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Platinum-Group-Metal-on-Carbon Catalyzed Dehydration of
Tertiary Alcohols and its Application to the One-Pot Synthesis of
Aromatics

Shuki Oyama,? Yuto Suganuma,? Rina Adachi,? Shuji Akai #* and Yoshinari Sawama*2

Catalytic dehydration of alcohols remains a challenge in organic synthesis, and olefin products are important synthetic
precursors because of their high reactivity. Platinum-group-metal-on-carbon catalysts (such as Ru/C and Pd/C) are
commercially available and widely utilized as heterogeneous, green, and sustainable catalysts in various organic reactions.
However, examples of their application to the catalytic dehydration of alcohols have not been reported. Herein, we
demonstrate the Ru/C-catalyzed dehydration of tertiary (tert) alcohols in toluene under thermal conditions. Ru/C also
potentially exhibits oxidative activity. Therefore, a tandem reaction involving the Ru/C-catalyzed dehydration of tert-benzylic
alcohols, a Diels-Alder reaction, and subsequent oxygen oxidation was developed to afford highly functionalized aromatic
products. Additionally, a one-pot synthesis of biaryls from 1-arylcyclohexanols as tert-alcohol substrates was successfully
developed via Pd/C-catalyzed dehdyration and subsequent dehydrogenation in H,0O. These green and sustainable synthetic
approaches based on novel heterogeneous dehydration methodologies are valuable for the construction of diverse

functional materials.

Introduction

Olefin compounds are important precursors for the
introduction of various functional groups in organic synthesis
because of their high reactivity (halogenation, hydroboration,
reduction, oxidation, etc.). Therefore, the development of
efficient and environmentally friendly methods for the
synthesis of olefins is expected to play a crucial role in advancing
process chemistry and drug discovery research. Among these
methods, the dehydration of easily prepared or abundant
alcohols, including those derived from biomass, remains a
challenging issue for accessing valuable olefins.! Because the
elimination ability of hydroxyl groups in alcohols is
comparatively low, the E2 elimination process, which involves
pre-functionalization (mesylation, acetylation, etc.), is often
utilized to enhance the leaving-group ability of hydroxyl groups
and subsequent addition of a base. However, E2 elimination
leads to the generation of various wastes derived from
methanesulfonyloxy and acetoxy groups, as well as bases, and
requires a stepwise process under basic conditions. Although
the Burgess reagent? is well known to facilitate the dehydration
of alcohols under neutral reaction conditions, a stoichiometric
amount of reagent is required, resulting in the generation of an
equivalent amount of waste. From this viewpoint, catalytic
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dehydration is regarded as an efficient and straightforward
method that suppresses dimerization as a side reaction. Acidic
catalysts? (Brgnsted acids, Lewis acids,? acidic ionic liquid gels,*
and solid acids® such as zeolites and metal oxides (Al,O3 etc.))
have been utilized for the dehydration of alcohols under heating
conditions (Fig. 1A). Re;07 and CHsReOs have been explored as
heterogeneous metal oxides to catalyze the dehydration of
various secondary (sec) and tertiary (tert) alcohols, and
mechanistic insights have also been obtained (Fig. 1B).® The
Re,07-catalyzed method overcomes low selectivity (formation
of olefins and dimers) and limited functional-group tolerance,
which are potential disadvantages of conventional metal oxide
catalysts. However, in the dehydration of benzylic alcohols, only
substrates bearing strong electron-withdrawing groups (e.g.,
NO;) on the aromatic ring are not acceptable. In a recent study,
a selective dehydration method for tert-alcohols was developed
using a combination of triphosgene and 4-
dimethylaminopyridine.”

