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Novel direct reduction of diaryl ketones to diarylmethanes using
supercritical 2-propanol
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Abstract—We found that diaryl ketones reduce directly to diaryl alkanes under supercritical 2-propanol. This method was applied
to one-pot synthesis of anthracene from anthraquinone derivatives by the addition of sulfur in excellent yields.
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From the viewpoint of sustainable and green chem-
istry,! supercritical fluids have received considerable
attention as a clean medium for organic synthesis in
recent years.>> The organic synthesis under supercritical
fluids is valuable for simplicity in procedures as well as
for ecological and economical reasons. A great number
of synthetic methods have been developed under super-
critical carbon dioxide,* while there have been only a
few attempts to use supercritical water and alcohol as
an organic reaction medium due to their high critical
points.> However, the reaction in supercritical water
and alcohol is of great interest and has advantages not
only in green chemistry but also in synthetic chemistry
since the physicochemical properties of supercritical
and near-critical water and alcohol are quite different
from those of ordinary liquids as they can be continu-
ously controlled by temperature and pressure.® We have
recently revealed that diarylmethanol derivatives trans-
formed into diarylmethanes and diaryl ketones under
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supercritical water (Scheme 1).” This disproportiona-
tion is considered to proceed via a hydrogen transfer
from bis(diarylmethyl) ether intermediate.

During the course of our studies on the reactivity of
several functional groups under supercritical water and
alcohols, we found that 2-propanol served as a reducing
reagent under supercritical conditions,®® and diaryl
ketones (1) were directly reduced to diarylmethanes (2)
under supercritical 2-propanol.’® This reduction is
applicable to various diarylketones (1) and gives the
corresponding diarylmethanes (2) in excellent yields.

First, we examined the direct reduction of benzophe-
none (1a) in several alcohols under supercritical condi-
tions. When 1a and methanol or ethanol were kept at
350°C for 5 h under supercritical conditions, the
reduced products (2a and 3a) were obtained in poor to
moderate yield (Table 1, entries 1 and 2). In the case of
2-propanol, surprisingly, the reaction system was very
simple and the direct reduced product, alkane 2a, was
obtained in 90% yield without any purification (entry
3). By contrast, the reaction did not proceed in z-butyl
alcohol at all (entry 4). This fact indicated that hydro-
gen of a-position of the hydroxy group of alcohol plays
an important role in the present direct reduction. The
temperature and pressure in the present reduction using
2-propanol affected the yield and selectivity of the
reaction products. Above 350°C, 3a was obtained as a
single product under supercritical conditions (entries 5,
6, and 7). Although the reduction of the carbonyl group
was achieved almost completely at 300°C under 65
kg/cm?, the present reduction cannot be accomplished
selectively to give the mixture of 2a and 3a (entry 8). It
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Table 1. Reaction of 1a in several alcohols®

OH
Ph™ > Ph + Ph)\Ph 1)
2a 3a

Entry Solv. Amount of solv. (mL) Temp (°C) Pressure (kg/cm?) Conv. (%) Yield (%)
2a 3a
1® MeOH 3 350 145 46 12 6
EtOH 3 350 97 76 1 74
3 iPrOH 3 350 76 100 90 0
4 tBuOH 3 350 67 9 0 0
5 iPrOH 5 350 137 100 96 0
6° iPrOH 1 350 60 84 70 0
7 iPrOH 3 400 101 100 95 0
8¢ iPrOH 3 300 65 70 34 28
9 iPrOH 3 250 50 0 0 0

@ Reaction conditions: 2.0 mmol of 1, alcohol (1-5 mL), 5 h, under Ar. The reaction product was detected by 'H NMR and GC-MS.

® Methyl diphenylmethyl ether was obtained in 10% yield.

¢ A trace amount of isopropyl diphenylmethyl ether was detected by 'H NMR.

is interesting to note that the present reduction did not
proceed at all below supercritical conditions (entry 9).
The best result was obtained when the reaction was
carried out at 350°C using 5 mL of 2-propanol (entry
5).

