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The intermolecular amination of alcohols was performed with ruthenium (Ru*) immobilized on a cal-
cium hydroxyapatite support. No additional base additives were necessary, nor did the catalyst require
base treatment prior to reaction. High conversions were obtained with different amine and alcohol
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1. Introduction

The amination of alcohols has gained much interest as the search
for environmentally benign routes towards substituted amines
continues. The use of alcohols as feedstock is highly attractive due
to their availability on a large scale by hydroformylation/reduction
or hydration of olefins, direct production from synthesis gas or from
sugar fermentation [1]. These alcohols are generally stable, low
priced and low in toxicity [2]. The atom efficiency for the amination
of alcohols is relatively high, since water is the only stoichiometric
by-product from this reaction.

A drawback of working with alcohols is the poor leaving abil-
ity of the OH group [3-5]. This is elegantly circumvented in the
borrowing hydrogen methodology, also known as the hydrogen
autotransfer process. Here, the alcohol is activated by dehydro-
genation to a more reactive carbonyl group. The intermediate can
undergo dehydrative condensation with an amine nucleophile with
relative ease. The corresponding imine is formed, which is then
hydrogenated to the amine with hydrogen that was ‘borrowed’
from the starting alcohol (Scheme 1).

Typically a metal catalyst is employed for this reaction to dehy-
drogenate the alcohol in a first step, and to hydrogenate the
imine in a second step. The groups of Grigg and Watanabe first
demonstrated the activity of homogeneous rhodium, ruthenium
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and iridium based catalysts for the amination of alcohols in 1981
via the borrowing hydrogen methodology [6,7]. Since then, many
homogeneous Ru-catalysts have been developed but often, stabi-
lizing ligands are required and bases are needed as additives, often
even in (over)stoichiometric amounts [1,8,9]. Although the exact
role of the base additives is still under debate, they are believed
to aid in the dehydrogenation of the alcohol [2]. The group of
Mizuno reported heterogeneous Ru activated by a base pretreat-
ment supported on alumina or titania [10-12]. In this work, we
propose the use of ruthenium immobilized on a calcium hydroxy-
apatite (HAP) carrier as a heterogeneous catalyst for the alcohol
amination via the borrowing hydrogen mechanism, without the
need for base co-catalysts, base pretreatment of the catalyst, or
ligands.

The use of a ruthenium on HAP (Ru/HAP) catalyst has been pre-
viously reported for aerobic alcohol or amine oxidation [13-20],
Diels-Alder and aldol reactions [21] and racemization of alcohols
[22].For the latter reaction, the following mechanism was proposed
by Wuyts et al. [22]. An alcohol can coordinate to the active Ru
centre on the Ru/HAP catalyst and it is subsequently oxidized to
the corresponding ketone. Racemization occurs when the ketone is
hydrogenated back to the corresponding alcohol in a non-selective
manner by a Ru hydride species. The intermediately formed ketone,
or aldehyde when working with primary alcohols, can however eas-
ily react with amine nucleophiles if they are present in the reaction
mixture. The strong parallel between racemization and the borrow-
ing hydrogen mechanism for alcohol amination led us to investigate
the use of Ru/HAP for these reactions (see Scheme 1).
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Scheme 1. Borrowing hydrogen strategy for the amination of alcohols, and the related racemization of alcohols.
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Fig. 1. XRD pattern of HAP support (top) and 2 wt% Ru/HAP standard catalyst.