Platinum-group metals on carbon (Pd/C, Ru/C, Pt/C, etc.) are
commercially available heterogeneous catalysts and are
frequently utilized in green and sustainable organic synthesis,
including hydrogenation,® dehydrogenation (oxidation),® and
deuteration.® However, to the best of our knowledge, there are
no reported examples of alcohol dehydration using platinum-
group-metal-on-carbon catalysts. We hypothesized that
platinum-group metals supported on carbon could be used for
the dehydration of alcohols because the supported metal
species are partially oxidized to various metal oxide forms,
which may possess catalytic activity for dehydration. Herein, we
demonstrate the Ru/C-catalyzed dehydration of easily prepared
tert-alcohols in toluene under heating conditions (Fig. 1C-i).
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Platinum-group-metal-on-carbon catalysts also potentially
possess oxidative activity toward cyclohexene derivatives.®
Therefore, the present dehydration method can be extended to
the tandem synthesis of aromatics via the sequential
dehydration of tert-benzylic alcohols, a Diels—Alder reaction,
and oxidative aromatization (Fig. 1C-ii). Furthermore, the Pd/C-
catalyzed dehydration of 1-arylcyclohexanols, followed by
dehydrogenation in H,O, provided the corresponding biaryl
products (Fig. 1C-iii). Highly functionalized aromatics and biaryls
are important compounds for pharmaceutical and electronic
applications.

(A) Acid-catalyzed dehydration

R2
.

acid (p-TsOH, AICI3, zeolite etc.)

organic solvent, 4

Rz RZO R2
R1J\ RK 7KR1

(B) Renium-catalyzed dehydration dimer
)oi J<OH cat. Re,0;
Ph Ph
Ph toluene, 100 °C Ph

limitation: electron-deficient aryl substrates
(C) (This work) Ru/C- or Pd/C-catalyzed dehydraion of tert-alcohols
(i) Dehydration

R R
/é/\OH cat. Ru/C A
i ; toluene i )
N Ar, 120 °C S

(ii) Tandem synthesis of aromatics
via dehydration, Diels-Alder Rxn. and aromatization

cat. Ru/C
w MeO,C—==—CO,Me
Vi i
‘ toluene
HO 0,, 120 °C MeO,C CO,Me

(iii) Biaryl synthesis from 1-arylcyclohexanol
via dehydration and dehydrogenation

Ar Ar
H
© cat. Pd/C
H,0
Ar, 120 °C

Fig. 1 Dehydration of alcohols to olefins.

Results and discussion

First, catalyst efficiencies were screened for the dehydration of
1-phenylcyclohexanol (1a; 0.25 mmol) as a tert-alcohol in H,O
at 120 °C in 6 h (Fig. 2A). As expected, Ru/C catalyzed the
dehydration of 1a to give the olefin product 1-
phenylcyclohexene (2a) in 20% vyield, while 65% of 1a remained
unchanged (entry 1). Rh/C also exhibited catalytic activity;
however, the yield of 2a was low (entry 2). Meanwhile, the use
of Pd/C and Pt/C provided biphenyl (3a) in moderate yields, and
a reduced product (4a) was also obtained (entries 3 and 4).
Biphenyl (3a) could be produced via dehydration followed by
dehydrogenation, and the H; generated during the
dehydrogenation process acted as a reductant for 1a or 2a to
afford 4a (further investigation is described later; see Fig. 5).
The use of Ir/C did not lead to any reaction (entry 5). In the
Ru/C-catalyzed dehydration, changing the solvent from H,0 to
toluene or n-heptane dramatically improved the reaction
efficiency, affording 2a in 99% vyield (entries 6 and 7). Because