This direct reduction to alkane was effective for other
diaryl ketones (Eq. (2), and Table 2).!" Similar treat-
ment of diarylketones (1b—e) with supercritical 2-
propanol gave the corresponding diarylmethanes (2) in
excellent yields. The substrate bearing a 4-pyridyl (1f)
or 2-naphthyl group (1g) also provided the desired
product. The cyclic ketones such as fluoren-9-one (1h)
and inden-1-one (1i) were reduced to the corresponding
ketones (2h and 2i) in moderate to good yields. In the
case of aryl aldehyde (1j), the reduction proceeded
slowly: after 5 hours 4-biphenylmethanol was obtained
in 38% yield along with alkane 2j (40%). The longer
reaction time provided the desirable alkane 2j in a good
yield.

This reduction method can be applied to one-pot syn-
thesis of anthracene from anthraquinone derivatives
(Eq. (3) and Table 3). When the reaction 10H-anthra-
cen-9-one (1k) was conducted in 2-propanol for 5 hours
at 400°C, anthracene (5k) was obtained as a major
product in 60% yield along with 9,10-dihydroan-
thracene (2k) and 1,2,3,4-tetrahydroanthracene (4k) in
29% and 8% yields, respectively. This transformation is
considered to proceed via the reduction of the carbonyl
group to alkane and subsequent rearrangement and
aromatization. The aromatized Sk was obtained as a
single product by the addition of sulfur!? in an excellent
yield. This application can adapt to anthraquinone (11),
and 4l was available in a good yield.

These results can be accounted for by the reaction
pathway involving Meerwein—Ponndorf-Verley reduc-
tion® of 1 and disproportionation of intermediate 6 as
shown in Scheme 2: diaryl ketone 1 was transformed to
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Table 2. Direct reduction of 1 using iPrOH?*

1 R! R2 Yield (%) of 2°
1b CH, 2-MeC¢H, 90
1c CgH, 3-MeC(H, 95
1d CH, 4-MeC,H, 92
1e 4-MeC4H, 4-MeCH, 93
1f CsHj; 4-Pyridyl 89
1g C¢Hs 2-Naphthyl 90
w o O .
o)
o)
i Cé 50
1j° 4-PhCH, H 85

@ Reaction conditions: 2.0 mmol of 1, 5 mL of 2-propanol, at 350°C,
5 h, under Ar, unless otherwise stated.

® The product was isolated by bulb-to-bulb distillation.

¢ The reaction was carried out for 10 h.

alcohol 3 by MPV-reduction using supercritical 2-
propanol® and subsequent disproportionation’ of ether
6 formed in situ from 3 and 2-propanol to produce
alkane 2.1314

In conclusion, we have developed a novel direct reduc-
tion of diaryl ketones to diarylmethanes using super-
critical 2-propanol. Although the present method can
be applied to limited substrates, this report reveals the
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Table 3. Direct reduction of anthraquinone derivatives
using iPrOH?

(3)
209000
2k 4k 5k

1 Additive Yield (%)®

2k 4k 5k
1k - 29 8 60
1k Sulfur - - 90
11 Sulfur - - 88

# Reaction conditions: 1.0 mmol of 1, 5 mL of 2-propanol, at 400°C

under Ar.
b The product was isolated by recrystallization.
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Scheme 2.

synthetic utility of supercritical 2-propanol as well as
the simplicity and cleanliness of procedures. More
detailed studies on other synthetic applications in

supercritical fluids are now underway.

References

1. (a) Anastas, P. T.; Warner, J. Green Chemistry Theory
and Practice; Oxford University Press: Oxford, 1998; p.
160; (b) Anastas, P. T.; Warner, J. Green Chemistry:
Frontiers in Benign Chemical Syntheses and Processes;,

Oxford University Press: Oxford, 1998; p. 364.

2. Recently reviews, see: Oakes, R. S.; Clifford, A. A
Rayner, C. M. J. Chem. Soc., Perkin Trans. 12001, 917.
3. Reviews for sub- and supercritical water, see: (a) Akiya,
N.; Savage, P. E. Chem. Rev. 2002, 102, 2725; (b)
Katritzky, A. R.; Nichols, D. A.; Siskin, M.; Murugan,

R.; Balasubramanian, M. Chem. Rev. 2001, 101, 837.

