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Introduction

The preparation of polymers from renewable resources is an
attractive prospect, not only considering the gradual depletion

of fossil feedstocks but more importantly because nature also
provides unique molecular structural motifs. Notably, the par-

ticular methylene chain sequences of fatty acids from plant oils
can serve as the source of mid- and long-chain monomers X-

(CH2)n-X for polycondensates.[1] The particular composition of

carbohydrates via multiple dehydration affords furanic building
blocks X-CH2-furan-2,5-diyl-CH2-X to be used as rigid segments

in polyesters.[2]

In the synthesis of monomers from plant oils, the unsaturat-

ed fatty acids or esters are especially interesting for further
functionalization.[3] Long chain a,w-diesters and a,w-diols are
accessible already via various catalytic routes (Scheme 1, upper

left part). An attractive chemical transformation towards die-
sters is the isomerizing alkoxycarbonylation.[4–6] In this reaction,
the entire fatty acid is effectively incorporated into the product
and no stoichiometric by-products are formed.[4,6–8] The highly

kinetically controlled nature of the reaction results in the selec-
tive formation of a terminal ester or carboxylic acid group, far

from the original site of the double bond.[9,10] The products ob-

tained fulfil the stringent requirements on monomer purity re-

quired for polycondensation reactions, as given by the Car-

others equation, and high molecular weight long-chain polyes-
ters can be obtained.

Cellulose, and in particular hemicellulose as an abundant
low-cost feedstock can be converted into 5-hydroxymethylfur-

fural (5-HMF, Scheme 1, upper right part) by acid-catalyzed de-
hydration.[11–20] Subsequent conversions of this platform chemi-

cal provide desirable compounds such as hexanediol, 2,5-furan
dicarboxylic acid, 2,5-bis(hydroxymethyl)furan (BHMF)[21–23] and
dimethyl furan.[24,25] For example 2,5-furan dicarboxylic acid

can be used as an alternative to terephthalic acid in the pro-
duction of polyesters materials.[26,27] These possess beneficial

traits such as a higher gas barrier versus poly(ethylene tereph-
thalate) (PET).

Compared to polyesters, fewer new polyamides[28,29] from re-

newables have been studied or introduced over the last de-
cades. This is largely due to a lack of suitable routes to novel

diamine monomers. Polyamides are most commonly generated
by melt polycondensation of diacids with diamines.[30,31] Poly-

amides generally have relatively high melting points due to hy-
drogen bonding between the amide groups. Compared to

Via an all-catalytic route, long-chain diamines were prepared
by the catalytic direct amination of long-chain diols, derived

from plant oils. High conversion was achieved with good selec-
tivity, with the amount of nitrile impurities formed suppressed
to a low level. From the lignocellulose-based 5-hydroxymethyl-
furfural (5-HMF), or from bis(hydroxymethyl)furan, 2,5-bis(ami-
nomethyl)furan (BAMF) was generated. 5-HMF was converted
in a one-pot, one-step direct amination and reductive amina-

tion using ammonia. In both cases, the reaction proceeded
very efficiently. In the combined amination and reductive ami-

nation, the H2 concentration is a rate-limiting factor. Reducing
the partial pressure of H2 also shortened the reaction time re-
quired significantly. Polycondensation of the long-chain dia-
mines with long-chain diacids led to higher molecular weight
polyamides, illustrating the quality of the diamines obtained
by this synthetic approach as monomers.

Scheme 1. Overview of the synthesis of monomers and polymers pursued in
this work.
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short-chain polyamides such as nylon-6,6 (Tm ca. 260 8C),
longer-chain monomers significantly reduce the melting point

and also the water-uptake which enhances dimensional stabili-
ty.[32,33] Beyond polyamides, diamines (and multifunctional

amines) are also widely employed in epoxies and other resins,
making use of the high nucleophilicity and reactivity of amine

groups.
However, as mentioned straightforward routes to diamines

based on renewable sources are lacking. Access to long-chain

a,w-diamines for polyamides still require multi-step proce-
dures.[5, 34] Commercial polyamides PA6,10, PA10,10 and PA11
are produced from ricinoleic acid, the major component of
castor oil, which is, however, a rather limited resource.[1,35] Also

in case of 5-HMF derived amines, no direct catalytic, atom-effi-
cient routes are currently available and still rely on multi-step

routes producing significant amounts of waste.[34,36–39]