2| J. Name., 2012, 00, 1-3

acidic byproducts can contaminate platinum-groyp;metalons
carbon catalysts during industrial manfPActutiRg/PRuyCOWHs
washed with H,O and MeOH, and the washed Ru/C was used
for the dehydration of 1a in toluene (entry 8). Consequently, no
loss of reactivity was observed, affording 2a in 98% yield.
Additionally, the use of carbon as the support resulted in the
quantitative recovery of 1a (entry 9). These results clearly
indicate that ruthenium species supported on carbon act as the
active catalytic species for dehydration. Furthermore, a scaled-
up reaction using 10.9 mol of 1a afforded 2a in 91% yield (entry
10). Meanwhile, Pd/C- or Pt/C-catalyzed reaction in toluene
gave a mixture of 3a and 4a, as in the case of the reaction in H,0
(entries 11 and 12 vs. 3 and 4). X-ray photoelectron
spectroscopy (XPS) analysis of fresh Ru/C and Pd/C revealed
that the platinum-group-metal species were partially oxidized
under ambient conditions during storage or manufacturing,
giving mixtures of zero-valent metals and their oxidized forms
(Fig. 2B-i and 2C-i; Ru(0): RuO, = 68:32 for Ru/C, Pd(0): PdOy =
77:23 for Pd/C). Additionally, scanning transmission electron
microscopy (STEM) confirmed that ruthenium and palladium
nanoparticles were supported on carbon in each catalyst (Fig.
2B-ii and 2C-ii). These observations suggest that Lewis-acidic
sites associated with oxidized metal species on Ru/C or Pd/C
facilitate the present dehydration reaction (“Optimization of
reaction conditions”, “similar reactivity using Ru/C purchased
from other suppliers”, “the physical analyses of fresh and used
Ru/C”, and “no leaching of ruthenium and palladium species
after the reactions” are described in the Supporting
Information). The reaction using Ru/C in toluene at 120 °C
afforded a 3:2 mixture of 2a and 1a after 15 min. After filtration
to remove Ru/C at 120 °C, the filtrate was further stirred at the
same temperature, and the ratio of 2a to 1a remained
unchanged. This result indicates that the reaction proceeds
without metal leaching. However, the reaction using used Ru/C
led to low yield (first run: 99% yield of 2a for 6 h (Fig. 2A, entry
6), second run: 64% yield of 2a for 24 h). The reason is unclear
at this stage.

This journal is © The Royal Society of Chemistry 20xx
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(A) Catalyst and solvent efficiencies in the reaction of 1-phenyl-

cyclohexanol (1a) as a tert-alcohol
Ph
OH 109 mic | 10% MIC (5 moi%)
solvent
et Ar,120°C, 6 h

0.25 mmol
yield (%)

entry M/C solvent 1a 22 3a 4a
1 Ru/C H,O 65 20 trace 0
2 Rh/C H,0O 86 13 trace 0
3 Pd/C H,O trace trace 36 53
4 Pt/C H,O trace 0 38 45
5 Ir/C H,O quant. 0 0 0
6 Ru/C toluene trace 99 0 0
7 Ru/C n-heptane trace 929 0 0
8 Ru/Clel  toluene trace 98 0 0
9 clal toluene 98 trace 0 0
10 Ru/CPl  toluene trace 91 0 0
1 Pd/C toluene 20 0 30 50
12 Pt/C toluene 0 0 38 62

[a] used after washing with H,O and MeOH and drying.
[b] 10.9 mol of 1a was used. Reaction time is 3 h.
(B) XPS and STEM analysis of fresh Ru/C
(i) XPS (ii) STEM

Cils I

Ru(0) : RuO, = 68 : 32 (%)
(C) XPS and STEM analysis of fresh Pd/C
(i) XPS (ii) STEM

particle size; ave. 1.6 nm

(0) PdO, = 77 : 23 (%)
Fig. 2 Ru/C-catalyzed dehydration

particle size; ave. 2.3 nm

and Pd/C-catalyzed
dehydration followed by dehydrogenation.

Encouraged by the successful proof of concept shown in Fig. 2,
the substrate scope was investigated for the Ru-catalyzed
dehydration of tert-alcohols in toluene (Fig. 3A). Solubilities of
substrates in toluene are higher than those in heptane.
Therefore, the scope of substrates was investigated in toluene.
Using 1-arylcycloalkanols, the four-membered substrate
decomposed to give the desired product (2b), whereas the
dehydration of 1-phenylcyclopentanol (five-membered ring)
and 1-phenylheptanol (seven-membered ring) proceeded

