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ABSTRACT: The direct amination of biomass-derived isohexides v
with NH; over a Ru/C catalyst was systematically investigated to .

understand the role of H, and NH; in the production of isohexide =%, L Heh
diamines vs aminoalcohols, i.e., the transformation of one or both m =) 2012 —) @Q
OH-groups in isohexides into NH, groups. Only aminoalcohols H o A B A
with an exo-OH group were generated starting from isosorbide,
which contains both an exo-OH and an endo-OH group, while a
moderate yield of diamines was obtained from isomannide with
two endo-OH groups due to the higher reactivity of the latter. The
main byproducts were identified, including a variety of N- and O-
containing cyclic compounds, such as 2,5-dimethylpyrrolidine, that
arise from a decomposition path driven by hydrolysis/hydro-
deoxygenation of a tricyclic amine intermediate. By combining
density functional theory calculations with microkinetics, NH; was found to adsorb strongly on the catalyst surface and generate
adsorbed NH, and NH species with variable coverage depending on the temperature and the nominal H,/NHj ratio. Isomerization
of isohexides was greatly suppressed by adsorbed NH;. Meanwhile, adsorbed NH; discouraged the formation of byproducts driven
by competing side reactions promoted by H,. The H,/NHj ratio, which conditions the distribution of NH, and NH species on the
Ru surface, influences drastically the catalytic performance.

Isomerization S. Amination

NH,

Ru/C

KEYWORDS: isohexides, amination, hydrogen, ammonia, ruthenium, catalytic mechanism

Bl INTRODUCTION exo-OH groups, endo-OH groups are better positioned to
engage in intramolecular hydrogen bonding with the oxygen
atoms of the adjoining furan ring.'°”"" These structural
differences lead to differences in the physicochemical proper-
ties and reactivity of isohexides.'”*"

Diamines can be prepared from isohexides using poorly
sustainable synthetic routes encompassing a large number of
steps. The first studies reported the transformation of the OH
groups of the isohexides into diamines with high yield and
good stereocontrol by intermediate tosylation into good
leaving groups. Montgomery, Bashford, and Wiggins prepared
2,5-ditosyl isosorbide and isomannide. Further treatment with

NH; in methanol at 170 °C for 30 h resulted in isosorbide and
21,22

Amines are essential building blocks in the chemical industry
that are used as intermediates for the synthesis of polymers,
surfactants, dyes, pharmaceuticals, and agrochemicals.l’2 Tradi-
tionally, aromatic and aliphatic amines are industrially
manufactured using synthetic routes encompassing petrochem-
ical precursors.’” However, the synthesis of value-added N-
compounds from biomass has grown considerably, and more
sustainable routes for transforming biobased platform mole-
cules into useful amines have been sought.*™"

Isosorbide (IS) along with its isomers isomannide (IM) and
isoidide (II), collectively referred to as isohexides, constitute a

o] ettt to el o b o % isomannide diamines with 60 and 80% yields, respectively.

Isosorbide is produced at an industrial scale from poly- Cope and Shen developed an alternative route encompassing

saccharides. In particular, IS and its diamine derivatives show nucleophilic substitution of 2,5-ditosyl isosorbide with
great interest in manufacturing biobased polymers such as —
polyurethanes, polymethacrylates, and polyamides.”'*~'> The Received:  December 18, 2022 sustaiable
three isohexides differ in the relative configuration of the two Revised: — May 8, 2023
secondary OH groups: IS has OH groups in opposite (endo- Published: May 22, 2023
exo) orientations relative to the ring skeleton, while IM (endo—

endo) and II (exo—exo) have OH groups pointing in the same

direction relative to the ring skeleton (Scheme 1A). Unlike

© 2023 The Authors. Published b
Ameericl;n %ﬁemlilcaissscietz https://doi.org/10.1021/acssuschemeng.2c07501
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Scheme 1. Products Obtained from the Direct Amination of Isohexides with NH; over Ru/C”
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?(A) isohexide isomers, (B) isohexide monoamines, and (C) isohexide diamines.

potassium phthalimide in DMF via an Sy2 mechanism,
followed by deprotection with hydrazine hydrate.'"” This
route is limited by the low overall yield (<4%) and the
toxicity of hydrazine. Van Es and co-workers reported DMSO
as a convenient solvent in the nucleophilic substitution step to
avoid byproduct formation due to hydrolysis.”® Besides, a
mixture of HCl/glacial acetic acid was used instead of
hydrazine, followed by treatment with basic ion exchange
resin, leading to a 66% overall yield. Van Es and co-workers
also reported benzylamine as an alternative to potassium
phthalimide.”* Further hydrogenolysis in ethanol of the as
synthesized isohexide benzyldiamines over Pearlman’s catalyst
[PA(OH),/C] resulted in isosorbide and isoidide diamines
with 90% overall yield, together with an aziridine byproduct.
Kuszmann and Medgyes reported the synthesis of isomannide
diamines by IM conversion into bismesylates, followed by
nucleophilic substitution with azide and hydrogenation.”
Despite the high yield achieved (88%), this route is limited
by the explosive behavior of azides, which discourages its
application for large-scale diamine production.

