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Water - Catalyzed Hydrogen Formation
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Figure 2. Plausible structure of
transition state of reaction of
ethanol with supercritical water.

Table 1. Energy of activation and reaction rate constants. !

the number of water molecules 0 1 2
energy of activation (kcal/mol) 82.1 54.9 48.9
reaction rate constant (s*)  2.05x 10 1.29x107 3.28 x10™
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2.2

(1)
(SUS316) (9.9 ml) (1a)(50
mg,0.27 mmol) 3.5 ml
1
n-
(Shimadzu GC-17A, CBP-5, )
GC-MS IH NMR
OH (@) H H

)\ 460 , 48.7 MPa

Ph Ph d=0.35¢g/ml,3h
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(2)

Ph 2

( 4)
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8 2a

6:1

JL o+ X

Ph Ph Ph Ph
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(2a)
( 8)
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¢ 2)

Table 2. SCW and neat reactions of substrate la.

Entry Temp. Substrate Water Density Reaction time Conv. /%" Yield /%”
/ /mg /9 /g/mP /min la 2a  5a
1 360 50 35 0.35 180 235 32 35
2 380 50 35 0.35 180 19.0 6.0 4.3
3 400 50 35 0.35 180 26.1 15.9 53
4 420 50 35 0.35 180 77.0 455 40
5 440 50 35 0.35 180 87.0 53.1 8.6
6 460 50 35 0.35 180 100.0 62.7 10.2
7 460 10 35 0.35 20 38.3 16.1 trace
8 460 50 35 0.35 60 824 525 7.1
9 460 50 35 0.35 120 93.1 48.8 6.8
6 460 50 35 0.35 180 100.0 62.7 10.2
6 460 50 35 0.35 180 100.0 62.7 102
10 460 100 35 0.35 180 99.7 598 131
11 460 200 35 0.35 180 96.2 59.7 100
12 440 50 0.0 0 180 100.0 475 526
13 440 50 05 0.05 180 86.0 499 287
14 440 50 35 0.35 180 87.0 53.1 8.6
15 440 50 54 054 180 94.2 584 212
16 460 50 0.0 0 90 100.0 488 459
17 460 50 0.0 0 180 100.0 43.6 480
18 380 50 0.0 0 180 98.7 545 427
19 200 50 35 - 90 0.0 00 00
20 200 400 35 - 90 0.0 0.0 0.0
21 200-460 50 35 0.35 120 98.2 66.1 9.4
460 90

? Value of water density, water (g) / volume of SUS316 tubular reactor (9.9ml). " GC yield.
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Figure 3. Yields vs. temperature profile of compounds la, 2a, and 5a.

Reaction conditions: 1la (0.272 mmol), water (3.5 g) for 180 min under
N2 in SUS 316 tubular reactor (9.9 ml). 3 GC yield.
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Figure 4. Yields vs. time profile of compounds 1a, 2a, and 5a.
Reaction conditions: 1a (0.272 mmol), water (3.5 g) at 460 under N2

in SUS 316 tubular reactor (9.9 ml). @ GC yield.
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Figure 5. Yields vs. density profile of compounds la, 2a, and 5a.
Reaction conditions: 1a (0.272 mmol) for 180 min at 440 under N2
in SUS 316 tubular reactor (9.9 ml). @ GC yield.
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Figure 6. Yields vs. time profile of compounds 1a, 2a, and 5a.

Reaction conditions: 1a (0.272 mmol), at 460 under N2 in SUS 316
tubular reactor (9.9 ml). @ GC yield.
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Figure 7. SCW and neat reactions of 1a.

Reaction conditions: 1a (0.272 mmol), water (0 or 3.5 g) for 180 min
under N2 in SUS 316 tubular reactor (9.9 ml). 3 GC yield.
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Figure 8. Yields vs. substrate profile of compounds 1la, 2a, and 5a.
Reaction conditions: 1a (0.272 — 1.086 mmol), water (3.5 g) for 180 min
at 460 under N2 in SUS 316 tubular reactor (9.9 ml). @ GC yield.

