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Abstract: Supported rhodium catalysts were screened to catalyze the one-step hydrogenation of a
broad variety of functional groups. The results show that 5% Rh/Al,O3 and 5% Rh/C performed
well in controlling selective hydrogenation under the desired amount of time and temperature. In this
regard, partial and full hydrogenation were achieved by controlling reaction time or temperature. In
addition to aliphatic C-C, C-N, C-O, and N-O multiple bonds, the applicability of this method was
demonstrated by the hydrogenation of C=C double bonds of arenes, which is considered challenging.
Importantly, the Al-H,O system producing hydrogen in situ and the high, controllable selectivity
make this protocol environmentally benign and highly efficient.

Keywords: hydrogenation; heterogeneous catalysis; green chemistry; Rh-Al/H;O combination; in
situ hydrogen formation; aqueous medium; heterocycles; aromatic ring

1. Introduction

Reduction is one of the most important transformations in organic chemistry [1]. Al-
though several methods are available to achieve this goal, catalytic hydrogenation is the
most applicable method in environmentally benign synthesis [2-5]. Therefore, the develop-
ment of a variety of catalytic hydrogenation methods, particularly those with improved
safety features, is highly desired. New developments focus on alternative hydrogen sources,
since traditional hydrogenation uses hydrogen, which is an explosive gas. In addition,
its production by steam reforming occurs under extreme conditions (700-1000 °C) and
produces a large amount of carbon dioxide, a well-known greenhouse gas [6]. Thus, due
to the severe environmental impacts of hydrogen gas production, catalytic hydrogenation
is not necessarily a green process [7]. As a potential alternative hydrogen source, the use
of the Al-H,O system was investigated. The pioneering work by Tashiro and colleagues
explored the use of Ni-Al alloy in catalytic hydrogenations, where the reaction of Al with
dilute base solution (commonly NaOH and KOH) provided the hydrogen, and the in
situ-formed Raney Ni became the hydrogenation catalysts [8-10]. More contemporary
applications include the use of Ni-Al alloy in neat water, which allows for high selectiv-
ity [11]. In addition to Ni-Al alloy, the use the of Al-H,O system was extended to Pd
catalysts; the mixture of a supported Pd catalyst with Al powder in aqueous medium was
used, usually providing high activity and selectivity [12,13]. Recent reviews summarize
the developments achieved over the past decades using the metal-Al-water hydrogenation
system [14,15].

In our earlier exploration on the applicability of the Ni-Al alloy-water system, we devel-
oped highly selective reductions without the use of strong inorganic bases, which made the
process environmentally more benign, including the highly selective catalytic hydrogena-
tion of ketones and [16] aromatic heterocycles [17] or selective reductive aminations [11]
Although the Ni-based alloy and the in situ-produced catalyst have their own merits, most
notably, theirresistance to sulfur-containing compounds, Ni has its own limitations, e.g., the
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often moderate activity and selectivity [2,14]. Therefore, we aimed to extend this catalytic
system by using commercially available rhodium catalysts and Al powder that would
allow us to take advantage of the higher activity of Rh. Rhodium is one of the most often
used transition metals in synthetic processes and likely the most powerful hydrogenation
catalyst, homogeneous and heterogeneous catalytic applications both included [4,18,19].
Rh can hydrogenate nearly all functional groups. It is a versatile metal and can also be
applied as an oxidative dehydrogenation catalyst in aromatization reactions [20,21]. In ad-
dition to hydrogenation and oxidation, it is a commonly applied catalyst in the industrially
important hydroformylation [22]. Most recently, titania-supported Rh-catalysts have been
applied in photo-catalyzed acceptorless dehydrogenation [23] and aerobic dehydrogenation
of N-heterocycles [24].

Building upon our recent efforts on the development of green synthetic methods [25-28],
herein we describe the efficient and highly selective catalytic hydrogenation of a variety of
functional groups using an environmentally benign supported Rh catalyst-Al-H,O system.
In comparison with protocols developed earlier by us and others, we demonstrated that
the Rh-Al-H,O system represents an effective and highly selective catalytic system for
the hydrogenation of a broad range of substrates without the use of pressurized hydrogen
gas. The commercial Al powder serves as a safe, inexpensive hydrogen generator in its
reaction with water, an environmentally benign solvent. The major advantages of this
system are that (i) the reaction occurs in water, which is an environmentally benign and
inexpensive medium; (ii) no harmful by-product is generated, as Al(OH)j3 is nontoxic and
recyclable; (iii) high pressure explosive hydrogen and a high pressure reaction vessel are
not required; (iv) nearly all reducible functional groups can be hydrogenated; and (v) the
appropriate selection of the reaction conditions (temperature/time) allows for high selectiv-
ity for the reduction of functional groups as well as aromatic rings, which was not the case
with catalysts other than Rh. Therefore, this system can be considered an environmentally
benign improvement compared to existing procedures.