As an alternative to the above routes, the synthesis of
isohexide diamines by the direct amination of alcohols with
NHj; is an attractive option since the reaction proceeds in a
single step and water is generated as the main byproduct. The
direct amination of isohexides is regarded to proceed via a
hydrogenation—rehydrogenation pathway (i.e., H,-borrowing
hydrogen).”®”” This pathway, also at play in isohexide
isomerization under H,, encompasses alcohol dehydrogenation
over a catalyst to generate a ketone intermediate that
undergoes condensation with NH; to produce an imine.
Subsequent hydrogenation of the imine with the stored H,
affords the amine product. The direct amination of isosorbide
IS with NH; to diamines was first described by Beller et al.
using a Ru(CO)CIH(PPh;); complex combined with a
Xantphos ligand.* The catalyst operated at 170 °C without
exogenous H,, providing a mixture of diamines with 96% yield
at full IS conversion. However, the product distribution was
not reported. Vogt et al. reported the direct amination of
isomannide IM to isohexide diamines using Ru;(CO);, and
PNP pincer-type ligands with 96% yield.”® The molar ratio
between diamino isosorbide, isoidide, and isomannide after the
reaction was 47:38:16, which is similar to the thermodynamic
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ratio achieved between IS, II, and IM achieved after
isomerization under H, (i.e., 39:55:6).””°° A similar catalytic
system was patented in 2014 for the catalytic amination of
isohexides in organic solvents and with different PNP pincer-
type ligands.”’ This system produced a distribution of
aminoalcohol and diamine products with a 60:40 molar
ratio. Recently, Popowycz and co-workers described the
amination of IS and IM with benzylamine using an Ir complex
and diphenylphosphate, followed by hydrogenation.” In this
route, only endo-OH groups were reactive, and benzyldiamine
products could be accessed from IM with 59% yield.

The synthesis of amines from isohexides has also been
attempted using heterogeneous catalysts. The efforts to date
have concentrated on the amination of isohexides with NHj;
over Ru/C in water.”>** Unlike with ruthenium complexes, 4
aminoalcohols with different stereochemistry were obtained as
main products (Scheme 1B), together with small amounts of
diamines (Scheme 1C). The product distribution varied
depending on the isohexide isomer. The amination of IS
produced only aminoalcohols AS1 and AS2 with unreacted
exo-OH and trace amounts of II, showing that endo-OH groups
are reactive, while exo-OH groups are not. The conversion of
IS increased with the H, pressure in the range of 0—10 bar,
whereas it was unchanged at about 70% in the H, pressure
range of 10—30 bar. In the case of IM, aminoalcohols AM1 and
AM?2 were obtained as the main products. Noticeably, the
second endo-OH was barely aminated, with little formation of
diamines (DAM, DAS, and DAI). Although the reaction did
not require exogenous H,, increasing the H, pressure above 10
bar led to higher conversion (increasing almost linearly with
the H, pressure in the 10—40 bar range), but to the detriment
of selectivity. A slight decline of the amine yield was observed,
while a considerable amount of isomers, mainly II, were
obtained due to competing reactions between isomerization
and amination.

Herein, we present a combined experimental and computa-
tional study to rationalize the role of H, and NHj in the direct
amination of isohexides over Ru/C. In particular, we
investigated the influence of the isomerization reaction on
the direct amination of IM and the nature of byproducts
generated during amination.

https://doi.org/10.1021/acssuschemeng.2c07501
ACS Sustainable Chem. Eng. 2023, 11, 8229—-8241
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Figure 1. Kinetic profiles for the direct amination of (a) isosorbide IS, (b) isomannide IM, and (c) isoidide II, with NH;. Reaction conditions: 1 g

isohexide, 15 mL NH,-H,O (25 wt %), pH = 13.5, 0.2 g Ru/C (5 wt %),

10 bar H,, and 180 °C.
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Figure 2. Mass spectra of (a) initial isomannide IM solution and reaction mixture obtained from the amination of IM after (b) 18, (c) 72, and (d)
168 h. Reaction conditions: 1 g IM, 15 mL NH;-H,O (25 wt %), 0.2 g Ru/C (S wt %), 10 bar H,, and 180 °C. A higher concentration was used for

the injected solution to obtain the mass spectrum (d) (0.5 mg/mL vs 0.1

mg/ mL).

B RESULTS AND DISCUSSION

Influence of the Substrate on the Catalytic Perform-
ance. First, we measured the kinetic profiles for the direct
amination of IS, IM, and II with NH; at 180 °C (Figure 1).
The product distribution varies depending on the starting

8231

isomer used. The amination of isosorbide IS only generates
two aminoalcohols with exo-OH (i.e., AS1 with endo-NH, and
AS2 with exo-NH,) and very little II (Figure la). The
complete absence of aminoalcohols with endo-OH (AM1 and
AM2) clearly shows the low reactivity of the exo-OH groups,
which is consistent with earlier observations by Pfiitzenreuter

https://doi.org/10.1021/acssuschemeng.2c07501
ACS Sustainable Chem. Eng. 2023, 11, 8229—-8241
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Table 1. Possible Structures of C6—C4 Byproducts Detected during the Amination of IM, as Suggested by MS”

Structures
m/z MW
C6 Cs C4
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! | gﬁ o | OH
e i o 0~ )
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“The most likely structures are circled by a dashed orange line. Unsaturation degree Q = (C X 2 + 2 H + N)/2.
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Figure 3. Proposed reaction routes for the formation of detected byproducts during the amination of IM.

and Rose.” The amination reaction is complete at ca. 50%
conversion of IS, i.e,, after 12 h. Extending the reaction time to
120 h promotes the conversion of IS to almost 100%. The
combined yield of aminoalcohols (AS1 and AS2) keeps almost
unchanged at 50% to the detriment of the formation of
byproducts, and only a very small amount of diamines (0.7%)
is formed.