5,8

d =0.35 (g/ml)

15



la
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la 2a S5a 6a

Table 3. The reaction of 1a in high-temperature waters,
Entry Temp. Water Density Reaction time Conv. /% Yield /%"

/ /9 /g/mP min la 2a  5a 6a

1 435 0.5 0.05 90 100 42 40 -
2 435 3.0 0.30 90 100 46 48 -
3 435 54 0.54 90 100 43 46 -
4 435 0.0 0 90 47 11 12 -
5 200 3.0 - 90 30 - - 27

1a (0.20 mmol), tubular steel bomb reactor (10 ml), in sand bath.
% Value of water density, water (g) / volume of reactor (10ml). " |solated yield.

3 Entryl-4
1:1
( 2) 2a
S5a 6:1
6a
) (200 )( 3,Entry5)
6a
4 200

la la 100 % (runil)

400 mg la 100 %

(run2) 3 Entry5
la 6a
la

16



Table 4. Reaction of 1a in water (200 ).

Entry Substrate Temp. Water Density Reaction time yields /%
/mg / /9 o/mlP min la 2a 5a

1 50 200 35 0.35 920 100.0 0.0 0.0

2 400 200 35 0.35 920 100.0 0.0 0.0

% Value of water density, water (g) / volume of SUS316 tubular reactor (9.9ml).
" GC vyield.
) 30
200 460
2 460 90

Table 5. Reaction of 1a at slow elevation of reaction temperature.

Entry Substrate Temp. Water Density Reaction time yields /%
/mg / /9 o/mP min la 2a 5a
1 50 460 35 0.35 90 1.8 66.1 94

% Value of water density, water (g) / volume of SUS316 tubular reactor (9.9ml).
" GC yield. * 2h; 200-400

5 2a 5a 7:1

Water - Catalyzed Hydrogen Formation
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2.3

(1)
4 Water - Catalyzed Hydrogen
Formation
7
freeze
and thaw
5x 10-° mol/l
la

Table 6. Product yields and Gas Determinations.
reaction  reaction product / %°

. conv.
temperature time H CH cO
/ / min / %a) 2a 5a 2 4 2 CO
420 60 126 6.5 4.8 0.9 0 0 0

Reaction conditions: 1a (0.272 mmol), water (0.34 g) in quartz glass

tubular reactor (1.0 ml). @ GC yield.

OH 0]
SCwW
)\ > )j\ + H2
Ph Ph Ph Ph
la 2a (10)
OH Hy H H
—— + H,0
Ph)\Ph PhXPh
la 5a
6
8
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Figure 9. Energy diagram radical reaction of 2a.
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42.0 kcal/mol 20.2
kcal/mol 5a 2a
3 ( 1) 400
la la Water -
Catalyzed Hydrogen Formation 2a
la
2
2a 5a
_ H -
OH H\ ,H-0 O
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2.4

Ph
(1)1-
1- (1b)(200 mg, 1.6 mmol)
3.5 ml 2.2(1)
(Shimadzu GC-17A, CBP-5, )
n-
)O\H 360-460 |, 18-49 MPa o HH H
Ph” “CHs  d-035gml05.3h Ph)j\CHs ' Ph><CH3+ PhACHz (11)
1b 2b 5b 6b
la 1 Ph Ph
1- (1b)
11 (2b)
(5b)
(6b)
«( 7
Table 7. SCW and neat reactions of substrate 1b.
Entry Temp. Substrate Water Density Reaction time  Conv. /%" Yield /%
/ /mg /9 /g/mP /min 1b 2b  5b 6b
1 360 200 35 0.35 180 83.2 105 50 653
2 380 200 35 0.35 180 64.2 124 86 300
3 400 200 35 0.35 180 47.1 184 198 115
4 420 200 35 0.35 180 79.5 304 330 139
5 440 200 35 0.35 180 94.0 368 358 137
6 460 200 35 0.35 180 99.6 383 423 ND
7 460 200 35 0.35 30 724 310 00 88
8 460 200 35 0.35 60 91.0 491 245 77
6 460 200 35 0.35 180 99.6 383 423 ND
6 460 200 35 0.35 180 99.6 383 423 ND
9 460 200 0.0 0 180 100.0 355 394 ND

@
=

Value of water density, water (g) / volume of SUS316 tubular reactor (9.9ml). L clo yield.

