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Abstract

Isomerization of cis- and trans-stilbene oxide was achieved under catalytic flash vacuum thermolysis (FVT), using
silica—alumina and clay as catalysts. Depending on the amount of catalyst and reaction temperature, rearrangement to
diphenylacetaldehyde or deoxybenzoin, a new dehydration reaction to produce diphenylacetylene was observed. It was
shown that diphenylacetylene is formed from deoxyhenzoin as the actual precursor. A mechanistic explanation is presented.
For comparison, two other arylketones were subjected to catalytic FVT. However, these ketones produced substituted
indenones as the major product via a different mechanism. No alkynes were observed. © 1998 Elsevier Science B.V. All

rights reserved.
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1. Introduction

The isomerization of epoxides to carbonyl
compounds is an important transformation in
organic synthesis [1-5]. Epoxides can be rear-
ranged thermolytically [6,7] or with the aid of
protic or Lewis acids [8]. Besides conventional
catalysts such as BF;, environmentally benign
catalysts such as silica gel [9-11], dlumina[12—
14], silica—alumina [15], (mixed) metal oxides
[14,16] clays [15] and zeolites [9,17] have been
applied to effect this reaction under mild condi-
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tions. All these studies have been carried out in
the liquid phase.

As part of our study regarding the application
of solid acid catalysts, such as amorphous
(silica) auminas and clays, and its effect on
acid-catalyzed reactions under dynamic gas
phase conditions, we now report on the isomer-
ization of cis- (1la) and trans-stilbene oxide
(1b) in acatalytic FVT set-up. It was our aim to
achieve thermolysis at lower temperatures and
obtain higher product selectivities than under
non-catalyzed FVT conditions.

The catalytic FVT set-up used is schemati-
caly displayed in Fig. 1. It essentially consists
of an evaporation section, the thermolysis sec-
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Substrate

l i Sublimation Oven

Fig. 1. Overview of the catalytic Flash Vacuum Thermolysis
apparatus.

tion being a vertically mounted quartz tube with
a porous guartz filter in the middle, wherein a
catalyst and a cooling device to collect the
products are placed. The bypass, which is closed
during the actual thermolysis, is needed to pre-
vent the catalyst to be blown from the quartz
filter into the apparatus during evacuation.

2. Experimental
2.1. General remarks

Reported percentages are molar percentages
(% m/m). Gas chromatographic (GC) analyses
were carried out with a Hewlett-Packard HP-
5890 gas chromatograph (flame ionization de-
tector, FID) equipped with an HP-3396 integra-
tor and an apolar HP-1 capillary column (25
m X 0.32 mm X 0.17 wm). Infrared spectrawere
recorded on a Perkin Elmer 298 or a Bio-Rad
FTS-25 (FT) infrared spectrophotometer. For
mass spectrometric (MS) analysis, a double fo-
cusing VG Analytical 7070E mass spectrometer
or a Varian Saturn 11 GC-MS set-up equipped
with an HP-1 capillary column and Varian 8100
Autosampler was used. Nuclear magnetic reso-
nance (NMR) spectrawere recorded on a Bruker

AC-100 (*H at 100 MHz, **C at 25 MH2) or on
a Bruker AM-400 (*H at 400 MHz, **C at 100
MHz) spectrometer using the solvent or SiMe,
as an internal standard, respectively. Spectra
recorded on the AC-100 spectrometer were ana-
lyzed using WIN-NMR (version 3.0). 2-D corre-
lation experiments (NOESY [18]) were per-
formed on a Bruker AM-400 spectrometer.
Preparative chromatography was carried out un-
der ambient pressure using Merck kieselgel 60,
or as ‘flash’ chromatography at ca. 1.5 bar with
Merck kieselgel 60H. Commercialy available
starting materials (Aldrich) were used as re-
ceived. All solvents used were dried and dis-
tilled according to standard procedures.

2.2. Catalytic materials

All catalysts were used as received without
any pretrestment. Remova of physisorbed wa-
ter was partly affected in situ by equilibration of
the catalysts at the measurement temperature
prior to the experiment. All catalysts were
pressed (3 t/cm?), fractured, sieved to the de-
sired particle size fraction of 150—425 pm and
stored under ambient atmosphere.