Starting from isomannide IM, the main products obtained
after 12 h are aminoalcohols with endo-OH (i.e, AM1 with
endo-NH, and AM2 with exo-NH,) and diamine products
DAM, DAS, and DAI, with an overall yield of ~70% after 18 h
at ~70% IM conversion (Figure 1b). By contrast with the
absence of diamines when starting from isosorbide IS (Figure
1a), this confirms the higher reactivity of endo-OH vs exo-OH
groups. While the IM conversion gradually increases to
completion after 168 h, the total yield of amines decreases,
suggesting that the aminoalcohols AM1 and AM2 are not
stable for extended times under the reaction conditions. After
168 h, more than 50% of IM is converted to byproducts, which
is very similar to what was observed for IS (see Figure 1a).
However, the diamine-to-aminoalcohol ratio increases over
time while keeping the total yield of diamines almost

8232

unchanged, suggesting a slow conversion of the aminoalcohols
to diamines over longer periods of time.

The above trends for IM and IS might be explained by the
conversion of aminoalcohols and diamines into byproducts
and/or by poisoning of Ru/C by excess NH;, thus limiting the
adsorption of H, and isohexides or favoring the degradation of
isohexides. These hypotheses will be discussed in the
forthcoming sections.

Finally, amination of isoidide II yields a very small amount
of IS (3%) and aminoalcohols with exo-OH (AS1 and AS2,
7%) (Figure 1c), pointing out a first isomerization step of II to
IS, followed by amination of the more reactive endo-OH
groups of IS to yield said aminoalcohols. The amount of IS is
surprisingly small since, in line of our previous study focusing
on the isomerization of isohexides,>® the isomerization
equilibrium should be reached within 2 h at 160 °C, 10 bar
H,, again suggesting the inhibition of this reaction when NH,
is present.

Analysis of the Byproducts Formed in the Amination
of Isomannide. Since the mass loss in direct amination
increases with the reaction time (Figure la,b), the amination of
isomannide IM was stopped after 12, 72, and 168 h, and the
reaction mixture was analyzed by MS to identify all possible

https://doi.org/10.1021/acssuschemeng.2c07501
ACS Sustainable Chem. Eng. 2023, 11, 8229—-8241
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byproducts formed (Figure 2). The starting solution of IM
shows IM + Na (m/z 169) and 2 IM + 2 Na + 2 H (m/z 340)
peaks (Figure 2a). Other peaks (m/z 210, 279, 301, 329, 337,
356, 378, 467, and 541) are attributed to contamination
derived from the MS instrument by comparison with blank
tests (Figure S1). Aminoalcohol AS2 and diamine DAS
solutions were also analyzed by MS, showing no fragment
peaks (Figure S2). Aminoalcohols at m/z 146 (+H) and
unreacted IM at m/z 169 (+Na) are visible in the reaction
mixture after 12 h reaction (Figure 2b). The peak appearing at
145 (+H) m/z, which at first sight can be ascribed to a satellite
of 146 m/z (+H), can be attributed to isohexide diamines.
Besides contamination peaks, no product is detected above
200 m/z, indicating no condensation of any product, resulting
in a good carbon balance. A higher aminoalcohol (146 m/z) to
IM (169 m/z) ratio is observed after 72 h compared to 12 h
(Figure 2c), which is consistent with a higher IM conversion.
The peaks above 200 m/z are more visible according to the
smaller intensity scale (10°) used, but can still be attributed to
contamination. Two obvious peaks at m/z 100 (+H) and 116
(+H) are observed in the reaction mixture, especially at longer
reaction times, which can be attributed to byproducts (Figure
2b—d). After 168 h, isohexide diamines become the main
products and are observed at m/z 145 (+H) (Figure 2d).
Additional byproducts are visible at m/z 86 (+H), 131 (+H),
and 185 (+H).

Table 1 lists the possible byproducts generated that are
compatible with the MS spectra. All the compounds have at
least one O- or N-containing heterocycle. To rationalize the
formation of the most likely byproducts (highlighted with a
dashed orange frame), plausible degradation routes from IM
can be proposed (Figure 3). The byproduct with MW = 130
could be generated from hydrodeoxygenation of isohexide
diamines since its peak at m/z 131 (+H) appears only after 168
h, while the conversion of IM already exceeds 90% after 48 h.
We also identified 2,5-dimethylpyrrolidine, a bicyclic com-
pound including a C5 N-heterocycle with MW = 99 and other
byproducts with MW 115 and MW = 85. All these
byproducts could be formed from an intermediate tricyclic
compound (i.e., 2,5-imino-1,4:3,6-dianhydro-2,5-dideoxy-D-
mannitol, A, MW = 127), opening a path to degradation
routes (and carbon loss) driven by ring opening, followed by
hydrodeoxygenation, hydrogenolysis, and C—C cleavage.

The tricyclic compound A could be generated by internal
nucleophilic substitution (Sy2) of ASI1, exhibiting an anti
configuration between the nucleophile (endo-NH,) and the
leaving group (exo-OH), with a Gibbs free energy of reaction
A,G = —10 kJ mol™" at 200 °C computed using the M06-2X
functional. Water may facilitate proton shuttling from —NH,
to —OH to yield compound A and H,O. Another possibility is
an internal substitution (Sy2) of DAS, with one endo-NH, and
one exo-NH,, to yield compound A and NHj, but this reaction
is predicted to be endergonic with A,G = +3 kJ mol™" at 200
°C. Finally, compound A might also be obtained by internal
nucleophilic substitution (Sy1) with an endo-OH or endo-NH,
leaving group and still an endo-NH, as nucleophile in the AM1
aminoalcohol (A,G = —13 kJ mol™) and the DAM diamine
(A,G = =1 kJ mol™). All in all, the most likely path based on
the Gibbs free energy of the reaction appears to be the internal
nucleophilic substitution in AS1 or AMI.