Alcohols and alcohol derivatives (ketones, aldehydes) are
easily accessible already from biomass and can be exploited in

the synthesis of amines via the direct amination of alcohols
with NH3. The reaction follows the so-called “Hydrogen Shut-

tling” or “Borrowing Hydrogen” methodology with water as
the only by-product (Scheme 2).[40–42] To date, several systems

have been developed that efficiently convert primary and sec-

ondary alcohols to primary amines.[40–45] However, only two ex-

amples of a long-chain diol direct amination have been report-
ed, both for the case of 1,19-nonadecane diol, and the conver-

sion of the product to polymers as a probe of their suitability
to this purpose has been lacking.[46,47,51] This is, however, crucial
as it is also a sensitive probe whether the amination reaction is
sufficiently selective and the formation of problematic (e.g.

mono-functional) side-products is below an appreciable limit.
We now report insights on the pathways, and side-products

and intermediates occurring in the target amination reactions.
The rational derived allows for a direct di-amination of 5-HMF,
and of plant oil-based long-chain diols to polymerization grade

long chain diamines.

Results and Discussion

Diamine synthesis

A set of ruthenium complexes were screened for the direct
amination of diols with NH3 to the target amines (Scheme 3).

The choice of catalysts was based on their proven utility for
direct amination reactions.

C1, reported early on in the development of catalytic amina-
tion chemistry, is based on an acridine diphosphine ligand de-

veloped by the Milstein group.[40] Moreover, this system seems
to be most promising as this and derivatives of this, have been

employed successfully in the direct amination of various diols,

including a branched dimer fatty acid (C36) diol.
[46, 51] System C2

is also based on the acridine-based diphosphine ligand, but

with ruthenium carbonyl as metal source, providing a some-
what more robust system.[44] Another system based on RuHCl(-

CO)(PPh3)3 and Xantphos as ligand, developed by the Beller
group, was reported to be effective for diols and long-chain

(mono)alcohols.[43] The most recent catalyst (C4) is based on

RuHCl(CO)(PPh3)3 and the Triphos ligand,[45] which is also
known to be a good hydrogenation catalyst.[48]

At 150 8C with a catalyst loading of 0.5 mol% only C1 and
C4 showed activity in the amination of the a,w-diols. However,

C4 did not lead to full conversion in these experiments and
gave a broad mixture of products and was therefore not pur-

sued further here (Tables S1 and S4, Supporting Information).

Studying 1,14-tetradecanediol as a substrate, the diol was
completely converted but only 11% of primary diamine was

produced. To rationalize the amination procedure, the as-ob-
tained product mixture was fully characterized. Although high

conversion was achieved, mainly secondary and cyclic amines
were produced (Table 1, entry 1). This suggests that the availa-

bility of ammonia is not sufficient in these cases. In order to
drive the reaction towards the primary diamine product, a suf-
ficiently high amount of ammonia of 120 equivalents with re-

spect to the diol was found to be key. This led to a higher se-
lectivity of 89% (Table 1, entry 2). The increased ammonia con-

centration strongly reduced the formation of secondary and
cyclic amines. One other notable by-product, the mono-nitrile,

remained present to a small extent, which however did not

hamper polycondensations (vide infra). Essentially similar ob-
servations were made for longer chain C18 to C23 diols. In all

cases a large excess of ammonia was necessary and led to
high selectivity to the corresponding diamines (Table 1, entry 3

vs. 4, 5 vs. 6). Further variations for optimization can be found
in the supporting information (Table S1, entries 8–12). Interest-

Scheme 2. “Hydrogen shuttling” for direct amination of alcohols with ammo-
nia.[41]

Scheme 3. Amination procedures and catalysts studied.
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ingly it was noted that with increasing chain length, the selec-

tivity also increased.

The amination of 2,5-bis(hydroxymethyl)furan (BHMF) has
been addressed in a recent patent application.[51] However, a

direct and combined reductive amination-alcohol amination of
5-HMF as a one-pot procedure would be highly desirable but

has not been studied before. In view of this target the afore-
mentioned conditions for the amination of long chain diols

were adapted to the amination of BHMF as a model reaction.

