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ABSTRACT: Novel heterogeneous cobalt-based catalysts have been
prepared by pyrolysis of cobalt complexes with nitrogen ligands on
different inorganic supports. The activity and selectivity of the
resulting materials in the hydrogenation of nitriles and carbonyl
compounds is strongly influenced by the modification of the support
and the nitrogen-containing ligand. The optimal catalyst system
([Co(OAc),/Phen@a-Al,04]-800 = Cat. E) allows for efficient
reduction of both aromatic and aliphatic nitriles including industrially
relevant dinitriles to primary amines under mild conditions. The
generality and practicability of this system is further demonstrated in
the hydrogenation of diverse aliphatic, aromatic, and heterocyclic
ketones as well as aldehydes, which are readily reduced to the
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B INTRODUCTION

Amines represent an important class of compounds in organic
chemistry, especially for the pharmaceutical and agrochemical
industries. In particular, primary amines represent valuable
building blocks because of their structural diversity and
straightforward valorization. Naturally, numerous method-
ologies have been reported for the synthesis of primary amines,
including reductive aminations of carbonyl compounds,’
hydroaminations,” and direct amination of alcohols.” Further-
more, the reduction of readily available nitriles is well-
established and can be performed using hydrosilanes® or
hydrogen.” Obviously, the latter reaction represents an
attractive and sustainable approach.’ Unfortunately, this
process is usually accompanied by formation of secondary
and tertiary amines as well as other byproducts.” In order to
solve these problems and to improve known homogeneous
catalysts mainly based on Ru® but also Ir,” Rh,'® Re,"" and Fe,"*
ongoing interest exists to develop novel systems. As recent
examples, the works of Elsevier and de Bruin'** as well as
Milstein'*> using homogeneous cobalt catalysts are worth
noting.

In general on an industrial scale, heterogeneous catalysis is
preferred for the production of amines from nitriles. In this
case, noble metal catalysts based on Pt, Pd, and Rh as well as
nonprecious metal catalysts especially Ni or Co are commonly
used.” Undoubtedly, the latter are more attractive owing to
their abundance and low price. Indeed, prominent Raney nickel
and Raney cobalt are well-known for nitrile hydrogenations.
Unfortunately, the preparation and application of these Raney
catalysts are difficult owing to their sensitivity and instability.
Additionally, high pressure and/or temperature are needed for
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these materials to develop sufficient catalytic activity and the
substrate scope is limited. Hence, the development of active
cobalt and nickel catalysts, which can be easily applied and
allow for general hydrogenation of nitriles to primary amines, is
still challenging and rewarding.

In addition to amines, alcohols are also important building
blocks for polymers and constitute crucial intermediates in the
pharmaceutical, agrochemical, and fine-chemical industry.'*
Typically, they are prepared directly from the corresponding
carbonyl compounds. In this respect, stoichiometric reducing
agents such as NaBH,, LiAlH,, boranes, and silanes are
common for laboratory-scale synthesis of alcohols from ketones
and aldehydes. However, generation of undesired waste and
inconvenient operation conditions restrict their usage,
especially in industry.”> Therefore, in the past decades elegant
and efficient transition metal cata?zed hydrogenations of C=
O bonds have been developed.”’

Typically, the selective hydrogenation of functionalized
aldehydes and ketones is realized with homogeneous organo-
metallic catalysts based on precious metals, although recently
several base metal complexes, e.g. Fe, have been actively
developed.'” However, to the best of our knowledge, so far only
few cobalt catalysts have been reported for the selective
hydrogenation of C=0 bonds. For example, Hanson and co-
workers developed PNP-stabilized cobalt(II)-alkyl catalysts for
the C=0 hydrogenation."® Very recently, the group of Kempe
reported PN;_iP—Co complexes for the C=O bond hydro-
genation under mild conditions.'” Meanwhile, also Wolf and
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Scheme 1. Hydrogenation of C=N and C=O0O Bonds

Challenges: stable and robust catalyst systems; convenient recycling; high
selectivity; mild conditions; functional group tolerance.
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co-workers reported an arene-cobalt catalytic system.”’ In
addition to these sophisticated molecular-defined catalysts,”" we
thought the development of more stable and inert heteroge-
neous cobalt catalysts offers an attractive option for selective
C=0 bond hydrogenations.”