While we did not detect compound A, this compound has
been reported by Bashford and Wig%ins when reacting isoidide
bistosylate with methanolic NH;.”* Compound A has also
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been prepared by reacting isoidide bistosylate with benzyl-
amine, followed by hydrogenolysis over a PA(OH), catalyst.”
Overall, these studies suggest that compound A can be
accessed in our reaction system either in the bulk alkaline
solution or over the Ru/C catalyst at high IM conversion
(>70%).

Role of NH; and H, in the Amination of Isomannide
IM. Effect of NH; and Aminoalcohols on the Amination of
IM. To assess the potential inhibition of aminoalcohols on the
catalytic activity of Ru/C, the amination of isomannide IM was
performed in the presence of aminoalcohol AS2 (with exo-
NH,) in the starting solution and in excess of NH; (Figure 4).

100+
I DAl
90+ I DAS
I DAM
80+ AM2
. AM1
704 AS2
—_ I As1
é 60 s
E 50 -II
@ ¢ [Mconv
> 40
30. I
20
10
- .
Without With
AS2 AS2

Figure 4. Conversion of isomannide IM and product distribution in
the amination of IM without (left) and with (right) addition of 0.15 g
AS2 (15 wt % to IM) to the starting solution. Reaction conditions: 1 g
IM, 15 mL NH; H,O (25 wt %), 0.2 g Ru/C (5 wt %), 10 bar H,, 180
°C, and 18 h.

This aminoalcohol was chosen since it was found to be not
reactive from the experiments using IS (Figure 1a). Only 15 wt
% of AS2 based on IM (almost the same molar percentage)
was added to the starting solution to prevent competitive
adsorption with the substrate. Interestingly, AS2 did not react
and did not exert any influence on the product distribution or
IM conversion compared to the direct amination of pure IM.
These results suggest that aminoalcohols do not inhibit the
reaction.

To investigate the role of NHj; on the catalytic activity and
selectivity, the amination of IM was conducted at variable NH,
loading in the reactor by diluting 25 wt % aqueous NH; with
H,O, while the H, pressure was kept unchanged at 10 bar
(Figure S). At about 70% conversion of IM, the total yield of
amines increases with the NH; loading from 0.5 to 3.4 g, while
the amount of isomerization products (IS and II) declines. In
parallel, the aminoalcohols-to-diamines molar ratio decreases
from 4.1 to 1.9. Interestingly, the more NH; is present, the
higher the carbon balance, accompanied by an increase in the
pH of the reaction mixture. These results underline the
competitive role of hydrogenolysis/hydrodeoxygenation of IM
over amination at lower NH; loadings, resulting in the
formation of acid byproducts not detectable by MS (e.g,
short-chain carboxylic acids) (Figure 3)* and promoting the
isomerization of isohexides.””

Effect of H, Pressure on the Amination of Isomannide IM.
The effect of H, pressure on the amination of isomannide IM
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Figure S. (a) Conversion of isomannide IM and product distribution, as a function of the amount of NHj, in the direction of amination of IM.
Reaction conditions: 1 g IM, 15 mL solvent, 15 to 2.2 mL NH; H,O (25 wt %), 0.2 g Ru/C (5 wt %), 10 bar H,, 180 °C, and 18 h. (b) Molar ratio

of aminoalcohols-to-diamine products as a function of the amount of NH;.

was further investigated at constant NH; loading (3.4 g)
(Figure 6). The IM conversion increases with the H, pressure
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Figure 6. Conversion of isomannide IM and product distribution
under different H, pressures. Reaction conditions: 1 g IM, 15 mL
NH; H,0 (25 wt %) (pH = 13), 0.2 g Ru/C (S wt %), 180 °C, and 18
h.

from 1 to 30 bar, with a concomitant decrease of the diamine
yield and carbon balance due to byproduct formation for a H,

pressure higher than 10 bar. In parallel, IS is generated from
the isomerization of IM, with a higher yield due to faster
isomerization at higher H, pressures.”* Subsequent amination
of IS produces aminoalcohols AS1 and AS2. This observation
is further confirmed by MS analysis of the reaction solution
after amination of IM under 30 bar of H, (Figure S3). At this
higher H, pressure, a new peak is observed at 132 m/z (+H),
not listed in Table 1, which can be ascribed to ring-opening
products of compound A, while another peak at m/z 100 is
ascribed to a product originating from further hydrodeoxyge-
nation. Additional byproducts originating from hydrodeoxyge-
nation/hydrogenolysis at higher H, pressures are listed in the
Supporting Information (Figure S4).