Two comparable amorphous silica—aluminas
(HA-SHPV and B698D-25) and two acid-
activated natural clays (F-1 and F-25) were
used. Nitrogen physisorption measurements
showed that the HA-SHPV and B698D-25 cata-
lysts have an open mesoporous texture with a
total pore volume of about 0.75 ml /g. The F-1
and F-25 clays have an average pore diameter
of 4.5 nm and atotal pore volume of 0.29 ml /g
and 0.41 ml /g, respectively. The amorphous
materials, and to a lesser extent also the F-1
clay were shown by DRIFT analyses to be
predominantly Lewis-acidic, whereas the F-25
clay possesses primarily Brensted acidic sites.

2.3. Catalytic flash vacuum thermolysis appara-
tus

The catalytic FVT set-up used is schemati-
cally displayed in Fig. 1. The apparatus con-
sisted of a Buchi TO-50 hot air evaporation
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oven, a vertically placed Heraeus Br-1.6/18
oven which was controlled by an Heraeus RK
42 power supply, and a receiving cooler. A
quartz tube with a length of 180 mm and an
internal diameter of 16 mm was used as the
reactor. Directly behind the cooler an Edwards
PRE 10K /Pirani combination, connected by a 9
mm three-way valve (Louwers—Hapert) was
used to record the pressure. The vacuum was
generated using an Edwards 8 two-stage pump
via a ‘speedivalve’ shutter. Two cold-traps im-
mersed in liquid nitrogen guarded the pump
from any volatile contamination. The various
glass parts were joined by Rotulex fittings fitted
with silicon rubber rings.

2.4. General procedure for catalytic FVT exper-
iments

In atypical procedure, 0.15 ml (i.e., 60 mg; a
plug of 10 X 14 mm?) or 0.75 ml (i.e., 290 mg;
a plug of 50 X 14 mm?) of a fractured catalyst
(150-425 um) was placed on a porous filter in
the center of the quartz tube. The thermolysis
oven was brought to the reaction temperature
and the catalyst was equilibrated for 15 min
during which physisorbed water was released.
The vacuum gauge was carefully opened (P >
0.1 mbar) and an optima vacuum (0.05 mbar)
was achieved after 5—10 min. Then the collect-
ing cooler was charged with CO,/acetone
(—78°C) or liquid nitrogen (—196°C). An
amount of 50 or 200 mg of substrate was vapor-
ized at room temperature or with the aid of an
evaporation oven at such arate that evaporation
was complete after about 50 min. After another
10 min, the system was purged with nitrogen.
Products were rinsed from the cooler and ana-
lyzed using gas chromatography. Mass balances
were determined from the weight difference of
the receiving cooler and were better than 80%,
unless stated otherwise. A series of runs were
performed using the same catalyst while the
temperature was increased by 50° each run.
Reference experiments were carried out without
a catayst.

2.5. Catalytic FVT of cis-1 and trans-stilbene
oxide (1b), diphenylacetaldehyde (2) and deoxy-
benzoin (3)

The substrate (50 mg) was vaporized at 100°C
and thermolyzed using 0.15 or 0.75 ml catalyst.
The cooler (—78°C) was rinsed with a small
volume (about 5 ml) of CDCl;. Since several
compounds showed identical GC-retention
times, product analysis was carried out from the
integrals of diagnostic *H-NMR signals com-
bined with the results of GC and GC-MS anal-
yses. Selected characteristic analytical data are
given below. Anayticaly pure diphenylacety-
lene (4) was characterized as a white solid (mp
58-59°C) after chromatographic purification
(n-hexane:ethyl acetate = 5:1) of the crude py-
rolysate.

2.5.1. Diphenylacetaldehyde (2)

'H-NMR (100 MHz, CDCl,): & 9.96 (d,
J=2.5Hz, 1H, Ph,CHCHO), 7.56—7.16 (10H,
arom. H), 490 (d, J=25 Hz, 1H,
Ph,CHCHO). El /GC-MS: m/e (%) 196 (3,
M™), 167 (100, —-CHO™), 152 (8, -C,H ,0™").

2.5.2. Deoxybenzoin (3)

'H-NMR (100 MHz, CDCl,): & 8.07-7.97
(m, 2H, PhH,CCOPh (H-ortho)), 7.64-7.08
(m, 8H, arom. H), 4.27 (s, 2H, PhH,CCOPh).
El /GC-MS: m/e (%) 196 (1, M), 105 (100,
—PhCH3), 91 (8, -PhCO™), 77 (18, CH3Z), 65
(5, CcHE), 51 (11, C,HY).