Recently, our group and others developed syntheses of novel
nanostructured heterogeneous catalysts modified by N-doped
graphenes based on the adsorption of metal amine complexes
onto commercially available supports and subsequent pyrol-
ysis.””> Depending on the used nitrogen ligands, the pyrolysis
temperature, the metal, and the support, the formation of active
particles can be tuned and the activity of the resulting materials
significantly varies. Herein, we report for the first time the
application of stable and easily synthesized nanostructured
cobalt catalysts for the hydrogenation of nitriles, ketones, and
aldehydes to the corresponding amines or alcohols under mild
conditions. Crucial for the activity of these novel materials is
the use of specific @-Al,O; as support.

B RESULTS AND DISCUSSION

Hydrogenation of C=N Bonds. We commenced our
studies using heptanenitrile 1a as model substrate which was
hydrogenated at 40 bar hydrogen and 130 °C in the presence of
cobalt catalysts on different supports (Cat. A: carbon; Cat. B:
MgO, Cat. C: SiO,, Cat. D: B,C and Cat. E: a-AL,O,).

As shown in Table 1, the catalysts based on carbon and
magnesium oxide gave low conversion (<10%), and only traces

Table 1. Hydrogenation of Heptanenitrile”

Hy (40 bar) S CeHige N, ;

catalyst (4 mol%) 1CrHis™ "CrHys * NG

CgHi3—CN ——————— C;H5—NH, + 3 4 :

'PrOH (2 mL) ; a other a
1a 130 °C, 5h 2a * byproducts
: b
Entry Metal precursor  Ligand Support Conversion Yield (%)
(%) 2a 3a+da

1 Co(OAc),#4H,0 1,10-phen Carbon Cat. A 5 1 3
2 Co(OAc),#4H,0 1,10-phen  MgO Cat. B 9 1 trace
3 Co(OAc),#4H,0 1,10-phen  Silica  Cat.C 66 17 22
4 Co(OAc)#4H,0 1,10-phen  B,C Cat.D 100 37 20
5 Co(OAc),e4H,0 1,10-phen o-Al,0; Cat.E 100 62 30

“The catalyst was pyrolyzed at 800 °C under argon atmosphere for 2
h. YGC yield using dodecane as an internal standard.

of the desired heptan-1-amine 2a were detected by GC-FID
(Table 1, entries 1—2). For the catalyst supported on silica
improved activity was observed, but the selectivity was poor
owing to the formation of secondary amine 3a, imine 4a, and
some other byproducts (Table 1, entry 3). Interestingly, full
conversion for the hydrogenation of heptanenitrile was enabled
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by the catalysts immobilized on boron carbide and alumina,
respectively. However, the aluminum oxide outperforms the
boron congener in terms of selectivity (2:1) and yield (62%;
Table 1, entries 4—5). To our delight, the addition of ammonia
(25% aqueous solution, 0.1 mL) to the reaction mixture greatly
improved the selectivity (>99:1) in the latter case and only
traces of byproducts were detected. In addition, hydrogenations
in the presence of H,0 or NH; (2 M) in PrOH were
performed. As shown in Figure 1 kinetic data indicate that both

—B-2a (with NH, [aq]) —@—3a+4a (with NH, [aq]) —A— 2a (without additive) ~ —¥— 3a+4a (without additive)

—&— 2a (with H,0) —4— 3a+4a (with H,0) —P— 2a (with NH,) —@— 3a+4a (with NH,)
100 +
80+
N 60
-~
ke
2
> 404
204
0 Fe-6—8— 4 4 —
T T T T T T
0 1 2 3 4 5 6
time/h

Figure 1. Concentration/time diagram for the hydrogenation of
heptanenitrile.

H,0 and NH; accelerate the hydrogenation process, thus
reducing the reaction time. However, when H,O was used as
sole additive a large amount of unwanted byproducts
(diheptylamine and N-heptylheptan-1-imine) were formed. In
case of ammonia as additive only traces of such byproducts
were detected (Figure 1). It is known that N-heptylheptan-1-
imine (4a) is formed from the reaction of heptan-1-amine (2a)
with heptan-1-imine via elimination of ammonia. Hence, the
equilibrium between 4a and heptan-1-imine can be shifted
toward the desired heptan-1-imine by the addition of
ammonia®** (see the SI).