The effect of the H, pressure on the amination of IM was
investigated at two different IM loadings (i.e., 0.5 and 1.0 g)
while keeping the Ru/C loading constant at 0.2 g (Figure 7).
Under § bar H, pressure, the IM conversion is 75% using 0.5 g
of IM, whereas it decreases to 49% using 1.0 g of IM, while
keeping in both cases a carbon balance higher than 90%
(Figure 7a). The higher IM conversion in the former case can
be attributed to a higher catalyst-to-substrate ratio. While
under 10 bar H, pressure, the conversion is higher (90% for
0.5 g of IM and 70% for 1 g of IM), and the trend in the
conversion is similar to that found for S bar H, pressure
(compare Figure 7a,b). However, contrary to what was found

(a) 1004 (b) 1004
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Figure 7. Conversion of isomannide IM and product distribution at 1 and 0.5 g IM under (a) S bar and (b) 10 bar H,. Other reaction conditions:
15 mL NH3H,0 (25 wt %) (pH = 12), 0.2 g Ru/C catalyst, 180 °C, and 18 h.
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with 5 bar H, pressure, the total amine yield is much lower
using 0.5 g of IM. An increase of the H, pressure from S to 10
bar enhances the rate of amination, resulting in an increase of
the total yield of amines from 47% at S bar H, to 70% at 10 bar
H,. In contrast, using 0.5 g of IM, side reactions are strongly
promoted by increasing the H, pressure from 5 to 10 bar. This
results in a decline of the total yield of amines due to
competitive hydrogenolysis/hydrodeoxygenation reactions of
aminoalcohols or IM, leading to different byproducts (Figure
3).

Reactivity of Ketones. Finally, we studied the role of
monoketones as intermediates during the amination of
isomannide IM. The endo-OH monoketone was synthesized
by oxidation of IM with 10 bar O, over Pt—Bi/C (see the
Supporting Information for details), resulting also in the
formation of the diketone. The IM/endo-OH ketone/diketone
molar ratio of the resulting mixture was 26:48:10. This mixture
was then subjected to reductive amination using aqueous NH;
over Ru/C at 100 °C and 10 bar H, (Figure SS). Under such
conditions, the reaction mixture is enriched with IM after 12 h,
which can be attributed to the partial hydrogenation of the
endo-OH group. Besides, two aminoalcohols with endo-OH
(ie, AMI1 with endo-NH, and AM2 with exo-NH,) are
generated, as well as a few diamines.

We also investigated the product distribution in the
reductive amination of the pure isohexide diketone over Ru/
C. Despite full conversion of the diketone, neither isohexide
monoketones nor amines are observed at 25 °C after 1 h or at
100 °C after 18 h. A dark brown-colored solution is obtained
just by reacting the diketone with aqueous NH; over Ru/C
and 10 bar H,, suggesting fast imine formation, followed by
polymerization.

The results above point out that the endo-OH monoketone
is most likely an intermediate originating from IM dehydrogen-
ation. However, the diketone is not expected to be generated
on the catalyst surface during IM dehydrogenation and
participate in the catalytic mechanism.

Competition of Amination and Isomerization of
Isomannide over Ru/C. During the amination of isohexides,
isomerization can also occur. In the absence of NHj, the three
isohexide isomers can interconvert over Ru/C under a pressure
of H,. In particular, we have recently shown that IS can
isomerize, starting either from the endo-OH or exo-OH with a
comparable energetic span.”” In the absence of co-adsorbed H,
chemisorbed monoketones are strongly bonded to the Ru
surface because of the stabilizing interaction with the ether of
the adjoining cycle. As a result, monoketones poison the Ru
catalyst, with re-hydrogenation being the limiting process. In
the presence of H,, monoketones are less strongly adsorbed
and are more easily re-hydrogenated, producing IS, IM, or IL
The isomerization equilibrium is reached within 2 h at 160 °C,
10 bar H, (i.e., the II/IS/IM molar ratio of 61:35:4).

To rationalize the final distribution of products in the
amination of isohexides, it is critical to understand the
interplay between this reaction and the isomerization of
isohexides, in the presence of both NH; and H,. In this view,
we first explored the evolution of IM over Ru/C at 200 °C in
water solvent under 30 bar H, (Figure 8). In line with our
previous study,” IM isomerizes into II and IS, reaching
thermodynamic equilibrium after 2 h. Next, we reacted IM
with a small amount of NH; (1 mL of 25 wt % NH;-H,0
instead of 15 mL in the previous experiments) in water (15
mL) at 200 °C under 30 bar H,. Isomerization is suppressed
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Figure 8. Product distribution and mass loss in the isomerization
reaction of isomannide IM in the presence of NaOH (pH = 10) (left)
and NH;H,0 (25 wt %, 1 mL) (pH 8) (right). Reaction
conditions: 1 g IM, 15 mL solvent, 0.0S g Ru/C (S wt %), 30 bar H,,
200 °C, and 2 h.

and does not reach equilibrium. This observation is consistent
with the low yield of isohexide isomers observed during
amination in excess NH; and suggests strong inhibition of
isomerization in the amination reaction.

We conducted two further catalytic tests on mixtures
resulting from the amination reaction (Figure 9). In these
tests, we kept the pH at basic conditions to discourage the side
effects of the pH on the reactivity. We first carried out the
amination of IM at 180 °C for 18 h (pH 13), and then, NH,
was partially removed by bubbling N, for 6 h until the pH was
11. The resulting mixture was then reacted with 30 bar of H,
(Step A, Figure 9a). The yield of isohexides and aminoalcohols
remains almost unchanged, while the yield of diamines
decreases slightly. NH; was further added to the reactor, and
the amination reaction was resumed (Step B, Figure 9a),
leading to a moderate increase of the yield of diamines. We
conducted a second catalytic test at 180 °C for 18 h and then
fully removed NH; under vacaum (pH 11) (Step A, Figure
9b). The yield of amines exhibits a remarkable decrease,
especially in the case of diamines, reinforcing the idea that
diamines are more vulnerable to H, than aminoalcohols over
Ru/C. Besides, the ratio of AM2 (with one exo-NH,) to AM1
(with one endo-NH,) increases dramatically, either due to
partial isomerization from AMI1 to AM2 or due to a higher
decomposition rate of AM1. The isomerization of IM is also
inhibited in the presence of the amine products, as described
above.