These furan-based molecules can be susceptible to various
side reactions, especially at the reaction temperatures required

for the amination. In addition, the product, 2,5-bis(aminome-
thyl)furan (BAMF) is known to form resins and to being oxi-

dized relatively easily under ambient conditions.[36,49] In gener-
al, it is a highly reactive amine, which is advantageous for low

temperature curing.[50]

Monitoring of the reaction over time revealed that BHMF
was consumed within 6 hours with considerable amounts of

the intermediate aminoalcohol accumulating, which was then
slowly converted to the diamine product. The reaction eventu-

ally went to completion within about 7 hours (Graph S1,
Table S2). After the solvent was removed, BAMF was isolated

as a brown oil.[51] As suspected by the color of the mixture,

some impurities were found in the 1H NMR spectrum, which
were not observed by GC analysis. This suggests that they are
higher molecular weight secondary products formed from
BAMF.[49, 52]

In view of a straightforward and efficient process, the com-
bined reductive amination-alcohol amination of 5-HMF was

studied. Clearly, this requires the combination of H2 and NH3 in
order to arrive at the diamine. After addition of NH3, the pres-
sure in the autoclave was 7.5 bar (the standard pressure of NH3

at room temperature). The autoclave was further pressurized
to a total pressure of 10 bar with H2.

The reaction profile shows a very fast consumption of 5-
HMF (Figure 1B). In about 30 minutes all 5-HMF is converted

to the intermediate aminoalcohol. At the reaction temperature,

it can be expected that the aldehyde is immediately converted
to the imine, due to its high reactivity but also due to the

excess of ammonia. The hydrogenation step appears to be
fast, which indicates that the catalyst takes up the added H2,

and hydrogenates the imine.[53] The subsequent conversion of
the aminoalcohol to the diamine is much slower. The amount

of aminoalcohol gradually decreases over 140 h, while the

amount of produced diamine (BAMF) constantly increases (Fig-

ure 1A). This is a strong indication that the catalyst is saturated
by the hydrogen in the system, and for a large part unavailable

for the required alcohol dehydrogenation. In order to reduce
the ratio of H2 to catalyst, the reaction was scaled-up, while

the H2 amount was kept constant. Under these conditions the
reaction time was reduced to 12 hours until completion (Fig-

Table 1. Screening and optimization of the direct amination of long chain diols with NH3 using C1.

Entry[a] Diol (mmol) Solvent [mL] NH3 (mmol) [mL] Conversion [%][a] Primary amine
selectivity[a]

Secondary/cyclic
amine selectivity[a]

Nitrile selectivity[a]

1 1,14 (1.67) 5 97.5 (2.5) 99 11 83 6
2 1,14 (5) 15 585 (15) 92 89 6 5
3 1,18 (1.67) 5 97.5 (2.5) 99 11 80 9
4 1,18 (5) 15 585 (15) 99 87 4 9
5 1,19 (1.67) 5 97.5 (5) 100 74 17 9
6 1,19 (5) 15 585 (15) 100 95 0 5
7 1,23 (5) 20 585 (15) 100 96 0 4

Conditions: C1 (0.5 mol%), toluene, 150 8C, 64 h. [a] Determined by 1H NMR (298 K, 400 MHz, CDCl3) analysis based on the signal of NH2-CH2 (2.69 ppm) for
primary amine groups, CH2-NH-CH2 (2.59 ppm) for secondary and cyclic amine groups and NC-CH2 for nitrile groups (2.33 ppm).

Figure 1. Reaction profile of the direct amination of 5-hydroxymethylfurfural
with NH3 and H2 using catalyst C1. Conditions: Milstein catalyst, C1
(0.5 mol%), 5-HMF (5 mmol), tert-amyl alcohol (15 mL), NH3 (5 mL,
195 mmol), H2 (2.5 bar), 150 8C. Full reaction profile (A), zoom in on the first
4 hours (B). &=5-HMF, *=aminoalcohol, ~=BAMF diamine. Conversion
and selectivity were determined via GC-analysis.
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ure 2A). Again 5-HMF was consumed rapidly (Figure 2B), leav-
ing only the aminoalcohol after 30 min, which then smoothly

converted to BAMF.

The 1H NMR spectrum of the product essentially is identical
to that of the product from amination of BHMF, with two sin-

glet resonances at 6.0 and 3.8 ppm, as anticipated (Graph S16).
Some minor additional peaks reveal that the reaction is not
perfectly clean and some by-products occur which do not
show in GC. Therefore, the exact selectivity and product purity
were determined via 1H NMR and were found to be slightly

lower namely 85% selectivity while GC analysis suggested a
product purity of 90–100%. This compares favorably to GC

purity data reported in a patent by Schaub and co-workers[51]

for diamine produced from the separately prepared diol. The
minor additional signals in 1H NMR were reduced by lowering

the reaction temperature to 140 8C, which also decelerated the
reaction, resulting in a reaction time of 24 hours for complete

conversion.