2. Results and Discussion

By executing modifications to the original Ni-Al alloy-based system, we developed
several transformations [11,14,16,17]. We also developed a better tunable system based on
a Pd/C catalyst and the Al-water system for the chemoselective hydrogenation [12]. The
simplicity and efficacy of the upgraded protocol are remarkable; however, the hydrogena-
tive ability of Pd has its own limitations. Thus, it was decided to explore the applicability
of more powerful hydrogenation catalysts, such as rhodium. One of the most important
variables of a supported metal catalyst is the support itself [29]. The inert, acidic, basic, or
special electronic (insulator, conductor, etc.) characteristics of the support materials can
significantly contribute to the tailoring of the properties of the actual catalyst [30,31]. It
is worth noting that the catalyst-Al/H,O system was presonicated before the reactions.
As we pointed out in a recent work on H-D exchange reactions using the Al-H,O system
for hydrogen generation, the surface of the aluminum powder is partially oxidized and cov-
ered with Al,O3. This causes a significant lag phase (several hours) in H; generation [32].
Sonication removes surface impurities and thus exposes the Al surface for the reaction with
water [33]. However, it is also important that the presence of the Pd catalyst significantly
improved the evolution of hydrogen during the sonication step, and using a longer than
necessary presonication time may lead to the loss of H; in the activation process.

Therefore, in the preliminary experiments, we tested several commercially available
supported Rh catalysts in four reactions to identify the catalyst that would be applied for
the hydrogenation of a broad array of functional groups. The data are summarized in
Tables 1-4 (yields were determined by GC-MS as shown in the Supplementary Material).
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Table 1. Hydrogenation of 1,2-diphenylacetylene on Rh catalysts using Al-H,O as the H; source ?.

= \_7/ Al-H,0
2 3

1

Entry Catalyst/Supplier Time (h) (OTC) C"“X,fr)sw“ Yield of 2 (%)  Yield of 3 (%)
(]
1 5% Rh/ALO; (TS) 24 25 2 22 0
5% Rh/Al,Os
2 (reduced) (AA) 24 25 83 80 3
3 5% Rh/C (AA) 24 25 0 0 0
4 1% Rh/PEI/SiO, (AA) 24 25 0 0 0

2 Reaction conditions: 0.25 mmol of substrate, 0.025 mmol (51 mg) of supported Rh catalyst, 2.5 mmol (68 mg) of
Al powder in 2 mL of H,O. One hour of presonication of the catalytic mixture (supported Rh-Al in H,O) before
adding the substrate; TS—ThermoScientific, AA—Alfa Aesar.

Table 2. Hydrogenation of cis-stilbene on Rh catalysts using Al-H,O as the Hy source 2.

supported Rh catalyst . <:§_2:>
) O 7 amo

4 2 3
. T Conversion . o . o
Entry Catalyst Time (h) ©C) %) Yield of 2 (%) Yield of 3 (%)
1 5% Rh/Al,O3 (TS) 24 25 7 2 5
5%Rh/Al,O3 (reduced)

2 (AA) 24 25 96 23 73
3 5% Rh/Al,O3 (AA) 24 50 12 4 8
4 5% Rh/C (AA) 24 50 100 0 100
5 1% Rh/PEI/SiO, (AA) 24 50 0 0 0

2 Reaction conditions: 0.25 mmol of substrate, 0.025 mmol (51 mg) of supported Rh catalyst, 2.5 mmol (68 mg) of

Al powder in 2 mL of H,O. One hour of presonication of the catalytic mixture (supported Rh-Al in H,O) before

adding the substrate; TS—ThermoScientific, AA—Alfa Aesar.

Table 3. Hydrogenation of trans-stilbene on Rh catalysts using Al-H,O as the H; source 2.