Understanding the Role of NH; and H, in IM
Amination. To improve our understanding of the role of
NH; and H, in isomannide IM amination over Ru/C, we
performed density functional theory (DFT) calculations,
complementing our previous studies focusing on the isomer-
ization reaction.”> Aminoalcohols are the main products of the
amination reaction in the case of IS, with only traces of the
desired diamines produced. Further reaction of the amino-
alcohols to the desired diamine products is observed in the
case of IM, but to a limited extent. Alcohol amination is a
multistep process that starts with the OH scission activated by
the Ru/C catalyst.”” Considering the adsorption on Ru(0001)
followed by the O—H scission (TSqy), we compare IM with
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the four aminoalcohol intermediates (i.e., AS1, AS2, AM1, and
AM2, see Scheme 1). The corresponding Gibbs free energy
profiles are provided in Figure 10a. IM adsorbs weakly by
building two Ru—O weak bonds with one O-ether and one
hydroxyl group. The O—H breaks with an activation energy of
33 kJ mol™". Adsorption of aminoalcohols is clearly much more
favorable via their NH, group (NH,*) than via their OH
group (OH*) by at least 25 kJ mol™', which means that the
OH group points away from the catalyst surface in the most
stable adsorption mode (>S A, see illustration for AMI1 in
Figure 10b). Starting from the OH* adsorption mode, the O—
H scission barrier is comparable to that found for IM (around
30 kJ mol™"). However, the overall barrier rises to at least 59 kJ
mol™" by including the adsorption equilibrium between the
most stable adsorption mode (NH,*) and the least stable but
reactive adsorption mode (OH*). In other words, amino-
alcohols are predicted to be less reactive than IM in agreement
with our experimental findings (formation of aminoalcohol is
comparatively easy, while further reaction to diamines is
strongly inhibited), and this is mainly related to the over-
stabilizing adsorption through the amino substituent (NH,*)
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compared to the reactive adsorption through the alcohol
substituent (OH*).

According to our previous work on the isomerization of
isohexides over Ru/C (i.e., without NH,),* exogenous H, is
necessary to promote the isomerization of the isohexides (IS/
1I/IM). DFT calculations highlighted that isomerization is
facilitated on a Ru(0001) surface covered by H compared to a
pristine surface.”> To elucidate the impact of NH; on the
isomerization of isohexides, we investigated the fate of NH; on
Ru(0001). Given the weak Gibbs free adsorption of IM (—8 kJ
mol™") compared to that of NH; (=37 kJ mol™"), the co-
adsorption of IM was ruled out in our calculations. The
corresponding reaction profile is shown in the Supporting
Information (Figure S7). NH; adsorbs strongly on Ru(0001)
and easily dissociates into NH,, NH, and N (barrier < 110 kJ
mol™"). Noteworthy, recombination of N into N} is limited by
a very high barrier (295 kJ mol™'). These results are in
agreement with previous work on the synthesis of NH; and its
decomposition over Ru surfaces.’®*’ These aforementioned
surface species could be responsible for surface poisoning, as
confirmed by microkinetic modeling, where the steady state
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Figure 12. Proposed reaction pathways for the amination of IM with NH; over Ru/C in the presence of H,. (a) Direct amination of IM and (b) IM

isomerization to IS, followed by direct amination.

was evaluated at increasing temperatures for a H,/NHj ratio of
1.0 and at increasing H,/NH; ratios at 200 °C. As shown in
Figure 11, poisoning by NH* and N* increases with
temperature but can be reduced by increasing the H,/NHj,
ratio. More details about the micro-kinetic analysis can be
found in the Supporting Information.

Combining the above insights from modeling with the
experimental investigations, we can rationalize how NH; and
H, control the fate of isomannide IM over Ru/C during
amination, as summarized in Figure 12a. Both the isomer-
ization and amination of IM share the same first step, namely
the dehydrogenation of one OH group into a chemisorbed
ketone. We have already shown that isomerization is
accelerated by exogenous H, due to co-adsorption of the
substrate with H on the catalyst surface.”> In the presence of
both NH; and H,, the main surface species are NH; and NH,
instead of H, according to combined DFT calculations and
micro-kinetics (Figure 11), which modifies the catalytic
properties of Ru/C, thus strongly inhibiting the isomerization
of IM to IS (Figure 8). This high coverage in NH species is
also in agreement with adsorption experiments dosing NH; on
Ru(0001).*>*" A high NH and/or NH; coverage should also
facilitate imine production on the catalyst, with its hydro-
genation being limited by the H, coverage. As a matter of fact,
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a H, pressure of at least S bar is necessary to accelerate imine
hydrogenation and reach 70% conversion of IM within 18 h
(Figure 6). However, the H,/NHj ratio needs to be kept low
to prevent carbon loss. Indeed, as depicted in Figure 9,
removing NH; and keeping H, is detrimental to the stability of
aminoalcohols and diamines. Finally, to obtain diamines,
aminoalcohols need to bind through their —OH group, which
is less likely than through their —NH, group, discouraging
their further amination.