Polycondensation

Melt-polycondensations were carried out under elevated pres-
sure in a 25 mL stainless steel reactor.[54] Stoichiometric

amounts of the diamine and the diacid were reacted in the ini-
tial presence of excess water as a reaction medium (Table 2).

Generally, the obtained polyamides were white to yellow
materials. For comparison, with commercial monomers such as

1,12-diamine and 1,18-diacid or with 1,19-diacid from isomeriz-
ing carbonylation, molecular weights varying from 1.2�104 to

2.8�104 gmol�1 were obtained (Table 2, entries 1–5). The poly-

amides with the (catalytically) synthesized long chain diamines
exhibited comparatively high molecular weights of about 1.8�

104 and 2.1�104 gmol�1, respectively (entries 6 and 7, Table 2).
Note that these molecular weights match with those of typical

commercial polyamides.[55]

The linear increase of the melting point with a lower chain-
length of the monomers is evident for the materials studied

here (Figure 3), and matches with previous observations on

Figure 2. Reaction profile of the amination of 5-hydroxymethylfurfural with
NH3 and H2 using system C1 with a decreased H2 concentration. Conditions:
Milstein catalyst, C1 (0.5 mol%), 5-HMF (10 mmol), tert-amyl alcohol (55 mL),
NH3 (10 mL, 390 mmol), H2 (2.5 bar), 150 8C. Full reaction profile (A), zoom in
on the first 4 hours (B). &=5-HMF, *=aminoalcohol, ~=BAMF diamine.
Conversion and selectivity were determined via GC-analysis.

Table 2. Molecular weights and melting points of the polycondensation
products of various chain length diamines and diacids.

Entry Polyamide PA Mn [g/mol][a] Tm [8C][b]

1[c] 7, 19 13700 180
2[c] 8, 19 19300 183
3 12,12 12400 187
4 12,18 28100 171
5 12,19 19500 170
6 19,19 18700 158
7 23,23 21600 149

Polyamides were obtained by melt polymerization in the initial presence
of degassed (mL) water pre-pressurized with 10 bar nitrogen pressure
and heated to 210 8C for 2.5 hours, subsequently 2 hours vacuum. [a] Mo-
lecular weights determined by 1H NMR spectroscopy at 403 K in C2D2Cl4
with addition of phenol via endgroup analysis. [b] Melting points deter-
mined by DSC. [c] Vacuum was applied for 1.75 hours.

Figure 3. Variation of the melting point depending on the CH2 to CONH
ratio. Generally pronounced odd/even effects are found for the melting be-
havior of aliphatic polyamides.
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these polyamides generated through other routes.[1, 56] As the
formation of hydrogen bonds also depends on the odd or

even number of carbon atoms in the chain, the melting points
of odd/odd, even/even and odd/even polyamides variate.

Conclusion

The direct amination of various long-chain diols is feasible em-

ploying an acridine-based diphosphine ruthenium complex,
previously reported by Milstein. A high excess of ammonia is

key to prevent the formation of cyclic and secondary amines.
In a single amination step, long-chain diamines were obtained,

sufficiently pure for subsequent polycondensation, previously

not demonstrated in this type of catalytic synthesis of dia-
mines. In contrast to previous methods, no intensive purifica-

tion was required. A one-pot, combined reductive amination-
alcohol amination of 5-HMF yielded 2,5-bis(aminomethyl)furan

(BAMF). The reaction requires additional hydrogen, which dra-
matically slowed down the entire reaction. By minimizing the

partial pressure of H2 the diamine was produced at the same

rate as in the direct amination of the separately prepared diol.
This new one-step procedure is particularly attractive due to

the ready availability of 5-HMF as a lignocellulose-based plat-
form chemical. Lignocellulosic waste material does not com-

pete with food use of renewable feedstocks, and notably also
the long-chain feedstocks used here can be generated from

microalgae oils.[62,63]