2.5.3. Diphenylacetylene (4)

'H-NMR (400 MHz, CDCl,): & 7.56-7.53
(m, 4H, (PhC), (H-ortho)), 7.37-7.34 (m, 6H,
(PhC),, H-meta, -para). *C-NMR (100 MHz,
CDCl,): & 131.6 (d), 1283 (d), 128.2 (d),
123.2 (s), 89.3 (s). IR (CHCI,): » 3083, 3065,
3009, 1601, 1499, 1443, 1070, 1027, 915, 690
cm~ L El/GC-MS: m/e (%) 178 (100, M),
151 (6, -C,H%). EI/HRMS: m/e 178.0782
(calc. for Cj4H,o (M F): 178.0782).
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2.5.4. Benzophenone (5)

'H-NMR (100 MHz, CDCl.): 6 7.86-7.78
(m, 4H, Ph,CO, H-ortho), 7.59-7.16 (m, 6H,
H-meta, -para). EI/GC-MS: m/e (%) 182
(71, M7*), 105 (100, —-C4HZ), 77 (50,
—PhCO™"), 51 (45, C,H3).

2.5.5. Diphenylmethane (6)

'H-NMR (100 MHz, CDCl,): 6 7.58-7.12
(m, 10H, arom. H), 3.98 (s, 2H, PhCH,).
El /GC-MS: m/e (%) 168 (64, M), 167 (100,
—H"), 152 (20, —CH}), 91 (12, —C4H{), 65
(5, CgHZ), 51 (11, C,HZ), 39 (18, C,HI).

2.6. Catalytic FVT of dibenzoylmethane (7)

The substrate (50 mg) was vaporized at 150°C
and thermolyzed over 0.75 ml of catalyst. The
cooler (—78°C) was rinsed with acetone. By a
series of runs using 200 mg substrate each, a
preparatively useful amount of the product mix-
ture was obtained for chromatographic purifica-
tion (n-hexaneiethyl acetate=9:1). Then, the
crude dark-yellow thermolysate was hydro-
genated over Pd/C (10%) in methanol in about
15 min. The dark-yellow solution decolorized
upon hydrogenation. After filtration and concen-
tration in vacuo the resulting mixture was chro-
matographically purified (n-hexane:ethyl ac-
etate = 9:1) to give anayticaly pure 3-phenyl-
1-indanone as a yellowish oil. 3-Phenyl-1-inde-
none (8) was identified as the indanone deriva-
tive after hydrogenation. *

2.6.1. 3-Phenyl-1-indanone

'H-NMR (100 MHz, CDCl,): & 7.86-7.07
(m, 9H, arom. H), 458 (dd, J;,,,=8.0 Hz,
J3p2p =39 Hz, 1H, Hy), 325 A of AB (dd,
H2amzp = 192 HZ, Jpyp, 5 =80Hz 1H, H, ),
2.68 B of AB (dd, JHZQH p=192 Hz, Jy555
=3.9 Hz, 1H, H,p). “C-NMR (25 MHz
CDCl,): &6 206.0 (C-1), 157.9 (C-4), 1436

! Structural assignment of the *H- and *C-NMR signals was
performed according to Refs. [19,20], respectively.

(C-1), 136.7 (C-9), 135.0 (C-6), 128.8 (C-3
and C-5), 127.8 (C-7), 127.6 (C-2" and C-6'),
126.9 (C-4), 126.8 (C-5), 123.3 (C-8), 46.8
(C-2), 44.4 (C-3). IR (CCl,): v 1720 (C=0)
cm~ ! El/GC-MS: m/e (%) 208 (100, M),
193 (22, —CH3), 178 (44, —CH,0"), 165 (35,
—-CO", —-CH3), 152 (12, —-CO*, —C,H}), 130
(16, —CxH{), 103 (20, —C,HZ, —CgHY), 77
(33, C4HZ), 51 (29, C,H}). EI /HRMS: m/e
208.0889 (calc. for C,5H,,0 (M™): 208.0888).