Next, various a-Al,O; supported cobalt catalysts prepared
from different ligands were tested for the hydrogenation of
heptanenitrile in the presence of ammonia. In agreement with
previous results 1,10-phenanthroline (L1) proved to be best
ligand whereas catalysts prepared from 2,2'-bipyridine (L2) and
2,2":6',2"-terpyridine (L3) provided lower yields (Table 2,
entries 1—3). The influence of the pyrolysis temperature on the
catalytic performance was also investigated and catalysts were
prepared at 1000 °C, 900 °C, 800 °C, 600 and 400 °C (Table
2, entries 1 and 4—7). The material pyrolyzed at 400 °C did not
exhibit catalytic activity for the nitrile hydrogenation whereas
the other catalysts allowed for nearly full conversion. The
highest product selectivity was observed in the presence of the
catalyst treated at 800 °C. Notably, materials obtained upon
pyrolysis of pure a-Al,O; and Co(OAc),/a-Al, O, were inactive
for the nitrile hydrogenation (Table 2, entries 8 and 9).
Moreover, the material Co(OAc),/1,10-phenanthroline/a-
Al,O; which was not pyrolyzed after support impregnation
did not display any catalytic activity (Table 2, entry 10).

DOI: 10.1021/jacs.6b03439
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Table 2. Catalyst Screening for the Hydrogenation of Heptanenitrile

Cat. E (40 mg)

CeH13—CN + Hy

1a
entry metal precursor ligand support
1 Co(OAc),4H,0 L1 a-ALO,
2 Co(OAc),-4H,0 L2 a-ALO,
3 Co(0Ac),4H,0 L3 a-AL O,
4 Co(OAc),4H,0 L1 a-ALO,
S Co(0Ac),4H,0 L1 a-AlL, O,
6 Co(OAc),4H,0 L1 a-ALO,
7 Co(0OAc),-4H,0 L1 a-ALO,
8 L1 a-AlO,
9 a-AL, O,
10° Co(OAc),-4H,0 L1 a-ALO,

2a + 3a + 4a

PrOH (2 mL), NH; (aqg) (0.2 mL)
130°C, 2h

yield (%)“

pyrolyzed T (°C) conv. (%) 2a 3a +4a

800 100 99 trace
800 12 10 0
800 63 62 0

1000 29 68 trace
900 100 96 4
600 99 94 S
400 2 2 0
800 0 0 0
800 0 0 0
0 0 0

“GC vyield using dodecane as an internal standard. “4 mol % cobalt was used.

The most active cobalt material supported on alumina was
characterized in detail (see the SI). The active catalyst shows a
Co content of 3.10 wt % and contents of C and N of 16.86%
and 0.24%, respectively. In the scanning transmission electron
microscopy (STEM) measurement different types of cobalt
containing structures were detected (Figure S2, c-d). The fresh
catalyst shows metallic cobalt nanoparticles which are covered
by several graphitic layers (Figure S2, e-f). In addition, Co,O,
particles without graphitic surrounding are observed which are
in close contact to the metallic cobalt particles. Furthermore,
highly disperse cobalt species and oxygen within the carbon
phase could be detected, too (Figure S3, ¢, d and S4).

In order to understand the influence of the support in more
detail, X-ray photoelectron spectroscopy (XPS) of the materials
which are prepared with a-Al,O;, MgO, SiO,, carbon, and B,C
have been recorded. As shown in Figure 2 depending on the
support pyridinic, pyrrolic, or with Co bonded N could be
observed. Notably, the latter two species cannot be well
distinguished due to similar binding energies. For a good
performance in the catalytic model reaction pyrrolic or more

Co-N

X

pyridinic

Intensity / a.u.