X O supported Rh catalyst . <:§_2:>
O Al-H,0
5 2 3
. T Conversion . o . o
Entry Catalyst Time (h) ©C) %) Yield of 2 (%) Yield of 3 (%)
1 5% Rh/Al,O3(TS) 24 25 85 73 12
5% Rh/Al,O3

2 (reduced) (AA) 24 25 71 66 5
3 5% Rh/Al,O3 (AA) 24 50 87 82 5
4 5% Rh/C (AA) 24 50 100 0 100
5 1% Rh/PEI/SiO, (AA) 24 50 0 0 0

2 Reaction conditions: 0.25 mmol of substrate, 0.025 mmol (51 mg) of supported Rh catalyst, 2.5 mmol (68 mg) of
Al powder in 2 mL of H,O. One hour of presonication of the catalytic mixture (supported Rh-Al in H,O) before
adding the substrate; TS—ThermoScientific, AA—Alfa Aesar.
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Table 4. Hydrogenation of acetophenone on Rh catalysts using Al-H,O as the Hj source 2.

0 OH OH

supported Rh catalyst . O)\

Al-H,0
6 7 8
. T Conversion . o . o
Entry Catalyst Time (h) ©0) (%) Yield of 7 (%) Yield of 8 (%)
1 5%Rh/Al,O3(TS) 6 25 100 100 0
5%Rh/Al,O3

2 (reduced)(AA) 6 25 100 100 0
3 5% Rh/C (AA) 6 25 0 0 0
4 1% Rh/PEI/SiO; (AA) 6 25 0 0 0

2 Reaction conditions: 0.25 mmol of substrate, 0.025 mmol (51 mg) of supported Rh catalyst, 2.5 mmol (68 mg) of
Al powder in 2 mL of H,O. One hour of presonication of the catalytic mixture (supported Rh-Al in H,O) before
adding the substrate.

Tables 1-4 describe the activity and selectivity of selected supported Rh catalysts in
the hydrogenation of diphenylacetylene, cis-stilbene, trans-stilbene, and acetophenone as
test reactions to evaluate the suitability of the catalysts for a broader substrate study. As a
general conclusion, the 1% Rh/PEI/SiO, catalyst showed poor performance in all reactions
and was not further investigated. It was also observed in Tables 1-3 that the reductions,
depending on the catalyst applied, yielded two major products, one being the result of the
C—C double or triple bond hydrogenation, and the other a perhydrogenated product when
the two aromatic rings also underwent hydrogenation. A similar observation was made
in the hydrogenation of the stilbene isomers. It appears that the appropriate selection of
the reaction conditions would allow the preparation of two different products with high
selectivity. As depicted in Table 1, alumina-supported rhodium catalysts from different
sources performed effectively in the hydrogenation of diphenylacetylene, while catalysts
with other supports (C, PEI/SiO;) were not active. Comparing entry 1 with entry 2, both
5% Rh/Al,O3 and 5% Rh/Al,Os(reduced) exhibited activity and had a yield of 22% and
83%, respectively. Although the latter had a higher conversion, the former maintained
100% selectivity. This observation would warrant an optimization of reaction conditions
to obtain high conversion with 100% selectivity. Table 2 shows that 5% Rh/Al,O3 had a
poor conversion in the hydrogenation of cis-stilbene, even under the moderately elevated
temperature of 50 °C, and the same was observed by using catalyst 5% Rh/PEI/SiO;. As
Table 3 indicates, 5% Rh/PEl/SiO, yielded no product, while the other three catalysts
gave high to quantitative conversions. Although the hydrogenated products were obtained
(Table 2, entries 1-4, Table 3, entries 1-4), the selectivity values revealed that 5% Rh/C
was the best choice for the hydrogenation of cis-stilbene and trans-stilbene. Unfortunately,
neither 5% Rh/C nor 5% Rh/PEI/SiO; was successful in hydrogenating acetophenone.
In contrast, complete conversion was reached with both 5% Rh/Al,O3; and 5% Rh/Al,O3
(reduced) after 6 h at 25 °C, also giving 100% chemoselectivity.