2.7. Catalytic FVT of benzoylacetone (11)

The substrate (50 mg) was vaporized at 150°C
and thermolyzed over 0.75 ml of catalyst. The
cooler (—78°C) was rinsed with acetone. By a
series of runs using 200 mg substrate each, a
preparatively useful amount of the product mix-
ture was obtained for separation by ‘flash’ chro-
matography (n-hexane:ethyl acetate = 9:1). As-
signment of the various proton signals was
achieved by 2-D NOESY [18] experiments.
Atom numbering is analogous to 3-phenyl-1-in-
danone.

2.7.1. 3-Methyl-1-indenone (12)

*H-NMR (400 MHz, CDCl,): 8 7.40 (d, Js;
or J,g=7.1Hz, 1H, Hg or Hy), 7.37 (t, J5¢ =
Jo7 00 Jg7=375= 73Hz 1H, Hg or H,), 7.25
(t, Jsg=Jg7 OF Jg;,=375=7.3 Hz 1H, Hq or

H-), 7.09 (d, Jsg Or J;4=7.1 Hz, 1H, H; or

Hg), 5.69 (d, J, ., = 1.5 Hz, 1H, H,), 223(d
Jpcn,= 15 Hz, IH, —CH,). BC.NMR (100
MHz, CDCl,): & 197.8 (9), 162.3 (9), 145.6 (9,
133.1 (d), 131.4 (9), 129.1 (d), 123.7 (d), 121.6
(d), 119.3 (d), 141 (g. IR: v 1710 (C=0;
CHCl,), 1719 (C=0; CCl,) cm™*. El/GC-
MS: m/e (%) 144 (71, M™), 129 (3, —CH}),
115 (100, -CHO™), 101 (3, —-CH$, —CO™), 88
(5, —=C,HJ, —-CO™), 74 (9, -C,H, -CO™), 63
(9, -C,H{, —CO0), 50 (11, —-C.H{, —CO*), 43
(12, CH%, CO™), 39 (17, C,HY). El /HRMS:
m/e 144.0575 (cdc. for C,,HgO (M™):
144.0575).
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2.7.2. 3-methylene-1-indanone (13)

'H-NMR (400 MHz, CDCl,): & 7.80 (d,
J,5=7.7 Hz, 1H, Hy), 7.79 (d, Jsc=7.3 Hz,
1H, Hy), 7.64 (t, J5;=7.5 Hz, 1H, H,), 7.44
(t, Jo7 =75 Hz, 1H, Hy), 5.85 (t, Jogcpy, = 2.0
Hz, IH, Hgy), 5.33 (5, 1H, Hgy), 3.30 (t, Jgs.cn,
=17 Hz, 2H, H,,,p). BCNMR (100 MHZ.
CDCl,): 6 202.9 (9), 1498 (s), 139.7 (9, 137.3
(9), 1348 (0), 1291 (d), 1234 (d), 121.2 (d),
107.9 (1), 42.1 (1). IR (CHCl,): v 1715 (C=0)
m~1. El/GC-MS: m/e (%) 144 (60, M™"),
129 (1, —CH%), 115 (100, —-CHO™), 101 (1,
—CH$, -CO™), 89 (7, -C,H%, —CO™), 74 (8,
—-C,H¢, —CO"), 63 (10, —-C,H{, —CO), 50
(10, —-C_H¢, —CO"), 43 (15, CH}, CO™), 39
(16, C;H). EI/JHRMS: m/e 144.0575 (calc.
for C;oHgO (M™): 144.0575).

3. Results and discussion

3.1. Catalytic FVT of cis and trans-stilbene
oxide

The thermal reactivity of the stilbene oxides
was determined by runs without applying a
catalyst (Table 1, entries 1-5). In contrast to
Oyewale and Aitken [7], who reported no signif-
icant reaction below 600°C, almost complete
conversion (92%) of trans-stilbene oxide (1b)
to diphenylacetaldehyde (2) (85%) resulting
from a 1,2-phenyl shift, was observed already at
300°C. Other products were deoxybenzoin (3)
(14%) formed by a forma 1,2-H shift and a
trace (1%) of benzophenone (5). Increasing the
temperature to 600°C alters the reaction selec-
tivity in favor of deoxybenzoin (3), whereas at
700°C fragmentation pathways become domi-
nant as illustrated by the formation of diphenyl-
methane (6) (11%).