465 4(I)O
Binding Energy / eV

Figure 2. XPS measurement (N 1s) of materials with different
supports: (a) a-ALOs; (b) MgO; (c) SiO,; (d) carbon; and (e) B,C.
The binding energies were correlated to the different N species
according refs 23 and 28.
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likely with the Co bonded N seems to be crucial. Hence, for the
inactive catalyst with MgO support only })yridinc N was
observed. In agreement with previous works,*** the catalyst
with carbon as support is inactive. We explain this behavior by
the low Co/N ratio found for this sample (see Table S4).
Comparing the SiO, and B,C supported catalysts with similar
N species a higher Co content in the near-surface region leads
to a higher activity, whereas the a-Al,O; supported catalysts
with a relatively high Co content and with only the beneficial N
species showed highest activity and the best selectivity for
heptanenitrile hydrogenation.

In order to further improve the best catalyst Cat. E variations
of the reaction conditions were performed. Parameters such as
amount of added ammonia or H,O, hydrogen pressure,
temperature, as well as reaction time were investigated, and
the results are summarized in Table 3. Comparing the effect of
ammonia and water, in the presence of the later compound
byproducts were always detected (Table 3, entries 2—4). In the
presence of ammonia, full conversion was achieved even when
the pressure was decreased to 5 bar albeit with concomitant
increase of byproduct formation. We were pleased, that 98%
yield was obtained and only 2% of byproducts were detected at
85 °C in the presence of an optimal amount of ammonia
(Table 3, entry 9). Obviously, no conversion occurred when
the reaction was conducted under a nitrogen atmosphere.
Hence, this heterogeneous Co catalyst does not facilitate a
transfer hydrogenation of nitriles (Table 3, entry 12).

Both stability as well as recyclability are important
parameters for the application of any type of heterogeneous
catalysts. Hence, we reused the catalytic material Cat. E for the
hydrogenation of heptanenitrile up to eight times. As depicted
in Figure 3, the desired product heptan-1-amine was obtained
in a 99% yield even after eight runs and no loss of activity was
observed. The selectivity stayed very good and only traces of
byproducts were detected by GC-FID. These results evidently
demonstrate that our catalyst is highly stable during the course
of nitrile hydrogenation. Furthermore, this nanocomposite is
conveniently handled on air without any deactivation compared
to the classical Raney cobalt catalyst.

Notably, ICP-MS measurements of the recycling experiments
indicated that no undesired leaching processes occurred during
the course of the catalytic transformation. STEM character-
ization of the used catalyst exposed the formation of new
carbon phases with enrichments of cobalt and oxygen (Figure

DOI: 10.1021/jacs.6b03439
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Table 3. Hydrogenation of Heptanenitrile.”

Cat. E (4 mol%)

CeHi3—CN + H, _
ProH (2 mL), additive

2a + 3a + 4a

1a
yield (%)“
H, additive T t conversion
entry  (bar) (mL) (°c) (b) (%) 2a 3a+4a

1 40  NH; (aq) 130 2 100 99 trace
(0.1)

2 40 H,0 (0.05) 130 2 100 85 11

3 40 H,0 (0.1) 130 2 100 87 10

4 40 H,0 (0.1) 130 1 71 56 7

S 30 NH; (aq) 130 2 100 96 4
(0.1)

6 20 NH; (aq) 130 2 100 95 s
(0.1)

7 10 NH, (aq) 130 20 100 93 7
(0.1)

8 S NH, (aq) 130 20 100 89 11
(02)

9 S NH, (aq) 85 24 100 98 2
(0.3)

10 5 NH, (ag) 85 24 100 96 4
(0.1)

11 2 NH, (aq) 100 24 90 58 27
(0.3)

12 0  NH, (aq) 130 2 0 0 0
(0.1)

“GC vyield using dodecane as an internal standard.

I heptan-1-amine

100

80

60

yield / %

40

20

1 2 3 4 5 6 7 8
recycling run

Figure 3. Recycling experiments using the Cat. E.

S5—S6), while the metallic cobalt nanoparticles surrounded by
graphitic layers stayed unaffected (Figure SSe and f).

