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Amines are essential intermediates in the chemical industry,
for example, for large-scale production of numerous polymers
and dyes. In addition, they represent interesting building
blocks for the synthesis of pharmaceuticals and agrochem-
icals.'! In nature a plethora of biologically important com-
pounds such as alkaloids, amino acids, and nucleotides
contain amino groups. Among the different types of amines,
primary amines in particular are useful intermediates for
further derivatization reactions.”’ For the preparation of
aliphatic amines the reductive amination of the corresponding
carbonyl compounds has been the method of choice both on
the laboratory and the industrial scale.

Instead of using aldehydes or ketones it is also possible to
employ alcohols and amines as starting materials. Here, an
initial catalytic dehydrogenation of the alcohol takes place to
give the corresponding carbonyl compound and hydrogen.
Subsequent formation of the imine and final hydrogenation
leads to the desired amination product (Scheme 1).
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Scheme 1. Catalytic amination of alcohols.

[*] S. Imm, S. Bihn, Prof. Dr. M. Zhang, L. Neubert, Dr. H. Neumann,
Prof. Dr. M. Beller
Leibniz-Institut fir Katalyse an der Universitit Rostock e.V.
Albert-Einstein-Strasse 29a, 18059 Rostock (Germany)
E-mail: matthias.beller@catalysis.de
Homepage: http://www.catalysis.de
Dr. F. Klasovsky, Dr. J. Pfeffer, Dr. T. Haas
Evonik Degussa GmbH, CREAVIS Technologies & Innovation
Paul-Baumann-Strasse 1, 45772 Marl (Germany)

[**] This work has been supported by Evonik, the Deutsche For-
schungsgemeinschaft (Leibniz prize to M.B.), and the Alexander
von Humboldt Foundation (grant to Z.M.).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201103199.

Angew. Chem. Int. Ed. 2011, 50, 7599 7603

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

This overall atom-efficient transformation makes use of
the so-called “borrowing-hydrogen” methodology,” also
known as “hydrogen auto-transfer” reaction.!! Advanta-
geously, the hydrogen required for the final hydrogenation
step is generated completely by dehydrogenation of the
alcohol. Hence, there is no need for additional hydrogen gas.
Furthermore, the sensitive carbonyl compound is produced in
situ in low concentration, thereby minimizing unwanted side
reactions.

Notably, heterogeneously catalyzed aminations of simple
alcohols, for example methanol and ethanol, are performed
on a multi-thousand-ton-scale.”] Because of the limited
activity of the heterogeneous catalysts, relatively harsh
conditions (>200°C) are required for alcohol aminations.
Thus, for structurally more diverse alcohols the chemo-
selectivity of the respective reactions is in general low and the
substrate scope has been limited so far. On the other hand,
there is increasing interest to produce and use chemical
products based on functionalized alcohols from renewable
resources.’! Here, especially biomass-derived carbohydrate
building blocks and fatty acid derivatives constitute interest-
ing and abundantly available feedstocks for the production of
more sustainable polymers.” However, to the best of our
knowledge aminations of such challenging substrates with
ammonia have not been described yet.

In order to achieve improved activity and selectivity, the
use of defined organometallic catalysts is an attractive option.
In this respect, the first homogeneously catalyzed aminations
of alcohols using amines were independently reported by
Grigg et al.® and Watanabe et al.’’ More recent examples for
the further development of this methodology have come from
the groups of Williams,!"”! Fujita,') Kempe,!'"” Milstein ' and
Vogt!" and from us.'! Noteworthy, ammonium salts'!><1°!
and aqueous ammonial''l were successfully applied in the
synthesis of secondary and tertiary amines from alcohols.

The selective amination of primary alcohols with ammo-
nia to give primary amines was first described by Milstein and
co-workers.™ In the presence of a molecular defined
ruthenium PNP-pincer complex different primary alcohols
were converted into primary amines in good to excellent
yields. More recently, the selective amination of secondary
alcohols with ammonia to give primary amines has been
reported independently by Vogt et al.'"* and by us.['

Based on our continuing interest in “borrowing-hydro-
gen” methodology using alcohols!” and amines,"® in a joint
cooperation with industry we became involved in a program
to extend the substrate scope of alcohol aminations. As a
starting point of our investigations we tested the amination of
isosorbide with ammonia (Scheme 2). The resulting diamine
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is an attractive monomer for novel polymers synthesized from
renewable starting materials. Isosorbide is easily formed by
dehydration of sorbitol, which is prepared on an industrial
scale by the catalytic hydrogenation of D-glucose.
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Scheme 2. Possible products of the amination of isosorbide.

Despite the recent progress in catalytic aminations, the
chemoselective synthesis of primary diamines using ammonia
is a highly challenging goal. Owing to their nucleophilicity,
primary amines are in general more reactive than ammonia,
and the sequential formation of secondary and tertiary
amines results. In the case of isosorbide, apart from different
mono- and diaminated primary amines even oligomerization
reactions are likely (Scheme 2).