Based on these preliminary investigations, 5% Rh/Al,O3 (ThermoScientific, Waltham,
MA, USA) and 5% Rh/C (Alfa-Aesar, Ward Hill, MA, USA)) catalysts were selected for
further studies with a variety of substrates. The major advantage of this catalytic system in
comparison to traditional high-pressure hydrogenations is that in the current system, the
catalyst works under 1 bar hydrogen pressure and that hydrogen is continuously generated
in situ in the aqueous mixture resulting in milder and less hazardous conditions than
those observed under high pressure conditions. The amount of aluminum added can be
used to control the reactivity of the system, which is also safe and does not require an
expensive high-pressure vessel. These advantages make the Rh-Al/H;O system greener
and more sustainable and broadly applicable compared to the traditional high-pressure
process.
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2.1. Rh-Catalyzed Hydrogenation of Aliphatic C—C Multiple Bonds

Using the selected 5% Rh/Al,Os3 catalyst, the potential preparative applications of this
catalytic system were explored. While in Tables 1-4 the goal was a simple comparison, here
our goal was to identify environmentally benign conditions that controllably allow for
the preparation of the products with high yields and possibly exclusive chemoselectivity.
The first functional group that we explored was the reduction of aliphatic C-C multiple
bonds. Therefore, the hydrogenation of diphenylacetylene, cis-stilbene, and trans-stilbene
was optimized for exclusive product formations that would allow preparative isolation.
It must be mentioned that although the primary goal was to achieve the C—C double
and triple bond hydrogenations, the target compounds also underwent hydrogenation on
their aromatic rings as the conditions changed. The data are depicted in Schemes 1 and 2.
It is worth noting that the Schemes indicate the conversion of the starting material and
the selectivities for each product. In most cases, the conversion was 100%, so essentially
the selectivities were identical with actual yields. If the system did not reach complete
conversion, the conversion should be multiplied by the selectivities (conv. X selectivity/100)

to obtain the actual yield.

w 2
conv.: 30% selectivity: 100%

35S0

conv.: 100%
7 selectivity: 18%
<5

OO

3
conv.: 100% selectivity: 100%

/ \ - —\ 5% Rh/A|203
-/ <\ />

Al-H,0, 50 °C
82%

Scheme 1. Hydrogenation of C=C triple bond of diphenylacetylene by the 5% Rh/Al,03—-Al/H,O
catalytic system.

Diphenylacetylene could be converted to 1,2-diphenylethane (2) by using 5% Rh/Al,O3
catalyst after 4 h at 50 °C. Although the conversion was relatively moderate at 30%, the selec-
tivity could be maintained at 100% allowing the selective preparation of 2 after the starting
material could be recycled. After 7 h, 1,2-diphenylethane (2) and 1,2-dicyclohexylethane
(3) were obtained with complete conversion but split selectivity at 18% 2 and 82% 3, re-
spectively. A gradual increase in reaction time resulted in 100% conversion, with exclusive
selectivity for 1,2-dicyclohexylethane (3) at 12 h. These data show that the partial hy-
drogenation on the C=C triple bond and complete hydrogenation on the aromatic rings
occurred in a stepwise manner, and both products could be selectively achieved by the
appropriate selection of reaction time (Scheme 1). Based on the data, however, simple
kinetics alone does not explain the selectivity. While 2 that formed early in the process
undergoes further hydrogenation, the second step likely has a significantly lower reaction
rate. While at this early stage of the investigations these observations cannot be unambigu-
ously explained, based on the literature [34], we propose that a limited selective poisoning
effect of alkynes/alkenes may delay the hydrogenation of the aromatic rings. It is known
that alkenes have strong adsorption capabilities on metal surfaces, Rh included, blocking
the hydrogenation of the aromatic rings. When the C=C hydrogenation occurs, the product
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alkane does not possess the high adsorption affinity anymore, thus opening the Rh centers
up for the aromatic hydrogenation.

/onv 100% selectivity: 100%
oRaT: slsNelarele

Al-H,0, 50 °C
C

4 onv.: 100% 2

selectivity: 73% selecthlty 20% selectmty 7%

\go

conv.: 100% selectivity: 100%

)

onv.: 100% selectivity: 100%

c
— 5% Rh/C + Cg_b
O Al-H,0, 50 °C )
5 \Cosngecl?/ot:f’ 18% selectivity: 82%

conv.: 100% selectivity: 100%

Scheme 2. Hydrogenation of cis- and trans-stilbenes by the supported 5% Rh/C-Al/H,O catalytic system.