2. Experimental
2.1. Catalyst preparation and characterization

The ruthenium-exchanged hydroxyapatite catalysts were pre-
pared according to a previously reported method [22]. In the
standard preparation procedure 1g of calcium hydroxyapatite
([Ca10(PO4)s(0OH);,])is slurried in 50 mL of deionized water contain-
ing dissolved RuCl3-xH, O (Aldrich). The concentration depends on
the desired weight percentage of immobilized ruthenium, which
was fixed at 2wt% as a standard. The black suspension is stirred
magnetically for 24 h at room temperature. After centrifugation the
supernatant is colourless, indicating that all of the Ru is exchanged
and immobilized on the HAP support. The material is washed three
times with distilled water and the grey cake is freeze-dried result-
ing in a fine grey powder. For comparison, a 2 wt% RuCly/alumina

Table 1

ICP analysis of Ru/HAP catalysts and support.
Sample Ru (wt%) Ru/(Ru+Ca)
HAP 0 0
1 wt% Ru/HAP 1.03 0.0098
2 wt% Ru/HAP 2.11 0.0217
5wt% Ru/HAP 5.09 0.051

was prepared by slurring 1g of y-alumina (Saint-Gobain Norpro,
200m?2/g) in 50mL of deionized water containing the appropri-
ate amount of dissolved RuCl3-xH, 0 at room temperature for 24 h,
without any pH control. After washing three times with deionized
water, the grey powder was dried at 60 °C.

The basicity of the HAP carrier was determined by titration. A
0.2 g powder sample was dried at 423 K overnight and suspended
in 2mL of an indicator solution (0.1 mg/mL bromothymol blue in
toluene). This suspension was left to stir for approximately 2 h and
was subsequently titrated with a 0.01 M benzoic acid solution in
toluene. The titration experiment was reproduced thrice with good
reproducibility. X-ray powder diffraction measurements were per-
formed on a STOE StadiP, with Cu Ko radiation. Scanning electron
microscopy was carried out on a Philips XL 30 FEG microscope
after coating with Au. Elemental analysis was carried out using
an Jobin Yvon Ultima spectrometer and a TJA Solaar 969 AA spec-
trometer. Nitrogen sorption measurements were performed on a
Micromeritics 3Flex surface analyser at 77 K. Prior to measurement,
the 400 mg samples were outgassed at 473 K overnight under N,
flow.
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Fig. 2. Nitrogen adsorption-desorption isotherms of 2 wt% Ru/HAP catalyst.
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Table 2
Optimization of benzyl alcohol amination with N-methylbenzylamine; formation of N,N-dibenzylmethylamine®
N on RuHAP
H +
1 30 °C
1 2

Entry Solvent Amine/alcohol Time (h) Y% 3a

1 Mesitylene 2:1 3 5
6 9
24 23

2 Mesitylene 1:1 3 7
6 11
24 24

3 Mesitylene 1:2 3 20
6 33
24 71

4 Mesitylene 1:4 3 43
6 74
24 >99

5 Benzyl alcohol - 3 67
6 82
24 >99

6 DMF 1:4 3 4
6 7
24 17

7 Nonane® 1:4 3 48
6 77
24 >99

2 Reaction conditions: 0.5 mmol of N-methylbenzylamine (for entries 2-7), 0.5 mmol of benzyl alcohol (for entry 1), 1 mL solvent, catalyst 2 wt% Ru/HAP (3 mol% with
respect to the understoichiometric reactant; 15 wmol Ru; 75 mg catalyst), under Ar atmosphere, 130 °C. GC yield (Y%) based on amine (entries 2-7) or on alcohol (entry 1),

calibrated with tetradecane internal standard (0.25 mmol).
b 0.5 mL of mesitylene co-solvent needed for dissolution of reactants.

2.2. Catalytic experiments

All reactions were performed in glass batch reactors under inert
argon atmosphere and were stirred magnetically. Ru/HAP is used
without further activation. Unless stated otherwise, a Ru/HAP with
2wt% Ru was used. For a standard reaction 1 mL of mesitylene
solvent, 0.5 mmol of amine and 2 mmol of alcohol were added to
the vial containing 3 mol% of Ru/HAP (15 wmolRu, 75 mg of the
2 wt% catalyst). As an internal standard tetradecane (0.25 mmol)
was added and appropriate response factors were determined. The
batch reactor was then thoroughly flushed with argon to minimize

Table 3
Effect of different catalysts for the formation of N,N-dibenzylmethylamine®.

oxidation of substrates with residual oxygen, before the reaction
was started at 130°C.