With the best conditions in hand, the substrate scope for the
nitrile hydrogenation in the presence of the optimized
heterogeneous catalyst was explored (Scheme 2). Initially,
various (hetero)aromatic nitriles were tested under standard
conditions. Aromatic nitriles containing electron-donating as
well as electron-withdrawing groups are compatible with the
catalytic system and good to excellent yields of the desired
primary amines were obtained. Nevertheless, the selectivity of
substrates bearing electron-withdrawing groups is better
compared to nitriles with electron-donating groups in that
secondary amines were formed in 10% - 15% for the latter. In
general, no dehalogenation products were detected for fluoro-
and chloro-substituted substrates whereas a small amount

Scheme 2. Hydrogenation of Aromatic Nitriles”

Cat. E (4 mol%)

PrOH (2 mL), NHz(aq)
5 then 1.25 M HClyeon 6

5a98% (98%"°) 5b 86% (75%"°) 5¢ 90%°

.
Ar—CN + H, Ar—CH,NH; Cl

5d 80% (90%°°) 5e 96%

ISR VANG G
MeOOC MeO

5f 90% 5g 90% 5h 75% 5i 76%
Cl CN CN CN CN NC
U X o
Cl OMe NH,
[¢]
5j 94% 5k 89% 51 98% 5m 99%° 5n 90%
CN
CN CN
X
C O T e Qe
N N N__~ o S
50 97% H 5p 89%° 5q 93%° 5r 82%%9 5s 0%

“Reaction conditions: nitrile (0.5 mmol) under 40 bar H, for 2 h. S
bar H, at 85 °C. “GC yield using dodecane as an internal standard. g
mol % catalyst was used. (The yield given below the structure refers to
the primary amine or its hydrochloride salt.)

(10%) of dehalogenation product was observed for bromide-
substituted substrates. The chloro-substituent in para-, meta-,
and ortho- position does not exert an obvious effect for this
catalytic transformation. Further substrates with trifluorometh-
yl, ester, and amine groups on the aromatic ring also afforded
the desired products in good yields. In addition, nitrogen- or
oxygen-containing heteroaromatic nitriles including indole,
pyridine and furan are compatible and were readily converted
into the corresponding primary amines with both high yields
and selectivity.

To expand the scope further on, we tested the Co catalyst for
less reactive aliphatic nitriles (Table 4). Fortunately, those

Table 4. Hydrogenation of Aliphatic Nitriles

Cat.E o £ -
R-CN + H, _ Cat. B (4 mot%) R-CH,NH; CI
iPrOH (2 mL), NH3 (aq)
1 then 1.25 M HClyeop 2
entry substrate Hy (bar) NHs(aq) (mL) T (°C) t(h) vyield (%)?
NC
1 (1b) 40 0.1 130 2 94
2 5 0.3 85 24 98
(1c) 40 0.1 130 2 b
3 YCN 99
4 (1d) 40 0.1 130 2 99k
5 NNTeN 5 0.3 85 24 g7°
6 CN (1e) 40 0.1 130 2 99°
7 O/ 5 0.3 85 24 96°
8 ©/\CN (1) 40 0.1 130 2 9
9 gCN (1g) 40 0.1 130 2 85
MeO
10 CHg(CHp)7,CN  (1h) 40 0.2 130 2 84
11 CHg(CHp)1sCN (1) 40 0.2 130 2 93
12 CH3(CHp)1sCN (1) 45 10 130 25 96b°

“Isolated yield as hydrochloride salt. *GC yield using dodecane as an
internal standard. “25 mmol scale.

DOI: 10.1021/jacs.6b03439
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substrates were converted into the desired amines with good to
excellent yield (up to 99% yield) and selectivity. For instance,
long chain fatty amines such as heptadecan-1-amine and
nonadecan-1-amine were produced in high yields from the
corresponding fatty acid nitriles. Notably, high activity under
milder conditions (5 bar of H, at 85 °C for 24 h) was observed
for selected substrates (5a, Sb, 5d, 1b, 1d, and 1e), which were
converted into the corresponding primary amines effectively.
Finally, hydrogenation of dinitriles 7 was also explored
(Scheme 3). The prominent 1,6-hexamethylenediamine 8a

Scheme 3. Hydrogenation of Dinitriles”

NC-R-CN + Ha CatE

H,NH,C—R-CH,NH,

7 iPrOH (2 mL), NH; (aq) 8
then 1.25 M HClyeon

_ +

.