A similar step-by-step process occurred when the hydrogenation of cis- and trans-
stilbenes was attempted, although in this case, the 5% Rh/C catalyst was found to exhibit
the best performance. Interestingly, using cis-stilbene as a substrate in the presence of this
catalyst, the product mixture revealed even more intermediates in the process, as three
different products were found (Scheme 2).

Just as above, the reaction could be carried out to produce 1,2-diphenylethane (2)
or 1,2-dicyclohexylethane (3) selectively, stopping the hydrogenation at 2 h or 12 h reac-
tion time, respectively. However, when stopped at 3 h, a complex mixture was obtained
containing 2, 3, and a new product, 1-cyclohexyl-2-phenylethane (9), which is a partially hy-
drogenated product, likely originating from 2 via the perhydrogenation of one phenyl
ring. This provided more evidence for the above-suggested mechanism, namely, that the
completely hydrogenated product 3 formed with the hydrogenation of the aliphatic C=C
double bond to 2, the intermediate of which was further hydrogenated to 9 and finally to
the perhydrogenated product.

2.2. Rh-Catalyzed Hydrogenation of Aromatic Rings in Carbocyclic and Heterocyclic Compounds

In this part we focus on the hydrogenation of highly stable aromatic rings, using
typical carbocyclic (naphthalene) and heterocyclic (quinoline, isoquinoline, indole) com-
pounds that are commonly applied in synthetic processes as test substrates. 1,2,3,4-
Tetrahydroquinoline derivatives are key intermediates for the synthesis of drugs [35],
agrochemicals [36], and dyes [37]. We found that the hydrogenation of quinoline (10)
was readily catalyzed by 5% Rh/Al,O3 yielding time-dependent products (Scheme 3).
Quinoline was hydrogenated selectively in its nitrogen-containing ring in 10 min to give
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1,2,3 4-tetrahydroquinoline (11) in a 100% yield. Similar to the above examples, applying
a longer reaction time completely changed the outcome of the reaction; after 8 h, the per-
hydrogenated product decahydroquinoline (12) was obtained as the sole product, also in
a quantitative yield. In order to explore more insight into the hydrogenation process, a
0.5 h reaction was tested in which both products, 11 and 12, were obtained in a ratio of 7:3.
The results illustrate that the hydrogenation only occurred in the carbocyclic ring after the
nitrogen-containing ring was already fully hydrogenated. When the same reaction was
carried with isoquinoline (13) (Scheme 3), a longer reaction time was necessary, and 13 was
only converted to the partially-hydrogenated product 1,2,3,4-tetrahydroisoquinoline (14).
Decahydroisoquinoline was not detected, indicating that both steric and electronic impacts

affect the outcome of the hydrogenation.
)

11 H
conv.: 100% selectivity: 100%

. N N
NG Al-H,0, 50 °C H H

12

11
10 o, conv.. 100%
selectivity: 70%

o0

12
conv.: 100% selectivity: 100%

©® 5% Rh/AI,O3 ©©
_—  »
2N ALH,0, 50 °C, 24 h NH

13

selectivity: 30%

conv.: 100% selectivity: 100%

q»

16 H
conv.: 10% selectivity: 100%

N N N
H H

©\/\> 5% Rh/Al,O3
N Al-H,0
H

conv.: 80%, 16 H 17
15 . selectivity, 11% selectivity: 7% selectivity: 82%
o
18 H

conv.: 50% selectivity: 100%

Scheme 3. Hydrogenation of heterocyclic compounds by the supported 5% Rh/C-Al/H;O cat-
alytic system.

Another important N-containing condensed heterocyclic compound, indole (15), was
reduced to indoline at 25 °C with exclusive selectivity, although at low conversion. A longer
time at the same temperature resulted in the formation of a product mixture favoring the
formation of the perhydrogenated octahydro-1H-indole (18). Elevating the temperature to
50 °C resulted in the formation of 18 with 100% selectivity, but in 50% conversion. These
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results suggest that octahydro-1H-indole (18) can be re-aromatized by the Rh catalyst to the
starting material, indole (15), through an oxidative-dehydrogenation mechanism [22,23]
(Scheme 3).

