network for the reductive amination of a fatty acid (or fatty acid methyl ester) with dimethylamine.

further to a less reactive N-methylalkylamide (9). Although it is
unlikely that this secondary amide is hydrogenated directly,
the molecule can be transamidated or hydrolysed (to (3) and
(1) respectively).*?

Range of applicability

After establishing a proper fed-batch reductive amination pro-
tocol, we checked the range of applicability. Virtually all
natural FAs were converted to the corresponding amines
(Fig. 18 & Table S1t). For all saturated fatty acids, very similar
product distributions were observed at the end of each run,

including a stage A and H, of approximately 8% alkylamine;
21%  N-methylalkylamine; 55%  N,N-dimethylalkylamine;
4%  N,N-dimethylalkylamide; 6% alkane and 3%
N-methyldialkylamine. The hydrogenation rate is slightly lower
for unsaturated FAs, since the catalyst also has to hydrogenate
the double bond. The reaction also works for FAs containing
hydroxyl groups (e.g. ricinoleic acid, not in figure) although
approximately half of the hydroxyl groups are removed,
leading to a complex product mixture. A reductive amination
was also performed with a FAME (i.e. methyl palmitate).
Interestingly, this reaction led to an increased ADMA yield (i.e.

DMA, H o
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Fig. 18 Fed-batch reductive amination of natural FA(ME)s with dimethylamine (DMA). Each run consists of a stage A (amidation) and stage H (hydro-
genation). General reaction conditions: FA(ME) (5 mmol), 200 °C, 1 g DMA, 0.2 g Nb,Os, dodecane or nonane standard (100 pl, nonane only for the
C10 and C12 substrate), CPME (18.5 mL). Stage A: reaction time of 2 h. Stage H: follows directly after stage A, addition of 60 bar H,, 2.5 mol% Pt

(PtVO,/SiO,, 7 wt% Pt), reaction time of 16 h. *5 mol% Pt.
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62%), most likely due to the alkylation of secondary amine
with MeOH. However, leftover FAME is more readily converted
towards the corresponding fatty alcohol, which in turn leads to
an increased amount of alkane product (10% yield). Aside
from varying the FA(ME) substrate, reductive aminations were
also performed with different amine reactants (Table S1,f
entries 13-16). Secondary amines that contain carbon chain
>2 are worse nucleophiles for the amidation of FAMEs than
their C1  counterparts (e.g.  reactivity: DMA >
N-methylbutylamine > diethylamine), leading to a decreased
amidation rate. Although every consecutive hydrogenation can
be considered successful, the products and reactants are more
prone to hydrogenolysis and transalkylation side reactions.

Improving the selectivity with TMA

After proving the viability of the direct reductive amination of
FA(ME)s, further improvements were made. In previous hydro-
genation reactions, a significant fraction of the products con-
sisted of primary and secondary fatty amines. Although these
products are valuable as well, in this work, we intended to
maximize the ADMA yield. To improve the selectivity for this
tertiary amine, additional experiments were conducted in
which DMA is (partially) replaced with TMA. Both the amida-
tion of FAs and hydrogenation of fatty amides were investi-
gated separately (Fig. 19). For the amidation reaction (Fig. 19,
left), the reaction rate drops with increasing content of TMA
(and decreasing content of DMA). Nevertheless, a significant
conversion is still observed with only 1 equivalent of DMA.
Identical conditions were also evaluated for the hydrogenation
of N,N-dimethylpalmitamide (Fig. 19, right). While all reac-
tions reach nearly full conversion, an increased amount of
TMA increases the overall yield of N,N-dimethylpalmitylamine
to up to 90% in both THF and CPME. This beneficial effect of
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TMA can be attributed to its effect on the transalkylation equi-
librium. When secondary fatty amines are generated (e.g., via
N-CH; hydrogenolysis or transalkylation with DMA), they can
still be converted to ADMAs via transalkylations with TMA.
Such transalkylation reactions can also be used to cleave high-
boiling tertiary amines, e.g., N-methyldipalmitylamine, into
ADMAs (Fig. S18 & S19t). Next, direct reductive aminations of
FAs were performed with the addition of TMA as well
(Fig. S147). Although the addition of TMA greatly minimizes
the formation of primary amines, the fed-batch protocol is still
necessary (see Fig. 16). It is clear that also for the direct acid-
to-amine conversion, replacing a major part of DMA with TMA
results in an increased selectivity for the ADMA product.

Conclusion

In conclusion, the reductive amination of FA(ME)s is a viable
approach to synthesize (mostly tertiary) fatty amines, such as
ADMAs. Aside from DMA and H,, this reaction requires a
physical mixture of two catalysts: a Nb,Os catalyst, containing
Lewis acid sites, for the conversion of FA(ME) to the corres-
ponding fatty amide, and, a PtVO,/SiO, catalyst for the conver-
sion of the amide to the corresponding amine. In order to
minimize transalkylations and transamidation side-reactions,
a high H, pressure must be maintained. The product ratios of
primary-secondary-tertiary fatty amine can be customized by
adjusting the reaction conditions (i.e. adjusting the DMA to
TMA ratio). Nevertheless, in a one-pot fed-batch reaction at
200 °C, with 1 g methylamines, 60 bar H, and 20 mL CPME as
the benign reaction solvent, an amine yield of >90% is
obtained. The reaction can be carried out with all natural fatty
acids and is not limited to the synthesis of ADMAs (i.e. with
methyl substituents). Fatty amines with longer alkyl substitu-
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Fig. 19 The influence of trimethylamine (TMA) on the FA amidation (left) and fatty amide hydrogenation (right). Reaction conditions: substrate
(5 mmol), 200 °C, 1 g of methylamines; dodecane standard (100 pL), THF (18.5 mL, unless stated otherwise). Left: aside from the 1 g methylamines,
for the majority of reactions, an additional 1 eq. DMA was added as well (~0.2 g DMA).
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ents can also be prepared (e.g. N-methyl-N-butyl-palmityla-
mine). By studying the kinetics of the amide hydrogenation,
we were able to construct a kinetic model. The model revealed
that the hydrogenation rate is correlate to [H, pressure]* and
[water content]®. These findings confirm the necessity of
drying zeolites in other reports on amide hydrogenation (an
approach to continuously remove water). The hydrogenation of
fatty amides can be carried out without the need for a solvent,
using a very low PtVO,/SiO, catalyst loading of only 0.5 mol%
Pt. A recycling test and comprehensive characterization
showed that the Pt catalyst can be reused multiple times and,
aside from an initial decrease in catalytic activity due to sinter-
ing of Pt crystallites < 2 nm during the first run, remains
reasonably stable in later consecutive runs.
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