Cl H3N\/\/\/\NH3 g H,oN NH,
8a 95%? (0.5 mmol) 8b 65%"¢
8a 90%”° (50.0 mmol)

. -
NH, NH; Cl
HN Cl HeN
I
8c 88%Pe 3 8d 82%"

“Dinitrile (0.5 mmol) with 60 mg Cat. E and 0.1 mL NHj; (aq) under
50 bar H, at 140 °C for 3 h. *GC yield using dodecane as an internal
standard. “With 60 mg Cat. E and 0.1 mL NH; (aq) under SS bar H,
for 4 h. “With 60 mg Cat. E and 0.2 mL NH; (aq) under S0 bar H, at
140 °C for 2 h. “With 80 mg Cat. E and 0.3 mL NH; (aq) under SO
bar H, at 150 °C for 4 h. With 40 mg Cat. E and 0.2 mL NH; (aq)
under 40 bar H, at 140 °C for 4 h.

(1,6-HMD) which is an essential building block for the
production of Nylon-6,6 was obtained via hydrogenation of
adipodinitrile (7a) in 95% isolated yield. In addition, a
branched aliphatic dinitrile 7b was hydrogenated to the
corresponding diamine in moderate yield. Aromatic dinitriles
such as terephthalodinitrile (7c) and 4-(cyanomethyl)
benzonitrile (7d) furnished the desired amines in 88% and
82% vyield, respectively. To demonstrate the usefulness of the
catalyst on a preparative scale, experiments on 25—50 mmol
scale were performed with adipodinitrile (Scheme 3) and
heptadecanenitrile (Table 4, entry 12). As expected the
corresponding amines are obtained in excellent yields and
selectivity similar to the standard catalytic testing.
Hydrogenation of C=0 Bonds. Due to the positive
results for the nitrile reduction, we became interested in testing
this heterogeneous cobalt catalyst Cat. E for the hydrogenation
of other carbonyl compounds. Here, 6-methylhept-5-en-2-one
(9a) was selected as model substrate to explore the catalyst

activity for C=O0 bonds. Initially, the various heterogeneous
cobalt catalysts were tested in ethanol as solvent with hydrogen
(20 bar) at 100 °C. In addition to the ligand also the support
shows a major influence on the activity and selectivity of the
respective heterogeneous catalyst.

For example, in the presence of cobalt catalysts supported on
carbon, SiO, and MgO only low activity is observed (Table S,
entries 1—3). Again, the material prepared on B,C showed
improved activity and hydrogenated 6-methylhept-5-en-2-one
to 6-methylhept-S-en-2-ol in 58% yield (Table S, entry 4). To
our delight, full conversion and 90% yield is obtained for the
cobalt nanoparticles supported on a-AL,O; (Table S, entry S).
In this case the saturated alcohol 11a is formed in 10% yield,
too. It should be noted that this behavior is in contrast to the
hydrogenation of nonconjugated enones with traditional PtO,,
Pd/C, and Raney Ni catalysts, in which the reduction of C=C
bond is preferred compared to the C=0 bond.*® The Co
catalyst on a-Al,O; with a relatively high Co content and with
only the beneficial N species showed high activity for the C=0
bond hydrogenation.

With suitable conditions in hand, the general applicability of
this heterogeneous cobalt catalyst Cat. E for hydrogenation of
different carbonyl compounds was explored (Table 6).
Aliphatic ketones are hydrogenated to the corresponding
alcohols in excellent yields; however, higher pressure of
hydrogen (>30 bar) and temperature (>100 °C) are necessary
for full conversion of cycloheptanone and cyclooctanone
(Table 6, entries 1—4). y-Valerolactone (GVL), an important
biomass-derived platform chemical, is obtained through
selective hydrogenation of methyl 4-oxopentanoate (Table 6,
entry 5). Similarly, the C=0 bond of 4,4-dimethyldihydrofur-
an-2,3-dione is selectively hydrogenated to give the alcohol 10g
in almost quantitative yield (Table 6, entry 6).