Previously, we have demonstrated that the combination of
[Rus(CO),,] and various phosphine ligands generate active
catalysts for the amination of alcohols.'”! Therefore, we tested
this catalyst precursor with different ligands” in the bench-
mark reaction. A selection of ligands is shown in Scheme 3. In
most cases unwanted isomerization of isosorbide took place,
and no aminated products were obtained. This proves the
challenging nature of this substrate for direct amination. Only
two catalyst systems: [Ru;(CO);,] in the presence of
n-butyldi-1-adamantylphosphine 1 or Xantphos®! (4,5-bis-
(diphenylphosphino)-9,9-dimethylxanthene, 3) were slightly
active in the initial screening. Here, the monoaminated
product was observed in up to 5% yield (Table 1, entries 1
and 3).
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Scheme 3. Amination of isosorbide: selected examples of tested phos-
phine ligands and ruthenium complexes.
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Table 1: Amination of isosorbide: variation of the catalyst system."!

HO 4 HO H HaN H
ej/\o) +NH; 0 :0
—_— +
07 -H0 {D 80];)
H oH H NH, NH,
Entry Catalyst Ligand Conv. Yield of Yield of
(%] amino diamine [%]"!
alcohol [%]"!
1 [Ru3(CO) 1] 1 34 5 -
2 [Rus(CO)s,] 2 492 - -
3 [Ruy(CO)y 3 28 5 -
4 [Rus(CO) 5 - - -
5 [{IrCp*Cly},], - 67 - -
K,CO,
6 [Ru(acac);] 5 50 35 -
7 A, KOtBu - 85 40 traces
8 B, KOtBu - - - -
9 C - 100 50 40
10 D - 24 - -
11 D 1 27 - -
12 D 3 90 50 20
13 D 6 90 45 traces
149 ¢ - 100 32 65
15¢ D 3 100 - 96

[a] Reaction conditions: 1 mmol isosorbide, 0.6 g ammonia, 0.06 mmol
catalyst (mmol of the metal), 0.06 mmol ligand, 150°C, 20 h. [b] Con-
version and yield were determined by GC analysis with hexadecane as the
internal standard. Conversion and yield are based on isosorbide.
[c] 170°C. acac = acetylacetonate, Cp* = CsMes.

The differences between conversions and yields are
explained by the isomerization of the starting material to
isoidide and isomannide. Consequently, further ruthenium-
based catalysts were tested. However, [Ru(acac);]/1,1,1-
tris(diphenylphosphinomethyl)ethane 52! and dichlorobis[2-
di-tert-butylphosphino)ethylamine]ruthenium A, gave also
only traces of the diaminated product (Table 1, entries 6 and
7). Nevertheless, Milstein’s catalyst C (Table 1, entry 9) and
the in situ formed [Ru(CO)CIH(PPh;);]/Xantphos system
(Table 1, entry 12) gave the diaminated products in more than
5% vyield. When both catalysts were applied at higher
temperature, [Ru(CO)CIH(PPh;);]/Xantphos turned out to
be the most active catalyst and the diaminated products were
obtained in a remarkable yield of 96% (Table 1, entry 15)!
Noteworthy, excellent chemoselectivity is obtained and
secondary amines or higher oligomers are not observed.

To get more information on the improved activity of the
novel [Ru(CO)CIH(PPh;);])/Xantphos catalyst system, it was
compared with [Ru;(CO);,]/CataCXiumPCy, which we had
found to be the best catalyst for the amination of secondary
alcohols with ammonia in our previous work.['* Thus, both
catalysts were applied in the amination of 2-adamantanol
as a sterically bulky substrate (Scheme 4).?* Again,
[Ru(CO)CIH(PPh;);)/Xantphos catalyzed the amination
reaction with full conversion and 97 % yield of the primary
2-adamantylamine, while only 47 % yield was achieved with
the [Ru;(CO),,]/CataCXium PCy system.

Next, we demonstrated the general applicability of the
[Ru(CO)CIH(PPh;);])/Xantphos system for the amination of
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[Rus(CO)rcl 48% conv.

OH CataCXiumPCy NH, 47% yield
@ +0.69 NHy g

[RUCO)CIH(PPha)] 99% conv.

1 mmol Xantphos 97% yield

6 mol% catalyst metal, 6 mol% ligand,
1 mL tert-amyl alcohol,150 °C, 20 h

Scheme 4. Amination of 2-adamantol: comparison of catalysts
[Rus (CO),,]/CataCXium PCy and [Ru(CO)CIH (PPh,)]/Xantphos.

diols and other alcohols. In general, catalytic experiments
were performed in the presence of 3 mol% [Ru(CO)CIH-
(PPh;);] and Xantphos with 1 mmol of diol in fert-amyl
alcohol as the solvent at 140-150°C. The results are summar-
ized in Table 2. We were pleased to find that various diols
reacted smoothly with ammonia to give the desired products
in good to excellent yields. The reactivity of primary diols is
higher than the reactivity of secondary ones; see, for example,
1,4-cyclohexanediol and 4.4'-isopropylidenedicyclohexanol
(Table 2, entries 6 and 7). Differences between conversions
and yields are explained by the formation of monoaminated
products. In return the selectivity towards the formation of
primary diamines is higher in the amination of secondary
diols. In addition to the synthesis of primary diamines, the
amination of different primary alcohols such as 1-octanol
(Table 2, entries 810) and 2-phenylethanol (Table 2,
entry 11) to the corresponding primary amines proceeded in
good to excellent yields. In the case of 1-octanol a higher
amount of solvent resulted in a higher selectivity for the
primary amine at 130°C but also in incomplete conversion
(Table 2, entries 8 and 9). However at 140°C full conversion
and about 80 % yield of the desired octylamine was obtained
(Table 2, entry 10). The difference between conversion and
yield is caused by the formation of dioctylamine.