Epoxide opening was effectively catalyzed
when 0.15 ml (i.e., aturnover of 1 g subst. /h.g
cat.) of the HA-SHPV amorphous silica—
aluminawas used (Table 1, entries 6-14). Com-
plete conversion was reached aready at 100°C
whereby the isomeric diphenylaldehyde (2) was

Table 1
FVT of trans-stilbene oxide 1b using amorphous silica—alumina
catalysts

[e]
Ph Ph/lkph ph >Ph

F’h _FvT : f

(cataNuc) H Ph> Pl
1a (cis) 4 5 6
1b (trans)

Entry Catalyst?

F'h

TP (conv.)® Selectivity®

2 3 4 5 6 Othes?
1 none 300 (92) 8 14 01 0 O
2 400 (98) 81 16 03 0 O
3 500 76 19 05 0 0
4 600 61 29 07 1 2
5 700 15 45 0 6 11 23
6  HA-SHPV 100 88 11 01 0 O
7  (015ml) 150 82 14 03 0 1
8 200 83 14 02 0 1
9 250 81 15 02 0 2
10 300 69 27 03 0 1
11 350 46 50 03 0 1
12 400 18 69 10 1 0 2
13 450 8 75 16 1 0 O
14 500 8 66 26 0 0 O
15  HA-SHPV 300 05 50 27 12
16 350 065270 3 5
17 400 0 425 0 0 4
18 450 0 14 8 0 0 2
19 500 0 49% 0 0 O
20 550 0 1980 0 1
21 500 0 1970 0 2
22 450 0148 0 0 1
23 400 0 42570 0 1
24 350 07 230 0 1
25 300 09 50 0 1
26  HA-SHPV 300 05 70 21 16
27 300 061 21 4 32
28 300 48 61 2 2
29 300 78 80 1 1
30 300 12 77 6 2 0 3
31  HA-SHPV 550 0 09% 0 0 4
32 550 0 0970 0 3
33 550 0 0980 0 2
34 550 0 0980 0 2
35 550 0 098 0 0 2
36  B698D-25 300 06517 0 5 3
37 350 065291 1 4
38 400 032641 1 2
39 450 01228 0 1 2
40 500 0 4930 1 2
41 550 0 1951 1 2

°A total of 0.75 ml of catalyst was used unless mentioned other-
wise.

bTemperatur% in °C; evaporation temperature is 100°C.
“Conversion and selectivity in mol%; conversion >99% unless
stated otherwise between brackets.

% Others’ refers to various unidentified compounds.
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produced with 88% selectivity together with the
ketone deoxybenzoin (3) (11%). Increasing the
reaction temperature to 350°C shifted the prod-
uct distribution toward deoxybenzoin (3), analo-
gously to the uncatalyzed case. Further tempera
ture increase to 400°C gave a new product
which was identified ? as diphenylacetylene (4).
This remarkable dehydration reaction became
more pronounced at 500°C when the pyrolysate
contained 26% of this acetylene. Diphenylacety-
lene (4) could be obtained as the exclusive
product when the reaction was performed at
about 550°C using 0.75 ml of catayst (i.e, a
turnover of 0.21 g subst./h.g cat.; Table 1,
entry 20).

Although dehydration of alcohols [22,23] and
hydration of acetylene [24] over solid acid cata-
lysts are well-known processes, gas phase dehy-
dration of «-hydrogen containing carbonyl
compounds to substituted acetylenes has only
one precedent [25]. Applying a solid, polyphos-
phoric acid (UOP no. 1) gas phase dehydration
of acetophenone to phenylacetylene has been
accomplished, however, in moderate yields.

The deactivation of the catalyst was aso
investigated by studying hysteresis effects (Ta-
ble 1, entries 15-25). The remarkably high
selectivity (27%) to diphenylmethane (6) ob-
served in the first run at 300°C (entry 15) was
no longer present in the return part of the
hysteresis loop (entry 25). This product is there-
fore believed to be generated by a strongly
acidic active site present only on the surface of
the fresh and in situ dehydrated catalyst. Re-
lated to its specific activity this site is rapidly
deactivated.

To gain further insight in the deactivation of
the catalyst two series of experiments were
performed at temperatures of 300°C and 550°C,
respectively. In the first run at 300°C (Table 1,
entry 26) besides deoxybenzoin (3), again rela-
tively large amounts of diphenylmethane (6)

2 Al spectroscopic data matched an authentic sample (cf. Ref.
[21]). See Section 2 for analytical data.

were produced together with some unidentified
products. From the 3rd to the 5th run (Table 1,
entries 28—-30), a gradual increase of dipheny-
lacetaldehyde (2) with simultaneous decrease of
deoxybenzoin (3) was observable. Surprisingly,
6 was completely absent at 550°C whereas
diphenylacetylene (4) was produced in high
yield and without any detectable deactivation of
the catalyst.