21



100

OH
¢ 1b Ph)\CH3
o
80 | W2b A,
Ho H
65.3 5b PthH3
- 60 "
2 ‘529 6b PhACHZ
O
> 423
40 @ 3s8 550 P s .
300 304
20 N 16.8 u }gﬁ ‘ io's
10 N éze 4 15 39 137
50 @50
0 [ I @
360 380 400 420 440 460

Reaction temperature/
Figure 10. Yields vs. temperature profile of compounds 1b, 2b, 5b, and

6b. Reaction conditions: 1b (1.637 mmol), water (3.5 g) for 180 min
under N2 in SUS 316 tubular reactor (9.9 ml). @ GC yield.
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Figure 11. Yields vs. time profile of compounds 1b, 2b, 5b, and 6b.

Reaction conditions: 1b (1.637 mmol), water (3.5 g) at 460 under N2
in SUS 316 tubular reactor (9.9 ml). ¥ GC yield.
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mmol) 3.5 ml 2.2(1)
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Figure 12. Yields vs. time profile of compounds 2b.
Reaction conditions: 1b (1.637 mmol), water (3.5 g) at 460 under N2
in SUS 316 tubular reactor (9.9 ml). ® GC yield.
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Figure 13. SCW and neat reactions of 1b.

Reaction conditions: 1b (1.637 mmol), water (0 or 3.5 g) for 180 min at
460 under N2 in SUS 316 tubular reactor (9.9 ml). 8 GC yield.

(2)
(1) la Ph 1
(1¢)(200 mg,1.8 mmol)
3.5 ml 2.2(1)
(Shimadzu GC-17A, CBP-5, )
n_
360 - 460 18 - 49 MPa A
P ’ > + CH; +
Ph™ “OH  4=035g/ml,3h PhAO Ph” @ (12)
1c 2c 5c 6c

( 12)
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( 8)

Table 8. SCW and neat reactions of substrate 1c.

Entry Temp. Substrate Water Density Reaction time  Conv. /%" Yield /%"
/ /mg /9 /g/mPP /min 1c 2c 5c 6c

1 360 200 35 0.35 180 2.3 19 0.6 ND
2 380 200 35 0.35 180 8.5 48 04 ND
3 400 200 35 0.35 180 18.1 9.7 1.8 0.1
4 420 200 35 0.35 180 25.8 13.6 46 14
5 440 200 35 0.35 180 40.3 21.1 9.6 7.6
6 460 200 35 0.35 180 76.7 113 299 223
7 380 200 0.0 0 180 59.8 326 148 53
8 460 200 0.0 0 180 994 29 401 336
6 460 200 35 0.35 180 76.7 113 299 223

a)

Value of water density, water (g) / volume of SUS316 tubular reactor (9.9ml). A clo yield.

14
100 ¢77
@5 ¢lc Ph” > oH
H
80 | @510 W2c, A,
@742 5¢ pp St
5_60 | @597 6c @
<
=
2
“ 40 |
299
20 | | pikl é%
o Mag 9 8 14
360 380 400 420 440 460

Reaction temperature/
Figure 14. Yields vs. temperature profile of compounds 1c, 2c, 5¢, and

6¢c. Reaction conditions: 1c (1.849 mmol), water (3.5 g) for 180 min
under Nz in SUS 316 tubular reactor (9.9 ml). ® GC yield.
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Figure 15. SCW and neat reactions of 1c.

Reaction conditions: 1c (1.849 mmol), water (0 or 3.5 g) for 180 min
under N2 in SUS 316 tubular reactor (9.9 ml). 8 GC yield.

1c

27



2.5

2

Ph 2 la
2a 63 %
6
( 9
la 1 Ph
B
MOPAC

(460
5a

Ph

Ph

3 h 0.35g/ml)
10 %

Table 9. Substituent dependence on oxidation product.