Finally, our novel catalyst system was tested in the
amination of hydroxy-substituted esters. This class of com-
pounds is easily obtained from naturally occurring unsatu-
rated fatty acid derivatives. Obviously, the ester function
should be highly sensitive towards amines and ammonia.
To our surprise both secondary as well as primary
hydroxy-substituted esters can be converted at 130°C to
give the corresponding primary amines in good to
excellent yields. To the best of our knowledge such
aminations have not been reported before. The resulting
products represent interesting monomers for polyamides
prepared from renewable substrates.

The amination of methyl 10-hydroxydecanoate and
methyl 4-(hydroxymethyl)benzoate afforded the desired
products in 75 and 92% yield, respectively (Scheme 5). In
the case of ethyl 4-hydroxycyclohexanecarboxylate as a
secondary hydroxy ester the desired amine was formed in
78 % yield.

In summary, we have presented the first homogeneous
selective catalytic diaminations of primary and secondary
diols with ammonia to give the corresponding diamines in
good vyields and high selectivity. This atom-efficient
transformation was successfully applied for the selective
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Table 2: Amination of different alcohols using ammonia.”!

R H [RUW(CO)CIH(PPh3)s] R’ _NH
YO 4 NHy ————— 25 B2 o
R2 Xantphos R2
Entry Alcohol 7% T Conv. Yield
[mL] [°q [%]" [96]"
HO H
Ee)
qled 1 170 100 9%
0"t~/
H OH
HO OH
2 0/\>3V 140 100 97
3 ﬂOH 3 150 100 48
HO 5 150 100 76
5 HOV©VOH 5 150 100 70

OH
6 /O/ 1 140 95 7
HO

150 99 9%

8 1 130 99 52
/6\%3/\ OH 3 130 80 63

10 3 140 99 79

OH
1 ©/\/ 3 140 99 93
OH
12 ©/\ 3 140 100 87

13 | 3 140 100 9%

[a] Reaction conditions: 1 mmol alcohol, 1g ammonia, 0.03 mmol
[Ru(CO)CIH(PPhs);], 0.03 mmol Xantphos, solvent=tert-amyl alcohol,
20 h. [b] Conversion and yield were determined by GC analysis with
hexadecane as the internal standard. Conversion and yield were based on

the alcohol. [c]0.6g NH;. [d] 0.06 mmol [Ru(CO)CIH (PPh;);],
0.06 mmol Xantphos.
(e} (0}
1gNH
HOM - — HoN M o
4 3 mL tert-amyl alcohol 4
100% conv. 75% yield
o (0}
0.6 gNH
o~ g NHF3 o~
HO 3 mL tert-amyl alcohol HoN
100% conv. 92% yield
o} o}
0.6 g NH
2 mL tert-amyl alcohol
H,N
82% conv. 78% yield

reaction conditions: 1 mmol hydroxy ester, 0.03 mmol D,
0.03 mmol 3,130 °C, 20 h

Scheme 5. Amination of hydroxy esters. Yield determined by GC analysis.
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diamination of isosorbide, which is easily obtained from
glucose. The resulting diamines are of industrial interest as
novel monomers for polyamides. Our methodology relies on
the presence of commercially available [Ru(CO)CIH(PPh;);)/
Xantphos catalysts in an ammonia atmosphere without the
need for additional hydrogen sources. In addition, other
primary as well as secondary alcohols and diols including
hydroxy-substituted esters can be efficiently converted to the
corresponding primary amines or diamines in good to
excellent yields. We are convinced that this amination
procedure is of general interest for the conversion of bio-
based chemicals.

Experimental Section

General procedure for preparation of 2-adamantylamine: In a steel
pressure tube under an argon atmosphere [Ru(CO)CIH(PPhs)]
(28.5 mg, 0.03 mmol), Xantphos (17.3 mg, 0.03 mmol), and 2-ada-
mantanol (152 mg, 1 mmol) were dissolved in ferf-amyl alcohol
(1 mL). Next, the pressure tube was closed and cooled in dry ice so
that ammonia (0.6 g) could be condensed into it. After the reaction
mixture had been stirred at 150°C in an oil bath under reflux
conditions for 20 h, the solvent was removed under vacuum and the
residue was dissolved in methanol; this solution was applied to an
Isolute SCX-2 column (2 g/15 mL, Biotage). The amine was retained
by the SPE column and the alcohol passed through. Afterwards the
column was washed with methanol and the product was stepwise
eluted with an ammonia solution in methanol (7N). Methanol was
removed under vacuum to give 2-adamantylamine as a pale yellow
solid (124 mg, 82%).
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