This journal is © The Royal Society of Chemistry 20xx
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efficiently to afford the corresponding cycloalkene products (2¢
and 2d) in high yields. Additionally, 1-aryyEIEhExeis bhealking
electron-donating and electron-withdrawing substituents (OMe,
OPh, OH, CF3, CO;Me, and halogen) on the aryl ring were
efficiently transformed into the corresponding dehydrated
products (2e—20). Other cyclohexene derivatives (2p—2s) were
also obtained from the corresponding tert-alcohols. Linear
alcohols (1t-1y) and cyclic alcohols (1z—1ah) bearing
heteroatoms and acid-labile groups (TBSO, THPO, acetal, etc.)
were also compatible with the present Ru/C-catalyzed
dehydration. Although heteroatoms can potentially poison
platinum-group metals, the dehydration of heteroatom-
containing alcohols proceeded efficiently under the present
conditions. Under conventional acidic conditions, TBSO-, THPO-,
and acetal-protecting groups are typically deprotected;
however, these functional groups were well tolerated under the
present reaction conditions. Furthermore, whereas 1,2-diol
substrates typically undergo pinacol rearrangement to afford
carbonyl compounds,’¥'? double dehydration of diol 1ai
proceeded selectively to give the corresponding diolefin
product (2ai) under Ru/C-catalyzed conditions. 2-Methyl-1-
phenyl-2-propanol (1aj), bearing a hydroxyl group at a non-
benzylic position, afforded a mixture of regioisomeric olefins
(2aj and 2aj’). Similarly, Ru/C-catalyzed dehydration of
substrates 1ak—1am also resulted in mixtures of regioisomers.
In these cases, increasing the reaction time did not affect the
regioisomeric ratios, indicating that olefin migration to adjacent
positions did not occur under the present reaction conditions.
Platinum-group-metal-on-carbon catalysts have been reported
to promote the dehydrogenation (oxidation) of sec- and
primary (pri) alcohols in H>0.%4%¢ Accordingly, the treatment of
sec-alcohol 1-(2-naphthy)ethanol (5a) with Ru/C in toluene
afforded olefin 6a (36%), carbonyl compound 7a (11%), and
dimer 8a (14%) (Fig. 3B-i). In addition, pri-alcohol 2-(2-
naphthy)ethanol (9a) also underwent dehydration under the
reaction conditions (Fig. 3B-ii). In general, the order of reactivity
of dehydration under acidic conditions is tert- > sec- >> pri-
alcohols.! However, selective dehydration of tert-alcohol 1t in
the presence of sec-alcohol 5a was difficult to achieve under the
present Ru/C-catalyzed conditions (Fig. 3B-iii). Meanwhile,
simultaneous dehydration of tert-alcohol 1t and oxygen-
mediated oxidation!? of sec-alcohol 5a proceeded smoothly to
afford the corresponding olefin (2t) and ketone (7a) in high
yields (Fig. 3B-iv).

J. Name., 2013, 00, 1-3 | 3
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(A) Dehydration of tert-alcohols

R R Ph
/kOH 10% Ru/C (5 mol%) /K
toluene ‘ > (
Ar, 120 °C 2’ n = 1; 2b decomp.
= 2: 2¢ (99%; 2 h)
= 4; 2d (80%: 24 h)
Ph Ph

OO SO

2r 2s

2q
(90%; 2h)  (54%; 2 h) (83%; 1.5 h) (99%; 1 h)

R_x
Ue@
R=Me, X=0

: 22 (56%; 3 h)

Ph/ﬂ\Ph Ph){

u
(82%; 24 h)

& Fechnology

Journal Name

R R = OMe; 2e (99%; 2 h)
OPh; 2f (99%; 3 h)
OH; 2g (99%; 1 h)
Ph; 2h (92%; 1.5 h)

I 1P.
., .’ F

= CF3; 2i (86%; 22 h)

= CO,Me; 2j (89%; 24 h)

=F; 2k (89%; 1 h)

Cl; 21 (94%; 1.5 h) 2n 20 P
Br;2m (93%; 1h)  (84%;5h) (88%;2h) (99%; 1.3 h)

: % LOQ—(

(81%, 17 h) X =0; 2x (98%; 1 h)

(62% 24 h)" =S; 2y (87%; 3 h)

R=H, X=S
- 2aa (92%; 2 h) (90%: 1.5h)  (99%;05h)  (93%;1.5h)  (94%;24h) (40%;2h) (54% 2 h) (81%;22h)

Ph
+ /H\/ - /$\-r -
Ph/\er/ . Ph/\( Ph P by n-Pr .
F F

2ak  2aK 2al  2aP
(56% + 35%; 2 h)® (45% +52%; 4 h)*

2ai
(55%; 6 h)

2aj  2aj
(91% + 9%; 24 h)?