In parallel, even though adsorbed amine species slow down
the isomerization of the isohexides, IM is still slowly converted
to IS. The latter then transforms into AS1, which is regarded as
the precursor of tricyclic amine A, which is further converted
into byproducts (Figure 12b).

B CONCLUSIONS

To conclude, the direct amination of isohexides with NHj
favors the synthesis of aminoalcohols over Ru/C to the
detriment of diamines. The key to this behavior is the
inhibition of isomerization during amination (i.e,, under NH;),
with endo-OH groups in isosorbide and isomannide showing
much higher reactivity than exo-OH groups. In contrast, exo-
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OH groups exhibit partial reactivity in isosorbide and
isomannide isomerization under H, (i.e., without NHj).

Isohexide diamines can be obtained in moderate yield by the
direct amination of isomannide with NH; over Ru/C. A panel
of byproducts is obtained, which could be generated by
hydrolysis and hydrodeoxygenation from a tricyclic amine, as
determined by MS. Increasing the NH; concentration (relative
to that of H,) poisons the Ru surface because of strong NH,
adsorption and the concomitant generation of surface NH
species. Furthermore, the isomerization of isomannide is
hindered, thus avoiding the formation of AS1 and limiting,
in turn, the carbon loss. Increasing the H, pressure accelerates
the amination of isohexides, but too high a pressure is to be
avoided to limit AM1 formation and, in turn, the promotion of
hydrolysis and hydrodeoxygenation reactions of the inter-
mediate compound A. Therefore, the ratio of H, to NHj,,
which conditions the distribution of NH, and NH species on
the Ru surface, drastically influences the catalytic performance.

All in all, we rationalize why the direct amination of
isohexides to diamines over Ru/C is discouraged, as desirable
as this reaction may be from an industrial point of view. The
impossibility of obtaining high yields of diamines, even when
starting from isomannide with two more reactive endo-OH
groups, results from catalyst poisoning caused by ammonia and
the formation of byproducts by hydrogenolysis. In the case of
isosorbide and isoidide, the isomerization of the less reactive
exo-OH groups to more reactive endo-OH groups is suppressed
by ammonia and product amines.

B EXPERIMENTAL SECTION

Chemicals. Isoidide (98%) was purchased from FluoroChem.
Isosorbide (98%) and isomannide (95%) were procured from Sigma-
Aldrich. Aqueous ammonia (25 wt %) was procured from Merck. AS1
and DAS were synthesized by ChemPartner. Unless otherwise stated,
all chemicals were used without any further purification. An activated
carbon-supported ruthenium (Ru/C, S wt %, reduced) catalyst was
purchased from Sigma-Aldrich.

General Procedure for Amination Reactions. The high-
pressure amination reactions were carried out in a Parr 5000 Multiple
Reactor System (75 mL) equipped with a thermocouple and a digital
manometer. In a typical reaction with aqueous NHj, 1 g (6.8 mmol)
of either IS, IM, or II, 0.2 g of Ru/C, and 15 mL of aqueous NH; (25
wt %, 091 g mL™, 0.2 mol of NH;) were added to the reactor. The
reactor was then sealed, flushed 3 times with H,, and sealed at the
target H, pressure and temperature. After the reaction, the reactor was
cooled down to room temperature using an ice—water mixture, and
the internal pressure was released.

General Procedure for the Synthesis of Isohexide endo-OH
Monoketone. The oxidation of isohexides was performed in a S0 mL
double-neck flask. Typically, 1 g substrate, 15 mL H,O and 0.2 g Pt—
Bi/C were added to the flask. An airflow [80 mL(STP)/min] was
introduced to the suspension, and the reaction temperature was set to
60 °C. The endo-OH monoketone MKI1 together with the diketone
DK and was obtained after 72 h starting from IM at full conversion.

Identification of Products and Quantification. The crude
product was filtered (perfluoroethylene, 0.2 ym) to remove the
catalyst and was diluted in methanol. The mixture was analyzed by gas
chromatography using a Bruker Scion 436 GC equipped with an
Agilent HP-SMS column (30 m X 0.25 mm x 0.25 um), a flame
ionization detector (FID), and an autosampler. The calibration was
performed using n-dodecanol as the internal standard.

GC methods A and B (see Figure S8 in the Supporting
Information) were used to identify all possible products in the
isomerization and amination of isohexides (Schemes 1 and 2).
Representative GC spectra of the product mixture obtained from the
amination of IS or IM are provided in Figure S9. The quantification of
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Scheme 2. Possible Products Obtained from the
Dehydrogenation of Isohexides and Reductive Amination of
Isohexide Monoketones

HO HO H
e} ~Z.0
0 Ao Ao
o MK1 MK2
H oH HO HO 0
Isohexides .0 ~=_0 .0
ot o (01‘2 o
+NH = z z
H,0 RN HoNH H N
IN1 IN2 IN3

each substrate and conversion was carried out using method A, while
method B was used to measure the molar ratio between DAI and AS1.
Equal GC response factors was assumed for isohexides and the
corresponding alcoholamines and diamines.

GC methods A and C (see Figure S10 in the Supporting
Information) were used to identify the products in the oxidation of
IM and IS, respectively. Representative GC spectra of the product
mixture after oxidation are provided in Figure S11. Equal GC
response factors were assumed for isohexides and ketones.

In each experiment, the substrate conversion and yield of each
product were calculated using the following expressions

n,
Conversion = [1 - —] X 100%
o

(1)

"y
Yield = — X 100%
o

)

where n, is the molar amount of reactant after reaction, n, is the initial
molar amount of reactant, and 7, is the molar amount of product after
reaction.