As illustrated in Scheme 4, the hydrogenation of naphthalene (19), similar to the above
examples, is a consecutive reaction, yielding tetralin (20) as the partially-hydrogenated
product at 25 °C, at 12 h, and the perhydrogenated decalin (21) at 50 °C, after 24 h reaction.
The stepwise process times between 12 and 24 h result in the formation of a tetralin (20)-

decalin (21) mixture at 25 °C at 24 h.

20
conv.: 100% selectivity: 100%

e soNee
+

N 20 21
conv.: 100%
selectivity: 63%  selectivity: 37%

5% Rh/AI;03
(D — wmo

19

conv.: 100% selectivity: 100%

Scheme 4. Hydrogenation of naphthalene by the supported 5% Rh/Al,O3-Al/H,0O catalyst system.

Epoxide, or oxiranes, although not aromatic heterocycles, are important intermedi-
ates and building blocks in synthetic chemistry, and many are commercially available as
a large-scale product. One of them, styrene oxide (22), was subjected to hydrogenoly-
sis/hydrogenation by the 5% Rh/Al,O3-Al/H,0 system (Scheme 5). Similar to the above
reactions, this process led to 2-phenylethanol (23) at 50 °C, at 2 h reaction time. This
product could be converted to 2-cyclohexylethanol (24) as the sole product after 30 h. Both
2-phenylethanol (23) and 2-cyclohexylethanol (24) could be obtained at 24 h due to the

stepwise nature of the reaction.
©/\/OH
23

conv.: 100% selectivity: 100%

OH OH
©/\/ + O/\/
23

24

Q

5% Rh/Al03
Al-H,0

22

24 h, 50 °C

conv.: 100%
selectivity: 16% selectivity: 84%

OH
.

conv.: 100% selectivity: 100%

Scheme 5. Consecutive hydrogenolysis/hydrogenation of styrene oxide by the supported 5%
Rh/Al,O3-Al/H,0 catalyst system.
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2.3. Rh-Catalyzed Hydrogenation of Carbonyl Compounds

The hydrogenation of carbonyl compounds is one of the most commonly used meth-
ods in synthetic chemistry [2]. The optimization of the hydrogenation of acetophenone (6)
(Scheme 6) indicates that it can be selectively reduced to methylbenzylalcohol (7) at 25 °C in
a quantitative yield. Further hydrogenation of the aromatic ring proceeded at an elevated
temperature of 50 °C, giving 1-cyclohexylethanol (8) with 100% yield. In the presence of
5% Rh/Al,Os catalyst, 4-methylacetophenone (25) was also reduced to 1-(p-tolyl)ethanol
(26) with 100% selectivity at 25 °C as well. After a moderate increase in temperature,
1-(4-methylcyclohexyl)ethanol (27) was obtained as the sole product. These results revealed
that the reaction pathway of hydrogenation of aromatic ketones involved hydrogenation of
the C=0 group to give C-OH, and then the product underwent further hydrogenation on
its aromatic ring. An important aspect can be noted, namely, that aromatic ketones were hy-
drogenated preferentially via reduction of the C=0 group, and then the hydrogenation of
the aromatic ring occurred.

OH
o2 ©)7\ \Ps'l
sl S conv.: 100% Y\,L conv.: 100%
©)\ e selectivity:100% N selectivity:100%
Sy OH 25 A, °'?,§ OH
6 BN %Q Ao
<0 R 4/90 S0,
0 ¢, 27
0 8 4
£l 76

conv.: 100% conv.: 1_00%
selectivity;;oo% selectivity:100%

Scheme 6. Hydrogenation of acetophenones by the supported 5% Rh/Al,O3-Al/H0O catalyst
system.