Small aliquots were removed from the reaction mixture at dif-
ferent time intervals. The heterogeneous catalyst was removed
by filtration or centrifugation. The samples were diluted in
toluene and analysed on a Shimadzu 2014 GC equipped with
a CP-Sil-8 or CP-Sil-5 CB capillary column and a FID detector.
The identity of the reaction products was verified by GC-MS
with an Agilent 6890 gas chromatograph, equipped with a
HP-5ms or HP-1ms column, coupled to a 5973 MSD mass
spectrometer.

N~ OH  catalyst
H + |
130 °C
1 2
Entry Catalyst Time (h) Y% 3a
1 None 24 n.d.
2 HAPP 24 n.d.
3 2 wt% Ru/HAP 3 43
6 74
24 >99
24 90°
4 RuCl3-nH,0 3 42
6 67
24 79
5 RuCl,/y-alumina 3 8
6 16
24 42

n.d.=not detected.

2 Reaction conditions: 0.5 mmol of N-methylbenzylamine, 2 mmol of benzyl alcohol, 1 mL mesitylene, Ru catalyst (3 mol% Ru with respect to the understoichiometric
reactant; 15 wmol Ru), under Ar atmosphere, 130°C. Yield (Y%) based on amine, calibrated with tetradecane internal standard (0.25 mmol).

b 75 mg.
¢ Reuse experiment.
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Fig. 3. Hot filtration test: yield (Y%) of N,N-dibenzylmethylamine before and after
filtration of reaction mixture after 3 h of reaction time (Reaction conditions: 0.5 mmol
of N-methylbenzylamine, 2 mmol of benzyl alcohol, 1 mL mesitylene, 2 wt% Ru cata-
lyst (3 mol% Ru with respect to the understoichiometric reactant; 15 wmol Ru; 75 mg
catalyst), under Ar atmosphere, 130°C. GC yield based on amine, calibrated with
tetradecane internal standard (0.25 mmol)).

3. Results and discussion
3.1. Catalyst characterization

Hydroxyapatite [Ca;9(PO4)g(OH), ] is a naturally occurring min-
eral that has gained interest in heterogeneous catalysis during the
past decade as basic support material. The Ca2*-ions in the lat-
tice can be partially replaced by other, catalytically active metal
ions, such as ruthenium. High catalytic activity of Ru/HAP for oxida-
tions has been ascribed to the combination of redox active Ru sites
with basic sites in the lattice [14]. The amination of alcohols via
the borrowing hydrogen mechanism has similar catalyst require-
ments, since a redox site is needed to dehydrogenate the alcohol
and hydrogenate the imine, and base additives are known for their
co-catalytic effect on e.g. the dehydrogenation.

Since the basicity of the support presumably contributes to the
overall activity of the Ru/HAP catalyst, it was studied by acid titra-
tion with bromothymol blue (pKa=7.2)as pH indicator [23,24]. The
titrated number of basic sites was determined to be 0.14 mmol/g.

The HAP support material and a material with 2 wt% Ru were
investigated with XRD (Fig. 1). Both before and after ion exchange
HAP is the only structure that could be detected. The patterns are
in good agreement with literature data, with strong reflections at
25.9°,31.8°, 32.2°, 32.9°, 46.7° and 49.5° 26 which are assigned to
Miller indices (002),(211),(112),(300),(222)and (21 3) of the
hexagonal crystal system of HAP [25,26].

The elemental compositions of the HAP support and of the Ru-
exchanged materials were investigated with ICP and AAS. The Ca/P
ratio of the carrier HAP was 1.65, which is slightly below the stoi-
chiometric amount of 1.67 for Ca;g(PO4)s(OH),. The ruthenium
amount was determined and is shown in Table 1.