4.

5.

Review for supercritical carbon dioxide, see: Leitner, W.
Acc. Chem. Res. 2002, 35, 746.

(a) Ikushima, Y.; Hatakeda, K.; Sato, O.; Yokoyama, T.;
Arai, M. Angew. Chem. Int. Ed. 2001, 40, 210; (b) Broll,
D.; Kaul, C.; Kriamer, A.; Krammer, P.; Richter, T.;
Jung, M.; Vogel, H.; Zehner, P. Angew. Chem. Int. Ed.
1999, 38, 2998; (c) Ikushima, Y.; Hatakeda, K.; Sato, O.;
Yokoyama, T.; Arai, M. Angew. Chem. Int. Ed. 1999, 38,
2910; (d) Sato, O.; Ikushima, Y.; Yokoyama, T. J. Org.
Chem. 1998, 63, 9100; (e) Junk, T.; Catallo, W. J. Tetra-
hedron Lett. 1996, 37, 3445; (f) Yao, J.; Evilia, R. F. J.
Am. Chem. Soc. 1994, 116, 11229.

(a) High-Temperature Aqueous Solution: Thermodynamic
Properties; Fernandes, P. R. J.; Corti, H. R.; Japer, M.
L., Eds.; CRC: Boca Ration, 1992; (b) Shaw, R. W_;
Brill, T. B.; Clifford, A. A.; Eckert, C. A.; Franck, E. U.
Chem. Eng. News 1991, 69, 26; (c) Haar, L.; Gallagher, J.
S.; Kell, G. S. NBC/NRC Wasserdampftafeln; Springer:
Heidelberg, 1988; pp. 19-214; (d) Todheide, K. In
Water—a Comprehensive Treatise Vol. 1; Franks, F., Ed.;
Plenum: New York, 1972; p. 514.

7. Hatano, B.; Kadokawa, J.; Tagaya, H. Tetrahedoron

11.

12.

13.

14.

Lett. 2002, 43, 5859.

The reduction of ketones and aldehydes to alcohols using
2-propanol is well known as Meerwein—Ponndorf-Verley
reduction. Reference see: Wilds, A. L. Org. React. 1944,
2, 178.

MPV-reduction using supercritical 2-propanol was
reported. Reference see: (a) Malwitz, V.-D.; Metzger, J.
O. Angew. Chem. 1998, 98, 747; (b) Malwitz, D.; Met-
zger, J. O. Chem. Ber. 1986, 119, 3558

To our knowledge, only two attempts have been reported
that 2-propanol in the presence of strong acids or
hydrous tin oxide at 300°C performed as a reductant of
ketones to alkanes. Reference, see: (a) Burton, H.;
Cheeseman, G. W. H. J. Chem. Soc. 1953, 986; (c)
Takahashi, K.; Shibagaki, M.; Kuno, H.; Matsushita, H.
Bull. Chem. Soc. Jpn. 1994, 67, 1107.

A typical procedure is as follows: in a tubular steel bomb
reactor (10 mL) were placed 1 (2.0 mmol) and 2-propanol
(5 mL) under argon atmosphere, and the reactor was
sealed with the steel cap, and kept at 350°C for 5 h in a
sand bath. After the reactor was cooled to room temper-
ature in a water bath, the resulting mixture was extracted
with ethyl acetate (10 mL) and concentrated. The residue
was purified by bulb-to-bulb distillation. The yields were
shown in Table 2.

Aromatization using sulfur is well known. Reference, see:
(a) Newman, M. S.; Din, Z. U. J. Org. Chem. 1971, 36,
966; (b) Crawford, M.; Supanekar, V. R. J. Org. Chem.
1964, 2380; (c) Blair, H. S.; Crawford, M.; Spence, J. M.;
Supanekar, V. R. J. Org. Chem. 1960, 3313.

Acetone, which was probably formed in disproportiona-
tion of 6, was detected by GC-MS.

Using 2-propanol-d® instead of 2-propanol-d° under
supercritical conditions (350°C, 134 kg/cm?), the
diphenylmethane-d> was obtained in 90% yield.
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