The B698D-25 silica—alumina catalyst
yielded results similar to HA-SHPV athough
less 6 was obtained in the first run.

Interesting information was obtained when
cis-stilbene oxide (1a), diphenylacetaldehyde (2)

Table 2

Catalytic FVT of cis-(1a) and trans-stilbene oxide (1b), dipheny-
lacetaldehyde (2) and deoxybenzoin (3) using amorphous silica—
alumina (HA-SHPV) and natural clay (F-1 and F-25) catalysts
Entry Substrate Catalyst® TP (conv.)® Selectivity®

2 3 4 56 Others?

1 1la HA-SHPV 300 0 67 8313 9
2 350 0 73183 2 4
3 400 0 48472 1 2
4 450 0 22742 1 1
5 500 0 1182 1 1
6 550 0 3921 2 2
7 2 HA-SHPV 300 — 60 061618
8 350 — 75135 2 5
9 550 - 284 2 3
10 3 HA-SHPV 300(15) O — 47 01340
11 35044 0 —-860 212
12 400(722 0 — 970 0 3
13 450(90) 0 — 990 0 1
14 500(97) 0 — 980 0 2
15 550(98) 0 — 990 0 1
16 1b F-1 300 0 8 81 1 2
17 350 0 86120 0 2
18 400 0 84140 0 2
19 450 0 65300 0 5
20 500 0 49451 1 4
21 550 0 34601 1 4
22 1b F-25 300 0 8 90 1 8
23 350 0 82170 0 1
24 400 0 70280 0 2
25 450 0 63350 0 2
26 500 0 48490 1 2
27 550 0 36620 1 1

A total of 0.75 ml of catalyst was used.

bTemperatures in °C; evaporation temperature is 100°C.
“Conversion and selectivity in mol%; conversion >99% unless
stated otherwise (in parentheses).

% Others’ refers to various unidentified compounds.



A.C.L.M. van der Waalset al. / Journal of Molecular Catalysis A: Chemical 134 (1998) 179-189 185

Ph Ph
H
o~ 59 grafting 0
1 A [
7 1No~ |\ 1o
|
Ph-migration

(shown in Il

H-migration

Ph Ph

Il
Ph} H
Ph o OH
2
H Ph
Ph ;O
3

Ph Ph
@L}LH

carbocation OH O

LE formation I lo

N

s ,I\O/7|\

+ /S‘ i\ O/ 7!\

catalyst surface

Scheme 1. Mechanism of the acid-catalyzed rearrangement of stilbene oxide (2).

or deoxybenzoin (3) were reacted under cat-
alytic FVT conditions (Table 2). No significant
stereoisomeric effect was observed since cis-
and trans-stilbene oxide displayed a similar iso-
merization pattern, although a somewhat higher
diphenylacetylene (4) /deoxybenzoin (3) ratio
was observed for the trans-stilbene oxide. More
interestingly, aldehyde 2 predominantly rear-
ranged to ketone 3 at lower temperatures but
yielded acetylene 4 at 550°C, whereas ketone 3

P
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did not produce any aldehyde but rather exclu-
sively dehydrated to diphenylacetylene (4) in
the entire temperature range (entries 10-15). It
can be concluded that the isomerization path-
ways are temperature dependent and that at
higher temperature dehydration becomes domi-
nant.

The formation of diphenylacetaldehyde and
deoxybenzoin from stilbene oxides (1) can be
rationalized by adopting a mechanism analo-

p
H Ph

H

LS,

. s/ st /7-\I
Ph g

v
,HGS/P“ /
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drdidy
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Scheme 2. Mechanism of dehydration of deoxybenzoin (3) to diphenylacetylene (4).
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Table 3
(Catalytic) Flash vacuum thermolysis of dibenzoylmethane (7)

o}
o
o o o
J I B QN
— Ph” “OH
Ph Ph (catalytic) P!
7 8 ph 9 10

Entry Catalyst® T° Conv.® Selectivity®
8 9 10 Others?