Nitrogen adsorption and desorption isotherms were measured
for a 2wt% Ru/HAP sample and they are shown in Fig. 2. It can
be concluded that hardly any microporosity is present in the HAP.
The BET surface area was calculated to be 61 m?/g, while the HAP
support itself was found to have a surface area of 59m?/g. This
indicates that the ion exchange procedure had no significant effect
on the surface area.

The morphology of the samples was investigated with SEM and
this showed no alterations in morphology of the powder after Ru
exchange (see Supporting Information). The surface composition

of the material was examined with EDX after sputtering with car-
bon. This analysis showed that no chlorine could be detected with
EDX, even for the 5 wt% Ru/HAP sample. This is in accordance with
literature. Chlorine was found to be absent in samples with a low
ruthenium content and only at higher loadings (>15 wt%) it was
detected [13,22,27]. The nature of the Ru sites in Ru/HAPs has been
debated in literature; most likely a simple ion exchange is not the
only mechanism determining the speciation in metal loaded HAPs
[18]. EXAFS studies showed evidence for hydroxy-ligands on the Ru
sites [16], and later investigations by the same group using DRIFT
spectroscopy of adsorbed CO and ATR-IR spectroscopy revealed the
presence of two different species: isolated Ru3* ions and a hydrated
Ru3*-oxide like phase (Ru3* hydroxide) with high redox activity
[14,18].

3.2. Amination of benzyl alcohol with N-methylbenzylamine

The reaction of N-methylbenzylamine with benzyl alcohol was
chosen as a test reaction to optimize the reaction conditions with a
2 wt% Ru/HAP catalyst. With this secondary amine, only the mono-
N-alkylation product can be formed, i.e. N,N-dibenzylmethylamine
(3a, reaction outline, Table 2). Hardly any benzaldehyde was
observed, indicating that the first step in the sequence, leading
to benzaldehyde, is the slowest one. All subsequent steps in the
sequence, i.e. imine formation and reduction must be fast for the
model reaction used in Table 2. Primary amines can be alkylated
twice with an alcohol generating both secondary and tertiary amine
products. The imine formed in the second step of the borrowing
hydrogen mechanism is relatively stable when working with a pri-
mary amine and is often detected in large quantities in the reaction
mixture. This is avoided in the test reaction.

When varying the ratio of amine and alcohol reactants, it became
clear that an excess of alcohol has a beneficial effect on the yield of
3a. With an excess of amine, or a stoichiometric amount of alcohol
and amine, the yield did not exceed 24% after 24 h of reaction at
130°C (Table 2, entries 1 and 2). A 1:2 or 1:4 alcohol excess results
in high yields of the desired product (Table 2, entries 3 and 4). When
benzyl alcohol is used as solvent (1 mL) the reaction is improved
even further. Working in a polar aprotic solvent such as DMF had
a detrimental effect on the reaction, most likely due to a stronger
coordination of this solvent on the active sites of the catalyst. In the
nonpolar solvents mesitylene and nonane the reaction proceeded
with ease. For nonane however some mesitylene co-solvent had
to be utilized to dissolve all products due to poor solubility of the
alcohol and amine in this solvent.

Blank reactions were performed to assess the need for an effi-
cient catalyst. When working without any additives, no product
was detected even after 24 h of reaction at 130°C (Table 3, entry 1).
When the HAP support was added to the reaction mixture, still no
product was formed (Table 3, entry 2). The Ru precursor RuCl3-nH,O
was used as a homogeneous catalyst under the same reaction con-
ditions, and while initially good yields of 3a were obtained with
the homogeneous analogue, the yields obtained after long reaction
times are clearly inferior to those for the heterogeneous Ru/HAP,
which is due to inactivation of the homogeneous catalyst; the Ru
salt formed a black precipitate in the reaction mixture after 24 h.