MS analysis was used to measure the molecular weight of the
possible byproducts during the amination reaction. The analyses were
conducted using a Thermo QExactive mass spectrometer (Source-
type ESI, scan began at m/z S0, scan ended at m/z 1000, and ion
polarity, positive or negative).

Computational Details. DFT implemented in Gaussian 16" was
used to investigate the thermodynamic stability of 1sohex1des and their
potential amination products using the MO6-2X functional* with the
def2-TZVPP basis set.***> SCF convergence and optimization criteria
were set to tight, and the obtained optimized geometries were used to
calculate the vibrational frequencies. These were subsequently used to
calculate standard Gibbs free energies at 200 °C and 101 kPa using
the GoodVlbes python package under the harmonic ideal gas
approximation.**~** After an initial rescaling of the normal modes
recommended for the selected level of theory,"” frequencies below
100 cm™! were rescaled to 100 cm™ for a quasi-harmonic treatment
of both vibrational entropy*® and vibrational enthalpy.*’

For the study of on—surface reactions, periodic DFT, as
implemented in the Vienna ab initio simulation package (VASP)*°
was used to investigate reaction pathways for various reaction species.
Electronic energies were approximated at the GGA level using the
Perdew—Burke—Ernzerhof (PBE)' exchange correlation functional
with dDSc dispersion correction.”” Ion-electron interactions were
treated using the Projector Augmented Wave (PAW) formalism®>**
with an 850 eV cutoff for the augmentation charges, and the plan-
wave basis set was truncated at 500 eV. The Ru catalyst was modeled
by a 4 layer thick p(4 X 4) slab of Ru(0001) surface. The slab was
cleaved from bulk Ru following a full optimization of the bulk, which
resulted in lattice parameters of a = 2.702 A and c/a ratio of 1.578.
The bottom two layers were kept frozen in their bulk positions, while
all other degrees of freedom were allowed to relax until the forces
were lower than 0.01 eV A™' The cutoff for the electronic self-
consistency cycle was set to 1077 eV. The calculations for slab or slab-
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adsorbate systems used a Gamma-centered 5 X 5 X 1 k-point mesh to
sample the Brillouin zone. Second order Methfessel-Paxton smearing
scheme, AM2, was employed with a smearing width of 0.2 eV. To
minimize the interactions between the different periodic images of the
system in the direction normal to the slab, a minimum vacuum gap of
25 A augmented by a dipole correction of both energy and forces was
implemented in the given direction. The O—H transition states for IM
and aminoalcohols were computed using a combination of DIMER
and quasi-Newton methods.

Thermal and entropic contributions to the total energy were
estimated under the harmonic approximation by calculating the
normal modes for the adsorbate part of all reaction species using
central finite differences with a step size of 0.01 A. All normal modes
(those with a vibration below 100 cm™ were rescaled to 100 cm™ to
avoid spurious effects within the harmonic approximation) were used
to calculate the zero-point energy (ZPE) and other thermal and
entropic contributions under harmonic and ideal gas approximations.

The molecular species were optimized at the Gamma point in a 20
X 20 X 20 A% cubic box. Due to the polarity of the molecules, dipole
correction was used in all directions. A reduced smearing width of
0.02 eV was employed for molecular species. The vibrational,
rotational, and translational contributions to the enthalpy and entropy
were calculated under the harmonic ideal gas approximation, taking
into account the proper symmetry of the molecules.

The kinetic analysis was performed for two cases: surface coverage
vs temperature and surface coverage vs NH;/H, molar ratio. In the
former case, the kinetic equations were solved to find the steady state
for an initial condition of 25 wt % aqueous NH; in a 15 mL reactor
and a H,/NH, ratio of 1.0; this sets the initial molar concentrations of
NHj;, H,O, and H, gas phase species. In the latter case, the same
initial condition for NH; was used, and the H, concentration was set
according to the H,/NHj ratio. The initial concentration of N, gas
was set to 0.0 molar in both cases. The binding energy of H* was
scaled by 0.12 eV (~20%) to take into account the lateral interactions
in a mean-field approximation. The binding energy of H* was rescaled
by ~20% to mimic the lateral interactions in a mean-field
approximation. However, little to no effect was found on the
steady-state kinetics as a result of this rescaling. Figure S12 shows the
steady-state coverage of surface species and empty sites as a function
of temperature at a H,/NH; ratio of 1.0 when H* is not rescaled,
while Figure S13 shows the evolution of N, gas as a function of
temperature for a H,/NHj ratio of 1.0.

The following elementary reactions were considered

*

NH;(g) + © < NH, *

NH, *+ *o NH, "+ H*
NH, *+ * & NH* + H*

NH*+ "+ "o N*+ H

INF & N, * 4 %
N, * < Ny(g) + *

H,0(g) + * < H,0"

H,0" + "« OH" + H*

OH* + * & O* + H*

2H* & Hy(g) +2*

The differential equations resulting from the elementary steps were
solved using the find_steady_state subroutine implemented in the
Micki program® with dt = 200 and a tolerance of 1 X 107
Adsorption of gas-phase species was modeled using a non-interacting
2D ideal gas (defined as the STICK method in Micki) and on—

surface reactions were modeled using the Transition State Theory
(defined as the TST method in Micki). A continuous stirred reactor

(CSTR) with an infinite flowrate (i.e., a perfect mixture) was achieved
by fixing the concentrations of NH;(g), H,0(g), and H,(g).
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