Notably, the heterocyclic substrate 1-benzylpiperidin-4-one is
converted into alcohol 10h in 98% isolated yield, despite the
possibility of hydrogenolysis (Table 6, entry 7). Related
substitued acetophenones led to the corresponding alcohols
in high yields (Table 6, entries 8—10). Similarly, a-CFs-
acetophenone is highly selectively hydrogenated into 2,2,2-
trifluoro-1-phenylethan-1-ol in 95% isolated yield (Table 6,
entry 11). Due to their importance as building blocks, several
pyridine-based ketones were investigated in more detail. Here,
1-(pyridin-2-yl)ethan-1-one, 1-(pyridin-3-yl)ethan-1-one, 1-
(pyridin-4-yl)ethan-1-one were converted into the correspond-
ing alcohols in excellent yield without formation of any
hydrodeoxygenation products (Table 6, entries 12—14). Even
di(pyridin-2-yl)methanone was compatible with this catalyst

Table S. Hydrogenation of 6-Methylhept-S-en-2-one: Variation of Catalysts and Conditions”

H, (20 bar)
i/\)\ catalyst (4 mol%)
2\ 100°C
9a EtOH (2 mL)

entry metal precursors ligand support
1 Co(0Ac),-4H,0 1,10-Phen carbon
2 Co(0Ac),-4H,0 1,10-Phen silca
3 Co(0Ac),-4H,0 1,10-Phen MgO
4 Co(OAc),-4H,0 1,10-Phen B,C
S Co(0Ac),-4H,0 1,10-Phen a-AL O,

10a

11a 12a

yield (%)

t (h) convertion 10a 11a 12a
15 0 0 0 0
15 0 0 0 0
15 0 0 0 0
15 62 58 0 trace
15 100 20 10 0

“6-Methylhept-S-en-2-one (0.5 mmol) with catalyst under H,. *GC yield using dodecane as an internal standard.
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Table 6. Hydrogenation of Different Ketones and
Aldehydes”

O OH

Cat. E (4 mol%)

W, + H, A
R" "R EtOH, T, t RV "R?
9 10
Entry Substrate 9 Hy (bar) T(°C) t(h) Products 10 Yield (%)?
o OH
1 \/\)J\/\/ 30 120 15 \/\/K/\/ (96)
10b
o OH
2 15 120 10 10cn=1 98
3 30 130 18 10d n =2 (98)
4 n 40 130 20 n 10en=3 (97)
o
5 o 20 100 15 /E>=° 70
O 101
e}
o} OH
6 \&0 20 120 20 \@0 98
7 O:CN 20 100 20 HO@N (98)
10h
0 OH
8 20 100 12 10i R =Et(98)
9 20 100 15 10j R=F 97
10 R 20 100 15 g 10k R =Cl82
o OH
CFy ©)\CF3
1
©)J\ 20 100 15 o (95)
® ®
12 N 30 120 16 N (99)
10m
o OH
o o
13 20 100 20 9
N/ N/ 10n
o OH
14 | x 20 100 15 10 (95)
P Z o
N N
o OH
15 N N~ 30 130 18 N Ny 85
10p
oM
16 [ D—cHo 30 120 15 ﬁ—/ 60
HO o HO O 10q
o OH
Z Z =
17 \r\/\r\/ 20 10 20 W (98)

“Substrate (0.5 mmol) with 40 mg catalyst. *GC yield using dodecane
as an internal standard (isolated yield in parentheses).

system to give sensitive di(pyridin-2-yl)methanol in 85% yield
(Table 6, entry 15).

In addition, hydrogenations of aldehydes were explored in
the presence of this heterogeneous cobalt catalyst. For example,
carbohydrate-derived  S-(hydroxymethyl)furan-2-carbaldehyde
gave the corresponding sensitive diol in 60% yield (Table 6,
entry 16). Furthermore, naturally occurring citronellal (3,7-
dimethyloct-6-enal) led to the corresponding primary alcohol
in excellent yield. Notably, in this latter case no hydrogenation
of the C=C double bond is occurring under these conditions
(Table 6, entry 17).