RuCl3-nH,0 was supported an a high-surface alumina support;
however, reaction yields were moderate in comparison to the
Ru/HAP (Table 3, entry 5). On HAP the simultaneous presence of
the Ru3* redox site and intrinsic basicity is an excellent combina-
tion to obtain high conversions for this N-alkylation. Yamaguchi
et al. obtained a functional catalyst by treating the suspension of
RuCl3-nH,0 and alumina or titania with 1 M of NaOH until the sus-
pension reached a pH of 13.2 [11]. With HAP as support this harsh
base treatment of the catalyst is not necessary, since the support
has intrinsic basicity.
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Table 4
Alkylation of different amines with benzyl alcohol: yield of monoalkylated amine and imine, and of the dialkylated amine?.
~
R R_ =~
OH Ru/HAP ~N ~N
R—NH2 + e H + +
130 °C
2 a b c
monoalkylated monoalkylated dialkylated
amine imine amine
Entry Amine Time (h) X% Y% a Y% b Y% ¢
1 24 >99 70 26 4
NH,
48 >99 55 25 20
2 NH, 24 94 53 41 n.d.
48 >99 64 35 n.d.
NH,
3 24 92 14 71 n.d
4 /\/\/\NH 24 83 17 25 n.d.
2 48 >99 26 29 n.d.

2 Reaction conditions: 0.5 mmol of amine, 2 mmol of benzyl alcohol, 1 mL mesitylene, catalyst 2 wt% Ru/HAP (3 mol% with respect to the amine; 15 mol Ru; 75 mg catalyst),
under Ar atmosphere, 130 °C. Conversion (X%) and GC yield (Y%) based on amine, calibrated with tetradecane internal standard (0.25 mmol).

Further, the catalyst was proven to be heterogeneous with a hot
filtration test (Fig. 3). After 3 h reaction the yield of 3a reached 42%.
At this point, part of the reaction mixture was removed, filtered
while the suspension was still hot, and allowed to stir at reaction
temperature. After 3 h another sample was taken, and the yield of
3ain vial containing the original reaction mixture with catalyst had
risen to 74%, while the filtered reaction mixture showed no increase
inyield of 3a. Even after 24 h of reaction the increase in yield of the
filtered reaction mixture was minimal, indicating that the catalyst
is truly heterogeneous. This was confirmed with a reuse experi-
ment, where the yield after the second run reached 90% (Table 3,
entry 3).

3.3. Examination of substrate scope

The scope of the catalytic reaction was successfully expanded
to primary amines (Table 4). High conversions were obtained. In
all cases the intermediately formed imine was detected and with
benzylamine also the dialkylated product was obtained.

Interestingly, the reactions with aliphatic amines 1-hexylamine
and 1-octylamine (not shown) yielded moderately low yields
of the monoalkylated amine and imine products, although the
conversion of the amine is quite high. This is because of alkyl
group scrambling, or transalkylation which can occur when
the amine or formed diamine can be dehydrogenated to the

NN TN HNT NN
i /\/\)
M]
MI-H,

A A /\/\)lN P UaN

/\ //’\ ©/\ NH,

NN NN
NH, HN

N
H

Scheme 2. Amine scrambling through transalkylation.
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Table 5

Alkylation of 1-octylamine with 1-octanol: yield of monoalkylated amine and imine, and dialkylated amine®.

HNM

Ru/HAP 3 3 3 N 3
/N/(i\ NH2 * MOH " M
o 3 3
130 °C a b c 3
monoalkylated monoalkylated dialkylated
amine imine amine
Entry Solvent Time (h) X% Y%a Y% b Y% ¢
1 Mesitylene 3 51 41 10 n.d.
24 97 20 2 75
2 Nonane 3 63 53 10 n.d.
24 >99 3 <1 97
3 1-Octanol 3 >99 48 2 50
24 >99 n.d. n.d. >99

2 Reaction conditions: 0.5 mmol of 1-octylamine, 2 mmol of 1-octanol, 1 mL of solvent, catalyst 2 wt% Ru/HAP (3 mol% with respect to the amine; 15 pumol Ru; 75 mg
catalyst), under Ar atmosphere, 130 °C. Conversion (X%) and GC yield (Y%) based on amine, calibrated with tetradecane internal standard (0.25 mmol).