2.4. Rh-Catalyzed Hydrogenation of Nitriles and Nitro-Compounds

As the Rh-Al/H;0 system appears to work efficiently in C-C and C-O multiple
bond hydrogenations, it was decided to further explore the hydrogenation of C-N multiple
bond using nitriles as substrates [38], as well as the reduction of N-O bonds in nitro
compounds [39,40]. As test reaction substrates, nitrobenzene (28), 2-nitrotoluene (32), and
benzonitrile (35) were selected. As shown in Scheme 7, nitrobenzene was successfully
reduced to aniline (29) within 0.5 h. When the reaction time was increased to 1 h, 100%
conversion was obtained with 50% selectivity of cyclohexane amine (30) and 50% selectivity
of an unexpected product, dicyclohexylamine (31). With a continuous increase of reaction
time to 5 h, dicyclohexylamine (31) was obtained with 100% selectivity. The formation
of 31 can be explained by the oxidative dehydrogenation (Scheme 7) that Rh catalysts
are also known for and that was also observed in the hydrogenation of indole in this
study (Scheme 3). The reaction mechanism (Scheme 7b) involves the dehydrogenative
oxidation of the cyclohexylamine intermediate to an imine, which is not stable under
aqueous conditions, and hydrolyzed to cyclohexanone, which reacted with the remaining
aniline to form a stable imine that finally underwent C=N double bond hydrogenation.
An alternative pathway could be the simple transamination of the cyclohexylimine with
aniline and the final hydrogenation of the same imine. A detailed mechanistic study of this
reaction can be found in our earlier works [41,42]. In the reaction of 2-nitrotoluene (32) at
1.5 h at 25 °C, 2-methylaniline (33) was obtained with 100% selectivity. A slight heating to
50 °C resulted in the formation of 2-methylcyclohexylamine (34) as the sole product.
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NH,
a
() 0.5h @ 29
—
::Ir:e‘::'t:i\:i[t)o'o/:oov x\\“\ﬂ’
NO, y: o NO, M

NH
5% RN/ALO3| 1h 2 H

/0 RINARVI| . N \,\XL conv.: 100% .
Al-H,0, 25 °C 30 selectivity: 100%
28 ’ 31 8o
0
conv.: 100% selectivity: 50%  50% 32 4 by, NH,
5h o 20,
— H "8,
N C P
ONe &
31 34

conv.: 100%
selectivity: 100%
NH, o)
Ha/Rh ox /Rh /Rh y
- H2
\ O H2/ Rh O/ \O
31

Scheme 7. Hydrogenation of nitrobenzenes (a) by the supported 5%Rh/Al,O3-Al/HO catalyst
system and the proposed reaction mechanism (b) for the formation of dicyclohexylamine (31).

conv.: 100% selectivity: 100%

(b) formation of 29

0,

In the hydrogenation of benzonitrile (Scheme 8) at 25 °C, only the formation of diben-
zylamine (36) was observed with exclusive selectivity. Increasing the temperature to 50 °C
resulted in the hydrogenation of one aromatic ring yielding N-benzyl-cyclohexylamine (37)
as a major product with a 96% yield. The formation of dibenzylamine can be explained by
the same dehydrogenative oxidation mechanism [41,42] catalyzed by the Rh catalyst and
the subsequent hydrolysis of the imine to benzaldehyde and the formation of benzylidene-
benzylamine, and intermediate to 36 (not shown), which underwent final hydrogenation in
the last step (Scheme 8b).

(a)
36
conv.: 85% selectivity: 100%

N N
36
conv.: 100% selectivity: 4% selectivity: 96%
(b) formation of 34 and 35 o~
CN O
g5
©/ Ho/ Rh ox/Rh %
l + PhCH,NH,

Bworom=orD

Scheme 8. Hydrogenation of benzonitrile (a) by the supported 5%Rh/Al,O3-Al/H,O catalyst system
and the proposed reaction mechanism (b) for the formation of dibenzylamine (36) and benzyl-

cyclohexylamine (37).
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2.5. Rh-Catalyzed Hydrogenation of Compounds with Multiple Functional Groups

As shown above, the hydrogenation of individual functional groups is often a chal-
lenge; the real difficulty is when two or more hydrogenation sensitive groups are present
in a substrate. Thus, it was explored how supported Rh catalysts perform in substrates
which have multiple functional groups. Thus, an «,-unsaturated carbonyl compound,
isophorone (38) [43,44], was examined using 5% Rh/Al,O; catalyst at 50 °C. Isophorone
can be hydrogenated to the corresponding saturated ketone (39) at 25 °C after 15 h with
100% selectivity at low conversion values (Scheme 9). After allowing a longer reaction
time (22 h), the conversion increased; however, the product of the complete hydrogenation,
the saturated alcohol (40), also appeared in the product mixture. At 50 °C, isophorone
underwent complete hydrogenation to the corresponding saturated alcohol (40) with 100%
selectivity. Additionally, hydrogenation of 7-nitroindole (41) was carried out at 50 °C. It was
observed that the nitro group was reduced to amine readily, while indole was converted to
indoline (42), also giving 7-aminoindole (43) at 3 h. After 6 h, only 7-aminoindole (43) was
obtained because the indoline product rearomatized via oxidative aromatization to indole
to retain its aromatic nature in the presence of Rh. If the reaction was carried out at 25 °C,
the same aromatic aminoindole (43) was obtained with 100% yield and 100% selectivity in