2am 2am’
(60% + 10%; 24 h)?

3NMR yield, ® 1,1,2,2-TCE (tetrachloroethane) was used instead of toluene.

(B) Reactivities of sec- or pri-alcohols

(U}

OH o)
10% Ru/C (5 mol%) J\ J\
R toluene RN RJ\ R0 R
5a Ar,120°C, 18N 6a(36%) 7a(11%)  8a (14%)
(R =2-Np) + recovered 5a (31%)
(ii)
OH J\
P PN Ph” “Ph
. _10%RuC(smoi%)  2t(100%)
0 toluene

Ar,120°C, 24n 2NpT N sz)J\ 2NpJ\ J\

6a(46%) 7a(19%) 8a (13%)
+ recovered 5a (7%)

2-Np)\

5a

™) J<OH

(i)

N~ OH_10% RUC (5 moi%) <76% of 92 )

toluene was recovered.
9a Ar,120°C, 18 h

(Np = naphthyl)

Ph Ph PhJJ\Ph

2t (91%)
. 10% Ru/C (10 mol%) o

OH n-heptane
I Oa120%C 48h 2NN N
2'NP 6a (trace) 7a(86%)

5a + recovered 5a (9%)

Fig. 3 Substrate scope of Ru/C-catalyzed dehydration. TBS: tert-butyldimethylsilyl; THP: tetrahydropyranyl; Np: naphthyl.

As demonstrated in Fig. 3, Ru/C efficiently functioned as a
catalyst for the dehydration of tert-alcohols. Therefore, further
one-pot transformations were investigated (Fig. 4). We
proposed that dehydration of tert-alcohol 1 generates reaction
intermediate A, which can undergo a Diels—Alder reaction#1>
with dimethyl acetylenedicarboxylate, followed by thermal
isomerization to afford cyclohexadiene intermediate B. When
this reaction is conducted under atmospheric molecular oxygen,
subsequent Ru-catalyzed oxidative aromatization proceeds in a
one-pot manner to afford highly functionalized aromatic
products 10 from tert-alcohol 1. Substrates bearing furan and
thiophene moieties underwent the desired tandem sequence to
afford the corresponding polycyclic aromatic products (10a—
10d) in moderate vyields. In addition, tert-benzyl alcohol
derivatives were successfully converted into the corresponding

4| J. Name., 2012, 00, 1-3

naphthalene products (10e—10g). In the case of 10d, the further
oxidation (aromatization) of dihydrophenanthrene moiety was
not observed. The reason is unclear at this stage. In these
reactions, byproducts arising from competing ene reactions>?
following the formation of intermediate B were also observed.
The reaction under Ar instead of O, gave low yield (for example,
42% yield of 10e was obtained under Ar atmosphere).

This journal is © The Royal Society of Chemistry 20xx
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10% Ru/C (5 mol%) .
) MeO,C CO,Me ;
W (3 equiv.)
n-heptane
HO 0,, 120 °C MeO,C CO,Me
1 10
dehydration oxygen kwo
H,0 oxidation
w MeO,C CO,Me I
7N\ Diels-Alder Rxn.
and
A isomerization MeO,C B CoMe
MeO,C COMe  MeO,C CO,Me

10a (61%; 48 h)®  10b (55%; 48 h)?

MeO,C
10c (56%; 48 h)

COMe MeO,C  CO,Me

10d (50%; 48 h)®

Me0~ MeO 6

MeO,C  CO,Me MeO,C  CO,Me
10f (33%; 24 h) 10g (43%; 24 h)

a) n-heptane was used instead of toluene.
b) xylene was used instead of toluene.

Fig. 4 One-pot synthesis of highly functionalized aromatics via
Ru/C-catalyzed dehydration, Diels—Alder reaction, and oxygen
oxidation.