OH (6]
conv. H

Ph/Jﬁy % Ph/ﬂ\R Ph;X;R by - product
R=C¢Hs SCw 96.0 6.1 1 -

460 ) A 100 077 1 -
R=CH, SCW 996 091 PN 0.033

CH

@60 ) A 100 090 * 0,018
R=H SCW 76.7 0.38 1 [ low molecular J

(460 ) A 99.4 0072 1 weight product




General.

1H NMR spectra were measured on a UNITYINOVA VARIAN (400
MHz) with CDCIls, and chemical shifts are reported in parts per
million (ppm) downfield from (CH3)4Si. Analytical GLC
evaluations of product mixtures were performed on a Shimadzu
GC-17A flame ionization chromatography by using a 25 mx 0.25
mm fused silica capillary column CBP-5 (0.25 micron, SHIMADZU,
Co., Ltd). under the conditions of injection temperature (250 ),
He, gas pressure (0.7 /cm?2), and column temperature 70-250
(3 /min) and 60-250 (5 /min). Mass spectra were obtained
on a Shimadzu GCMS-QP5050 by using a 30 m x 0.53 mm chemical
bonded glass capillary column DB-1 (J&W Scientific).

Materials.

Benzhydrol, benzophenone, 1-phenylethanol, acetophenone,
ethylbenzene, styrene, benzyl alcohol, benzaldehyde and toluene
were purchased from Nacalai Tesque Inc. (Kyoto, Japan).
Diphenylmethane was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan).
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Reaction in SUS-316 tubular reactor.

In a SUS-316 tubular reactor (9.9 ml) were introduced alcohol
and water (N2 bubbled). The space volume of the reactor was
purged by N2 and the reactor was sealed by screw cap that was
equipped with a thermocouple for the measurement of the inner
reactor temperature. The reactor was put in melting-salt bath
that was kept at the appropriate temperature and heated for the
appropriate time. It took about 20-30 seconds that the inner
reactor temperature raised up to 380-460 °C. The reaction was
guenched by throwing the reactor into ice-water bath. After the
reactor was cooled under the room temperature, the screw cap was
opened and the reaction mixture was extracted by ether. Usual
work-up gave the crude products. The products were identified by
comparing their 1H NMR and GC-MS spectra with those of
authentic samples. Conversions of the starting materials and
yields of the products were determined by internal standard
method on GC. The internal standards were n-undecane and n-
heptadecane.

Reaction in quartz tubular reactor.

To a quartz tubular reactor were added 50 mg (0.272 mmol) of 1
and 0.34 ml of water. The quartz reactor was sealed by frame
under air or under vacuum (degassed by freeze and thaw
technique), whose inner volume was 1 ml. The sealed quartz
reactor was inserted into the above SUS-316 reactor then the
SUS-316 reactor was filled with 4 ml of water and sealed. The
SUS-316 reactor having inside quartz one was heated at the
desired temperature by the method similar to that described
above. Evolution gases were identified and quantified by GC.
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Water - Catalyzed Hydrogen Formation
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3.2 MOPAC

OH OH
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Figure 16. Energy diagram of the reaction of 3 producing 4.
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3 ( OH)
3 ( OH)

33



3.3
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Figure 17. Yields vs. temperature profile of compounds 3 and 4.

Reaction conditions: 3 (0.384 mmol), water (3.5 g) for 180 min under N:

in SUS 316 tubular reactor (9.9 ml). @ GC yield.
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Figure 18. SCW and neat Reactions of 3.
Reaction conditions: 3 (0.384 mmol), water (0 or 3.5 g) for 180 min at

460 under N2 in SUS 316 tubular reactor (9.9 ml). @ GC yield.
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Figure 19. Gas chromatography of SCW reaction of 3.
Reaction conditions: 3 (0.384 mmol), for 180 min under N2 in SUS 316

tubular reactor (9.9 ml).
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Table 10. Reaction of 7 with or without 3 in SCW.