1 none 300 0 0 0 0 0
2 400 O o 0 O 0
3 500 O 0O 0 O 0
4 600 4 0O 0 0 100
5 HA-SHPV 300 75 19 73 0 8
6 350 63 33 48 14 5
7 400 85 4 36 20 0
8 450 92 5 30 14 1
9 500 98 50 35 7 8
10 550 99 4 35 4 17

®A total of 0.75 ml of catalyst was used.
bTemperature in °C; evaporation temperature is 150°C.
“Conversion and selectivity in mol%.

4 Others' refers to various unidentified products.

gous to that proposed by Ruiz-Hitzky and Casal
[6] for the rearrangement of styrene oxide into
phenylacetaldehyde induced by an amorphous
silica—alumina or mineral catalyst under liquid-
phase conditions. Initial coordination of the
epoxide to the electron-deficient aluminum cen-
ter (1) results in grafting of the epoxide onto the
surface (11) of the catalyst (Scheme 1). Carboca
tion formation (111) and subsequent rearrange-
ment involving either migration of a phenyl or a
hydride results in the products 2 and 3. Rear-
rangement of 1 to 2, using solid catalysts, has
been reported previously (immobilized
organometal catalysts [26,27] organoboron com-
pounds [28], silica gel [29—-31], aluminosilicates
[15], metal oxides [15] and transition metal
complexes [32,33]). Under homogeneous
liquid-phase conditions rearrangement of 1 to 2
and 3 has aso been observed using among
others MgBr, as the catalyst [34,35].

The results presented above clearly demon-
strate that deoxybenzoin is the actual precursor
for the formation of diphenylacetylene (4). This
reaction can be explained in analogy with previ-
oudly postulated [36,37] working models for
silica—alumina surfaces. It is well established

[38,39] that pure silica is gradually dehydroxyl-
ated upon heating, thereby generating reactive
siloxane sites like (11) in the temperature range
between 200-400°C (Scheme 2). When an
epoxide or carbonyl compound coordinates to a
Lewis-acidic alumina site (111) a grafting reac-
tion produces an enol-type surface species (1V).
The free silanol group generated can act as a
base forming the acetylenic bond with concomi-
tant regeneration of the active site (V). More
extensive surface dehydroxylation at higher
temperatures accounts for the increased yield of
diphenylacetylene (4) at 500-550°C compared
with 300°C.

3.2. Catalytic FVT of dibenzoylmethane and
benzoylacetone

It is of interest to investigate whether the
conversion of deoxybenzoin into diphenylacety-
lene can be extended to other enolizable ke-
tones. For this purpose, dibenzoylmethane (7)
and benzoylacetone (11) were subjected to cat-
aytic FVT conditions using the same catalysts
as for deoxybenzoin.

Table 4
(Catalytic) Flash vacuum thermolysis of benzoylacetone (11)

[0} o]
o
o 0
M FVT "/‘k
Ph (catalytic) P
11 12 13 9

Entry Catalyst® TP Conv.® Selectivity®

12 13 9 Others
1 none 300 0 0 0 0 0
2 400 0 0 0 O 0
3 500 0 0 0 O 0
4 600 4 0 0 0 100
5 HA-SHPV 300 60 5 3 8 12
6 350 72 1 7 76 6
7 400 88 15 10 67 8
8 450 100 23 16 51 10
9 500 100 28 20 34 18
10 550 100 2 2 2 24

°A total of 0.75 ml of catalyst was used.
bTemperature in °C; evaporation temperature is 70°C.
CConversion and selectivity in mol%.

% Others’ refers to various unidentified products.
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A number of runs without a catalyst prior to
the catalytic experiments showed that diben-
zoylmethane (7) was quite inert since at 600°C a
mere 4% conversion was observed (Table 3).
With 0.75 ml of the HA-SHPV amorphous sil-
ica—alumina, however, 75% conversion was
achieved aready a 300°C yielding mainly
acetophenone (9) with 73% selectivity together
with a dehydration product (19%) that was iden-
tified as 3-phenyl-1-indenone (8). At higher
temperature also some benzoic acid (10) was
concurrently formed with the aforementioned
products 8 and 9 (Table 3). It should be noted
that no trace of 1,3-diphenylpropynone, the
acetylene that in principle could arise by dehy-
dration of 7, was detected.