Experimental Section

General considerations

All syntheses were carried out under inert gas atmosphere using
standard Schlenk or glovebox techniques unless stated otherwise.
All catalytic reactions were carried out under inert gas atmosphere.
Toluene was dried in a solvent purification system over aluminum
oxide and stored under inert gas. THF was dried over sodium ben-
zophenone and stored under inert gas. Water was distilled under
nitrogen atmosphere and stored under inert gas. 4,5-Bis-(di-iso-pro-
pylphosphinomethyl)acridine (Milstein acridine ligand) was pre-
pared following a published procedure.[40] The long-chain dimethyl
esters C18, C19, C23 were prepared according to a published proce-
dure.[5] 5-(Hydroxymethyl)furfural, 2,5-bis(hydroxymethyl)furan and
bis(aminomethyl)furan were bought from Carbosynth. 1,12-Diami-
nododecane was purchased from TCI and 1,12-dodecanedioic acid,
1,12-diaminododecane (98%) from Sigma–Aldrich. 1,18-Octadeca-
nedioic acid was purchased from Elevance and recrystallized from
toluene before use. 1,6-Diaminohexane (97%) and 1,8-diaminooc-
tane (98%) were purchased from Fluka. Ammonia was acquired
from BOC in micrographic grade 99.998% in a 5.0 L cylinder
equipped with a BS10 dual port valve and was dosed using a
Bronkhorst Liquid-Flow mass flow controller. Hydrogen for the ami-
nation was purchased from BOC in industrial grade with a purity of
99.99%. Amination reactions were carried out in 75 mL stainless
steel autoclaves equipped with a Pt-100 thermocouple, a gas inlet,
a pressure gauge, a sampling unit for 50 mL samples and an inlet
for reagents. Polymerizations were performed in 20 mL autoclaves
equipped with a 15 mL glass inlay, two gas inlets and a pressure
gauge. Deuterated solvents were bought from Eurisotop except
for CDCl3, which was received from Sigma–Aldrich and stored over

4 � molecular sieves. CD3OD was dried over 3 � molecular sieves.
NMR spectra were recorded on Bruker Avance III 400 MHz, Bruker
Avance III 500 MHz, Bruker Avance DRX 600 spectrometers or a
Varian Unity INOVA 400 MHz spectrometer. 1H NMR spectra were
recorded at 400 MHz, 500 MHz, and 600 MHz. The splitting pat-
terns in the NMR spectra are listed as followed: chemical shift (d)
in ppm, multiplicity, coupling constant in Hertz, integral, label of
the protons. Following abbreviations were used: (s) for singlet, (d)
for doublet, (t) for triplet and (m) for multiplet. Acquired data was
processed and analyzed using MestReNova software. Amination of
5-HMF or BHMF as substrate were monitored over time and analy-
sis was conducted via gas chromatography using a Shimadzu GC-
2010 instrument equipped with a flame-ionization detector (FID)
and an Ultra-19091B-102 column (25.0 m, 0.20 mm ID, 95% di-
methyl polysiloxane, 5% phenylmethyl polysiloxane). The column
flow was 0.69 mLmin�1 with helium as carrier gas and a linear ve-
locity of 26.1 cms�1. Injection was conducted at 270 8C, and the
sample was detected at 290 8C. The method started at 80 8C and
within 18 minutes the temperature was increased to 215 8C and
within 3 minutes the temperature was raised to 270 8C which was
held for another 3 minutes. Further GC analyses were carried out
on a PerkinElmer Clarus 500 GC system equipped with a flame-ion-
ization detection (FID) over a PerkinElmer Elite-5 capillary column
(30 m, 0.25 mm, 0.25 mm, 5% phenylmethyl polysiloxane 95% di-
methyl polysiloxane) and a PerkinElmer Elite-5MS column (15 m,
0.32 mm, 0.1 mm, 5% phenylmethyl polysiloxane 95% dimethyl
polysiloxane). The injection volume of the automatic sampler was
set to 1 ml. The sample was injected at 300 8C and detected at
280 8C. For both columns the same method was used, which start-
ed at 90 8C and maintained this temperature for 1 min before heat-
ing to 280 8C within 30 min. The final temperature was kept con-
stant for another 8 min.