Substrates / mmol Products /%
3 7 4 8
0.2 - 38 -

- 0.3 - 72
0.3 0.3 >99 92

Reaction conditions: water (3.5 g) for 30 min at 460
under N2 in SUS 316 tubular reactor (9.9 ml). @ GC yields.

3 38 %
4 7 3
4 9
( 18)
O
SCW
A oio—»pm CCO- GO w
Ph 3 Ph 4, g 9
MOPAC ( OH)
ESR
( OH)

37



(

11,12)

Table 11. SCW and neat reactions of substrate 3.

Entry Temp. Substrate Water Density Reaction time Conv. /%”  Yield /%

/ /mg /9 /g/mP /min 3 4
1 360 100 35 0.35 180 43.6 29.0
2 380 100 35 0.35 180 274 19.6
3 400 100 35 0.35 180 40.5 313
4 420 100 35 0.35 180 411 38.8
5 440 100 35 0.35 180 53.6 47.0
6 460 100 35 0.35 180 33.8 48.7
7 460 100 0.0 0 180 985 47.7
6 460 100 35 0.35 180 431 26.5
% value of water density, water (g) / volume of SUS316 tubular reactor (9.9ml). ® GC vield.
Table 12. SCW and neat reactions of substrate 3, 7.
Entry Temp. Substrate (mg) Water Density Reaction time  Conv. /%” Yield /%"

/ 3 7 /9 /g/mP /min 3 7 4 8 9
1 380 100 100 35 0.35 20 988 775 1020 572 ND
2 420 100 100 35 0.35 20 976 830 1108 753 ND
3 460 100 100 35 0.35 20 96.7 929 1101 871 ND
4 460 100 100 35 0.35 180 976 96.2 1064 867 1.0
5 460 100 100 0.0 0 180 100.0 98.3 1015 905 ND
6 460 82 56 0.35 0.35 30 911 919 1011 924 ND
7 460 50 - 0.35 0.35 30 46.4 - 38.2 - -
8 460 - 50 0.35 0.35 30 - 719 - 70.2 ND
9 460 - 50 0.0 0 30 - 955 - 843 ND

% Value of water density, water (g) / volume of SUS316 tubular reactor (9.9ml).” GC yield.
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General.

1H NMR spectra were measured on a UNITYINOVA VARIAN (400
MHz) with CDCIls, and chemical shifts are reported in parts per
million (ppm) downfield from (CH3)4Si. Analytical GLC
evaluations of product mixtures were performed on a Shimadzu
GC-17A flame ionization chromatography by using a 25 mx 0.25
mm fused silica capillary column CBP-5 (SHIMADZU, Co., Ltd).
under the conditions of injection temperature (250 ), Hez2 gas pressure
(0.7 /cm2), and column temperature 70-250 (3 /min) and 60-250
(5 /min). Mass spectra were obtained on a Shimadzu
GCMS-QP5050 by using a 30m x 0.53 mm chemical bonded glass
capillary column DB-1 (J&W Scientific).

Materials.

Triphenylmethanol, triphenylmethane, 9,10-dihydroanthracene,
anthracene and anthrone were purchased from Nacalai Tesque Inc.
(Kyoto, Japan).
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Reaction in SUS-316 tubular reactor.

In a SUS-316 tubular reactor (9.9 ml) were introduced alcohol and
water (N2 bubbled). The space volume of the reactor was purged by N2
and the reactor was sealed by screw cap that was equipped with a
thermocouple for the measurement of the inner reactor temperature.
The reactor was put in melting-salt bath that was kept at the
appropriate temperature and heated for the appropriate time. It took
about 20-30 seconds that the inner reactor temperature raised up to
380-460 °C. The reaction was quenched by throwing the reactor into
ice-water bath. After the reactor was cooled under the room
temperature, the screw cap was opened and the reaction mixture was
extracted by ether. Usual work-up gave the crude products. The
products were identified by comparing their TH NMR and GC-MS
spectra with those of authentic samples. Conversions of the starting
materials and yields of the products were determined by internal
standard method on GC. The internal standards were n-pentadecane,

n-octadecane and n- heneicosane.
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