Dehydration of benzoylacetone (11) under
catalytic FVT conditions revealed an analogous
behavior. This substrate was also rather inert
under thermal conditions, since only traces of
products were formed at temperatures as high as
600°C (Table 4). In the presence of the HA-
SHPV catalyst a complete conversion was al-
ready achieved at 450°C. Two dehydration
products viz. 3-methyl-1-indenone (12) and iso-
meric 3-methylene-1-indanone (13) were ob-
tained in about equal selectivities (28% and
20%, respectively) at 500°C. A dlight preference
for 12 over its exo-methylene isomer 13 was
observed in the entire temperature range. It is of
importance to note that again no trace of an
acetylenic compound, the conceivable dehydra

Path A: Indenone Formation

surface solid acid

o o
/U\)]\ Path B: Fragmentation
R Ph
7R=Ph o
11 R= CHj RZ@/{’“
H?V 2)
i AL
)
OH
5 o N
/Sl\ /AI\ '/\/K
|0 (’3 o)
si_ Al
e \\O/ l\
o)
R)J\OH
10 R=Ph

O / 8
@i R=Ph o/
I + HO—AK—
R /O\AI<—§ ] o '/ R=CHy \ §

A__
[SAN
12 + 13

@0 ]

s/' A\I@

/\I\o//\
o

9

Scheme 3. Mechanisms for formation of indenones 8, 12 and 13 (path A), and acetophenone (9) and benzoic acid (10) (path B) from

dibenzoylmethane (7) and benzoylacetone (11).
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tion product (vide infra) was detected. In anal-
ogy with dibenzoylmethane (7), acetophenone
(9) was found to be the major fragmentation
product at lower temperature.

The formation of indenones 8, 12 and 13
from 7 and 11 can be rationalized by invoking
an intramolecular electrophilic aromatic substi-
tution as pictured in Scheme 3 (path A). The
observation that 11 leads to a mixture of inde-
nones 12 and 13 isin line with the observation
that alkyl-«, B-unsaturated indenones rearrange
to exo-methylene isomers due to the anti-
aromatic character of the former [40]. The for-
mation of the fragmentation products obtained
from both substrates can be envisaged as de-
picted in Scheme 3 (path B). After initial coor-
dination to the surface, grafting takes place,
which is followed by an «-bond cleavage. From
11 aso acetone and acetic acid are expected as
cleavage products, which are probably too
volatile to be detected. In addition, the absence
of magor amounts of benzoic acid and acetic
acid in the thermolysis of 7 and 11, respec-
tively, can be explained by the requirement of
the presence of sufficient quantities of water to
release the acids from the catalytic surface by
hydrolysis of the initially formed silanyl esters.
However, under the conditions of the reaction,
water is only present in low concentrations leav-
ing most of the silanyl ester on the surface of
the alumina—silica. This could eventually lead
to complete deactivation of the solid acid.

4. Conclusions

In conclusion, conversion of cis(la) and
trans-stilbene oxide (1b) was successfully
achieved under catalytic FVT conditions using
amorphous silica—aluminas and acid-activated
natural clays. In all cases, conversion was about
100%. With a small amount of catalyst isomer-
ization, either of the stilbene oxides produced
diphenylacetaldehyde (2) with a selectivity of
about 88 mol% in the 100—250°C range, whereas
at higher temperatures (250-500°C), deoxyben-

zoin (3) was mainly (selectivity of about 75
mol%) produced. With a larger amount of cata-
lyst per unit substrate, a selectivity of 65% of
deoxybenzoin (3) was obtained at 350°C. Fur-
ther temperature increase to 550°C produced
almost exclusively diphenylacetylene (4) (98%)
a 550°C via a novel dehydration reaction of
deoxybenzoin.

The formation of diphenylacetaldehyde and
deoxybenzoin from stilbene oxide mechanisti-
cally proceeds via a grafting process followed
by either phenyl or hydride migration, whereas
the formation of the diphenylacetylene is the
result of efficient dehydration of the silanylenol
ether derived from deoxybenzoin via elimina
tion of siloxanes sites on the surface.

Dibenzoylmethane (7) and benzoylacetone
(11) show a behavior quite different from that
of deoxybenzoin (3). No acetylenic products
were obtained but instead substituted indenones
were produced along with some fragmentation
products. These indenones are probably formed
via an intramolecular electrophilic aromatic sub-
gtitution on the catalytic surface.
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