1,14-Tetradecanediol to 1,14-tetradecane diamine:

Into a 75 mL autoclave, 1.15 g (5 mmol) of 1,14-octadecane diol
and 15.1 mg (0.025 mmol, 0.5 mol%) [RuHCl(acridine-iPr-PNP)(CO)]
were weighed. The autoclave was equipped with a cross-shaped
stirring bar, closed and purged several times with argon. Via sy-
ringe, 15 mL toluene was added. Subsequently, 15 mL (585 mmol)
of NH3(l) was added via a mass flow controller. The autoclave was
then heated to 150 8C and stirred for 65 hours. After cooling to
room temperature, the reactor was vented, and the reaction mix-
ture was transferred into a 100 mL round bottom flask. The solvent
was removed in vacuo and an off-white powder was obtained. The
powder (1.08 g, 4.73 mmol) was subsequently dissolved in 75 mL
heptane at 90–95 8C. It should be noted that above 95 8C, a brown,
fluffy solid precipitated. The solution was filtrated hot to remove
all the insoluble parts. After cooling to 8 8C, an off-white precipitate
formed which was filtrated and dried under vacuum. The product
was isolated as an off-white powder (0.94 g, 4.12 mmol, 82%) in
90% purity. 1H NMR (CDCl3, 298 K, 400 MHz, d=ppm): 2.67 (t,
3JHH=7.0 Hz, 4H, H-2), 1.45 (m, 4H, H-3), 1.28 (m, 28H, H-6). See
Graph S7 for assignment.

1,18-Octadecanediol to 1,18-octadecane diamine:

Into a 75 mL autoclave, 1.43 g (5 mmol) of 1,18-octadecane diol
and 15.1 mg (0.025 mmol, 0.5 mol%) [RuHCl(acridine-iPr-PNP)(CO)]
were weighed. The autoclave was equipped with a cross-shaped
stirring bar, closed and purged several times with argon. Via sy-
ringe, 15 mL toluene was added. Subsequently, 15 mL (585 mmol)
of NH3(l) was added via a mass flow controller. The autoclave was
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then heated to 150 8C and stirred for 65 hours. After cooling to
room temperature, the reactor was vented, and the reaction mix-
ture was transferred into a 100 mL round bottom flask. The solvent
was removed in vacuo and an off-white powder was obtained. The
powder (1.408 g, 4.949 mmol) was dissolved in 75 mL heptane at
90–95 8C. It should be noted that above 95 8C, a brown, a fluffy
solid precipitated. The solution was filtrated hot to remove all the
insoluble parts. After cooling to 8 8C, an off-white precipitate
formed which was filtrated and dried under vacuum. The product
was isolated as an off-white powder (1.00 g, 3.515 mmol, 71%) in
90% purity und could not be purified further. 1H NMR (CDCl3,
298 K, 400 MHz, d=ppm): 2.67 (t, 3JHH=7.0 Hz, 4H, H-2), 1.42 (m,
4H, H-3), 1.27 (m, 28H, H-6). See Graph S8 for assignment.

1,19-Nonadecanediol to 1,19-nonadecane diamine:

Into a 75 mL autoclave, 1.50 g (5 mmol) of 1,19-nonadecane diol
and 15.1 mg (0.025 mmol, 0.5 mol%) [RuHCl(acridine-iPr-PNP)(CO)]
were weighed. The autoclave was equipped with a cross-shaped
stirring bar, closed and purged several times with argon. Via sy-
ringe, 15 mL toluene was added. Subsequently, 15 mL (585 mmol)
of NH3(l) was added via a mass flow controller. The autoclave was
then heated to 150 8C and stirred for 65 hours. After cooling to
room temperature, the reactor was vented, and the reaction mix-
ture was transferred into a 100 mL round bottom flask. The solvent
was removed in vacuo and an off-white powder was obtained con-
sisting of 96% of the desired diamine with 4% of 1-amino-19-ni-
trile as by-product and could not be purified further. 1H NMR
(CDCl3, 298 K, 400 MHz, d=ppm): 2.67 (t, 3JHH=7.0 Hz, 4H, H-2),
1.42 (m, 4H, H-3), 1.27 (m, 30H, H-6). See Graph S9 for assignment.