a 24 h long reaction.
(0]
76\ %

conv.: 15% selectivity: 100%

Nl (e} OH
O
50/0 Rh/Aleg 25 OC, 22 h
AFH0 39 40
38 conv.: 51% selectivity: 82%  selectivity, 18%
n OH
%
40
conv., 100% selectivity: 100%
A\
+
N
H
NH,
43
conv.: 90% selectlvny 18% 72%
A 5% Rh/AI,O3 + D
Al-H,0, 50 °C ”
N ? NH;
NO, 43
41 conv.: 100% selecthlty 15% 85%

conv.: 100% selectivity: 100%

Scheme 9. Hydrogenation of compounds with multiple hydrogenation-sensitive functional groups,
isophorone (38) and 7-nitroindole (41), by the supported 5%Rh/Al,O3-Al/H;0 catalyst system.
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3. Materials and Methods

General information. All substrates were purchased from Sigma Aldrich (Burling-
ton, MA, USA) and used without further purification. The reactions were carried out in
de-ionized water. The supported rhodium catalysts were from ThermoFisher Scientific
(Waltham, MA, USA) and Alfa-Aeasar (Ward Hill, MA, USA). The catalysts used were all
commercial samples containing Rh particles. The general particle sizes of the catalysts
were 27 microns (Rh/C) and 70 microns (Rh/Al,O3) based on the reference from the pro-
ducers. The aluminum powder was also obtained from Alfa-Aeasar (99.5% purity, 11 067,
Lot#: K05Z034, 325 mesh, particle size 7-15(M)). The 'H NMR spectra were recorded on
a 400 MHz Agilent MR400DD2 spectrometer (Agilent: Santa Clara, CA, USA) at 399.96
MHz. The products were also characterized by gas chromatography—mass spectrometry
(GC-MS, Agilent: Santa Clara, CA, USA) with an Agilent 6850 gas chromatograph-5973
mass spectrometer system (70 eV electron impact ionization) using a 30 m long DB-5 type
column (J&W Scientific, Folsom, CA, USA). All products were known compounds, and
their spectra were in agreement with earlier sources.

Procedure. Supported rhodium catalysts (0.025 mmol, 51 mg, 0.1 equiv.) and Al
powder (2.5 mmol, 68 mg, 10 equiv.) were mixed in 2 mL of H,O in a capped vial and
sonicated for 1 h (Branson 1510 sonicator). The substrate (0.25 mmol, 1 equiv.) was added
to the mixture in a round-bottom flask and stirred for the desired amount of time and
temperature. After the reaction was complete, the product was extracted by CH,Cl,. After
extraction, the organic phase was dried and the solvent was removed and the yield was
determined by an Agilent 6850 gas chromatograph—-5973 mass spectrometer system as
described above.

4. Conclusions

In conclusion, the highly efficient catalytic hydrogenation of a broad variety of func-
tional groups was accomplished by applying commercially available supported Rh catalysts
without using explosive hydrogen gas. The Al-H,O system that in situ produces hydrogen
is considered environmentally benign and easily accessible. This protocol successfully
achieved high and mostly complete conversions and controllable chemoselectivity via the
effects of reaction time and temperature. An important feature that distinguishes the Rh
catalyst from others used in conjunction with the Al/H,0 system is the high selectivity
in the reduction of compounds with C-heteroatom bonds. While Pd or Ni both initiate
deamination and deoxygenation, Rh appears to be selective in its tolerance for those func-
tionalities and thus allows for the preparation of several valuable products. In nearly all
examples, it was also observed that first the hydrogenation sensitive functional group
always underwent saturation, and the hydrogenation of the aromatic ring only occurred
after that; likely due to the high stability of the aromatic ring systems, their hydrogenation
is significantly slower than that of the common functional groups. Rh, being a powerful
catalytic material, was able to achieve even perhydrogenation at moderate temperatures
that cannot be accomplished with other common catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12121578 /s1, Mass Spectra of the products.
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