In order to demonstrate the utility of this novel catalyst for
reductions of pharmaceutically relevant molecules, the hydro-
genation of four different oxo-steroids was investigated.
Notably, hydroxysteroids are important intermediates for the
metabolism of natural steroids. They constitute essential
building blocks for natural products, synthetic pharmaceuticals,
and various biologically active compounds. In fact, 16 steroid
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derivatives were among the top 200 pharmaceuticals by U.S.
retail sales in 2012.* Noteworthy, important steroids were
smoothly hydrogenated into the corresponding hydroxysteroids
(Table 7). For instance, estrone, pregnenolones and

Table 7. Catalytic Hydrogenation of Oxo-Steroids”

Entry Substrate Catalyst (mol%) H, (bar) T (°C) Product Yield (%)°
Me OH
1 4 20 100 G. 98
L
HO' 14

2 6 30 120

3 6 30 120

4 6 30 120

“Steroids (0.5 mmol) with 40—60 mg catalyst. YIsolated yield.

dehydroepiandrosterone gave almost quantitative yields of the
two reduced stereoisomers (43:57—33:66), which are easily
obtained through simple filtration. In agreement with the
results vide supra, no olefin hydrogenation was observed.

B CONCLUSION

We developed a novel heterogeneous cobalt catalyst system on
a-Al,O;. This inexpensive and easily handled cobalt catalyst
facilitates the formation of primary amines from nitriles and the
products are formed with both high activity and selectivity.
Aromatic as well as aliphatic nitriles are converted under mild
conditions and the catalyst assembly displays a wide functional
group tolerance. Furthermore, industrially relevant dinitriles
were also hydrogenated into the corresponding diamines
efficiently. In addition, they allow for selective hydrogenation
of ketones and aldehydes to give the corresponding alcohols in
high yield, even in the presence of C=C bonds. Commerci-
alization of these heterogeneous cobalt catalysts is currently
under way.

B EXPERIMENTAL SECTION

Preparation of Heterogeneous Co Catalyst on a-Al,O; (Cat.
E). Co(OAc),4H,0 (1.27 g 5.0 mmol) and 1,10-phenanthroline
(1.82 g, 10.0 mmol) (Co:phenanthroline =1:2 molar ratio) were
stirred in ethanol (250 mL) for approximately 15 min at room
temperature. Then the whole reaction mixture was agitated at 60 °C
for 1 h. The support a-Al,0; (6.91 g) was then added and the mixture
was stirred at room temperature overnight. Then the ethanol was
removed in vacuo and leaving behind a pale brown solid that was dried
at the pump. The sample was grinded to a fine powder which was then
transferred to a ceramic crucible and placed in the oven. The latter was
evacuated to ca. S mbar and then flushed with argon three times. The
furnace was heated to 800 °C at a rate of 25 °C per minute and held at
800 °C for 2 h under argon atmosphere. After the heating was
switched off the oven was allowed to reach room temperature. During
the whole process argon was constantly passed through the oven.

Catalytic Hydrogenation of Nitriles (Preparative Scale). In a
300 mL autoclave, heptadecanenitrile Sh (25.0 mmol) with Cat. E (2.0
g) were mixed in 100 mL of 2-propanol and ammonia solution (25%,
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10 mL). The autoclave was flushed with hydrogen gas twice and
pressurized with hydrogen (45 bar). After the reaction was complete
after 2.5 h at 130 °C, the autoclave was cooled to room temperature
and the hydrogen was released. The ammonia was removed under
vacuum conditions. Then to the crude reaction mixture was added
hydrochloride solution (25 mL, 1.25 M in methanol). The solvent was
removed and the corresponding salt 6h was obtained.

General Procedure for Hydrogenation of Ketones and
Aldehydes. In a reaction vial (5 mL), ketone or aldehyde 9 (0.5
mmol) with Cat. E (40 mg) were mixed in 2 mL of EtOH. The closed
reaction vials were placed into a 300 mL autoclave via a prepared metal
plate. The autoclave was flushed with hydrogen gas twice and
pressurized with hydrogen. After the reaction was complete, the
autoclave was cooled to room temperature and the hydrogen was
released. The crude reaction mixture was purified by short flash
chromatography on silicon gel (eluent: acetone) to afford correspond-
ing alcohol 10. For some substrates, the crude reaction mixture was
added dodecane (50 yL) and analyzed by GC-FID.
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