100
90 - B Y% monoalkylated imine

80 Y% monoalkylated amine
70 W X% octylamine

60
50
40
30
20
10 A

Y% or X%

1 wt% 2 wt%
wt% Ru

5 wt%

Fig. 4. Influence of Ru loading on conversion (X%) of 1-octylamine and yield (Y%) of
the monoalkylated imine and amine in the reaction of 1-octylamine with 1-octanol
(Reaction conditions: Ru/HAP (=3 mol% Ru with respect to the amine; 15 pwmol Ru) in
1 mL of solvent, 0.5 mmol of 1-octylamine, 2 mmol 1-octanol, 0.25 mmol tetradecane
internal standard, inert atmosphere, 130°C, 3 h).

corresponding imine [28-30]. For 1-hexylamine, by-products such
as N,N-dihexylamine, N,N,N-trihexylamine, N,N-dibenzylamine
and N-benzylidenebenzylamine could be detected. An example
of this mechanism is shown in Scheme 2 for attack of a resid-
ual hexylamine on the formed monoalkylated amine, through the
intermediate formation of an imine by a comparable borrowing
hydrogen mechanism. Theoretically this is also possible for benzy-
lamine, which also easily forms the corresponding imine, but due
to the symmetry of the desired mono- and dialkylated products no
transalkylation can be detected. With cyclohexylamine this does
not occur to a high extent; with aniline this was not observed at
all. This is due to the more difficult formation of the corresponding
imine with these amines.

With 1-octanol the reaction proceeds as well (Table 5). With
1-octylamine transalkylation is not an issue, and high yields
of the monoalkylated amine are generated after short reaction
times; after longer reaction times the dialkylated amine is formed
(entry 1). In nonane the reaction proceeds faster and almost
stoichiometric amounts of the dialkylated amine can be formed
after 24 h (Table 5, entry 2). By using 1-octanol as solvent, even after
3 h the dialkylation product is formed, with near stoichiometric
yields after 24 h.

For the latter reaction of 1-octylamine and 1-octanol in nonane,
the influence of the catalyst’s Ru content was investigated. For the
above reactions, a 2 wt% Ru catalyst was used. To compare the Ru
loading, a 1 wt% and 5 wt% Ru/HAP catalyst were prepared and the

same reaction was performed, keeping the amount of Ru constant
at 3 mol% with respect to the amine (Fig. 4). Interestingly, when the
Ru-loading is high (5 wt%) the conversion of octylamine decreases.
This is in good agreement with Wuyts et al. who also found a low
Ru content of the catalyst to be beneficial for the reactivity [22]. It
appears that an optimal balance between Ru sites and basic support
is needed to obtain optimal activity of the catalyst. The number
of weak and strong basic sites on the surface was estimated by a
titration with benzoic acid to be 0.14 mmol/g (vide supra). A 2 wt%
Ru loading amounts to about 0.2 mmol/g of Ru3*. A similar number
of active ruthenium sites and basic support sites thus seems to lead
to the highest activity. The basicity after Ru loading could not be
determined by visual indicators, but future work will be performed
to characterize the basicity further.

4. Conclusion

Ruthenium immobilized on an basic hydroxyapatite support
was found to be an active heterogeneous catalyst for the amination
of alcohols via the borrowing hydrogen mechanism. The catalyst
was found to be heterogeneous, as indicated by a hot filtration test,
and can be easily separated from the reaction mixture. The basic
support was found to be an ideal carrier for the redox active ruthe-
nium centres. An optimal balance between immobilized ruthenium
and basic sites is required for activity. Higher loadings of ruthe-
nium therefore led to lower activities. Both secondary and primary
amines can be used as reactants and low catalyst amounts are used
(3mol% Ru) without the use of any co-catalysts or additives, nor
did the catalyst require any pretreatment before reaction.
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