CO,Me
10e (60%; 24 h)

Finally, we developed a method for one-pot biaryl synthesis
from 1-arylcyclohexanols using a Pd/C catalyst via dehydration
and double dehydrogenation®f in H,O as a green solvent. As
shown in Fig. 2A, entry 3, the use of Pd/C in H,O afforded a
mixture of biaryl 3a and the reduced side product 4a.
Compound 4a was generated by the hydrogenation of 1a or 2a
using the H, produced during the dehydrogenation of 2a to 3a.
Therefore, the addition of 3-penten-2-one as a hydrogen
acceptor effectively suppressed formation of the reduced side
product 4a, affording 3a in 91% vyield (Fig. 5-A) (screening of
hydrogen acceptors is described in the Supporting
Information).’® To the best of our knowledge, this is the first
example of 3-penten-2-one being used as a hydrogen acceptor
in related reactions. Furthermore, owing to its low boiling point,
3-penten-2-one can be readily removed under reduced
pressure. The present biaryl synthesis was applicable to a range
of substrates bearing electron-donating and electron-
withdrawing substituents (OMe, F, Cl, and CO;Me) on the
aromatic rings, affording the corresponding biaryl products
(3b—3g). When the dehydration rate was low, the combined use
of Pd/C and Ru/C was effective for the formation of products
3e, 3f, and 3g. In reactions employing substrates bearing an aryl
chloride, partial cleavage of the Ar—Cl bond occurred, resulting
in the formation of biphenyl (3a) as a byproduct alongside the

This journal is © The Royal Society of Chemistry 20xx
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desired product (3d). In addition, naphthyl and thiepylpradyucts
(3h and 3i) were successfully constructed PRata Ay A pHERGI-
1-naphthalenol underwent Pd/C-catalyzed dehydration
followed by dehydrogenation to afford 1-phenylnaphthalene
(3j). Unfortunately, substrates bearing the CF; group as a strong
electron-withdrawing substituent were not compatible with the
one-pot synthesis from 1-arylcyclohexanols. However, a
stepwise procedure involving Ru/C-catalyzed dehydration to
form 2i (Fig. 3A), followed by Pd/C-catalyzed double
dehydrogenation (Fig. 5-B), successfully afforded the biaryl
product 3k.

(A) Direct conversion via dehydration and dehydrogenation

10% Pd/C (5 mol%) Ar
é /\/\ (10 equiv.)
Ar, 120 °C 24 h 3
0.25 mmol

IREY

X=F 3¢ (99%)°

(91% = Cl 3d (73%)2¢¢

(58%
CO,Me

:f%c@

(45% e (69%
a) For 6 h, b) 5 equiv. of 3-pentan-2-one was used. c) For 12 h,
d) 26% of biphenyl (4a) was obtained as a byproduct.,
e) 10% Ru/C (5 mol%) was added.

(B) Stepwise conversion via dehydrogenation

0%)a (87%

(50% (91%

CF3 CF,4
10% Pd/C (5 mol%)
2 ®
A (5 equiv.)
Hzo XD

Ar, 120 °C, 24 h O

2i 3k (69%)
Fig. 5 One-pot biaryl synthesis from 1-arylcyclohexanols:
construction of benzene rings via Pd/C-catalyzed dehydration
and dehydrogenation.

Conclusions

We discovered that Ru/C and Pd/C, which are commercially
available heterogeneous platinum-group-metal-on-carbon
catalysts, exhibit dehydration activity toward tert-alcohols. The
Ru/C-catalyzed dehydration in toluene is applicable to a wide
range of substrates. In addition, Ru/C potentially exhibits
catalytic activity for the oxidative aromatization of cyclohexene
intermediates. Accordingly, tandem reactions involving Ru/C-
catalyzed dehydration of tert-benzylic alcohols, a Diels—Alder
reaction, and oxidative aromatization in toluene under
atmospheric molecular oxygen afforded highly functionalized

J. Name., 2013, 00, 1-3 | 5
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aromatic products. Furthermore, Pd/C-catalyzed dehydration
followed by the dehydrogenation of 1-arylcyclohexanols in H,O
enabled one-pot access to biaryl products. These green and
sustainable transformations, based on the catalytic dehydration
of tert-alcohols, represent novel and practical approaches for
the construction of valuable synthetic intermediates and
functional materials.
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