1,23-Tricosanediol to 1,23-tricosane diamine:

Into a 75 mL autoclave, 1.79 g (5 mmol) of 1,23-tricosane diol and
15.1 mg (0.025 mmol, 0.5 mol%) [RuHCl(acridine-iPr-PNP)(CO)] was
weighed. To this, a cross-shaped stirring bar was added, and the
autoclave was closed. After purging several times with argon,
15 mL of toluene was added via syringe. Subsequently, 15 mL
(585 mmol) of NH3(l) was added via a mass flow controller. The au-
toclave was then heated to 150 8C and stirred for 65 hours. After
cooling to room temperature, the reactor was vented, and the re-
action mixture was transferred into a 100 mL round bottom flask.
The solvent was removed in vacuo and an off-white powder was
obtained consisting of 90% of the desired amine with 10% of 1-
amino-23-nitrile as by-product. In 80 mL heptane, (1.66 g,
4.69 mmol) 1,23-diaminotricosane was dissolved at 95 8C. It should
be noted that above 95 8C, a brown, fluffy solid precipitated from
the solution. The solution was filtrated hot to remove all insoluble
parts. After cooling to 8 8C, an off-white precipitate occurred which
was filtered off and dried under vacuum. The product was isolated
as an off-white solid in 1.40 g (3.955 mmol, 84%) yield with a
purity of 94% according to 1H NMR analysis. 1H NMR (CDCl3, 298 K,
400 MHz, d=ppm): 2.67 (t, 3JHH=7.0 Hz, 4H, H-2), 1.43 (m, 4H, H-
3), 1.25 (m, 36H, H-6). See Graph S10 for assignment.

2,5-Bis(hydroxymethyl)furan to 2,5-bis(aminomethyl)furan
(BAMF):

Into a 75 mL autoclave, 640 mg (5 mmol) of bis(hydroxymethyl)fur-
an and 15.1 mg (0.025 mmol, 0.5 mol%) [RuHCl(acridine-iPr-
PNP)(CO)] were weighed. A cross-shaped stirring bar was placed in
the autoclave after it was closed and purged several times with

argon. Via syringe, 15 mL of tert-amylalcohol was added followed
by 5 mL (195 mmol) NH3(l) via a mass flow controller. The auto-
clave was then heated to 150 8C and stirred for 7 hours. After cool-
ing to room temperature, the autoclave was vented, and the reac-
tion mixture was transferred into a 100 mL round bottom flask.
The solvent was removed in vacuo and the diamine was isolated
as a viscous brown liquid (isolated: 410 mg, 3.25 mmol, 65%). The
reaction was monitored by taking samples at specific time intervals
and GC analysis was conducted subsequently. 1H NMR (CDCl3,
298 K, 400 MHz, d=ppm): 6.04 (s, 2H, H-1), 3.79 (s, 4H, H-2). See
Graph S16 for assignment.

5-Hydroxymethylfuran to 2,5-bis(aminomethyl)furan
(BAMF):

Into a 75 mL autoclave, 1.280 g (10 mmol) 5-hydroxymethylfurfural
and 30.2 mg (0.05 mmol, 0.5 mol%) [RuHCl(acridine-iPr-PNP)(CO)]
were weighed and a cross-shaped stirring bar was added. Then the
autoclave was closed and purged several times with argon. To the
autoclave, 25 mL tert-amylalcohol was added via syringe followed
by 10 mL (390 mmol) NH3(l) via a mass flow controller. Subsequent-
ly, the reactor was further pressurized to 10 bar with H2(g). The au-
toclave was heated to 140 8C and stirred for 11 hours. After cooling
to room temperature, the autoclave was vented and the reaction
mixture was transferred into a 100 mL round bottom flask. The sol-
vent was removed in vacuo and the diamine was isolated as a vis-
cous brown liquid (isolated: 731.7 mg, 5.8 mmol, 85%). The reac-
tion was monitored by taking samples at specific time intervals
and GC analysis was conducted subsequently. 1H NMR (CDCl3,
298 K, 400 MHz, d=ppm): 6.04 (s, 2H, H-1), 3.79 (s, 4H, H-2). See
Graph S16 for assignment.

General procedure for the preparation of long-chain X,X
polyamides:[54]

Stoichiometric amounts of diamine and diacid (ca. 1 g substrates)
were weighed into a 15 mL glass inlay and placed in a 20 mL auto-
clave. The reactor was closed and purged several times with nitro-
gen. Then 10 mL degassed water was added with a syringe
through the gas inlet. The autoclave was subsequently pressurized
with nitrogen to 10 bar and heated to 210 8C for 2.5 hours. The
pressure was released within 10 minutes and vacuum was applied
for another 2 hours. After the reaction the autoclave was vented
with nitrogen and cooled to room temperature.
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