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In the gas-phase thermal decomposition of tetralin
(1),2 the major products include 1,2-dihydronaphthalene
(2) and naphthalene (3), derived by the loss of hydrogen,
and benzocyclobutene (4) and styrene (5), derived by the
loss of ethylene (Scheme 1). Several other significant
products such as indene (6), formed by the loss of the
equivalent of methane from 1, are also produced. One
of the mechanisms proposed? for the formation of 2
involves the o-allylbenzyl radical (7) formed from diradi-
cal 8 by loss of a hydrogen atom. Conversion of 7 to 2 is
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reasonable, but previous studies® of related radicals
indicate that 7 could produce other products such as 6.
In an attempt to determine the fate of radical 7 under
high-temperature gas-phase conditions, we have studied
the flash vacuum pyrolysis (FVP) of bis(o-allylbenzyl)
oxalate (9). Oxalates have been shown to be good
precursors of benzyl radicals under FVP conditions* and
we expected 9 to produce 7 in good yield.
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The results of the study of the FVP of 9 are presented
in this Note.

Results

Oxalate 9 was prepared from 1,2-dihydronaphthalene
(2) by the following reaction sequence.
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The FVP of 9 (Table 1) leads primarily to the formation
of 1,2-dihydronaphthalene (2), naphthalene (8), indene
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(6), and 3-methyl-1H-indene (10). Small amounts (<2%
at 700 °C) of 2-methyl-1H-indene (11), tetralin (1),

o-allyltoluene (12), and 1,4-dihydronaphthalene (13) were
produced. 1,2-Bis(o-allylphenyl)ethane (14) was detected
(<1%) at 700—750 °C.
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Discussion

Previous work in this laboratory has shown that the
FVP of bis oxalate esters produces high yields of benzyl
radicals.* The formation of o-allylbenzyl radical (7) in
the pyrolysis of bis(o-allylbenzyl) oxalate (9) is confirmed
by the production at lower pyrolysis temperatures of 1,2-
bis(o-allylphenyl)ethane (14), the dimer of radical 7.

The gas-phase chemistry of radical 7 and other related
radicals (Scheme 2), such as 1-tetryl (15), 2-tetryl (16),
l-indanylmethyl (17), and 2-indanylmethyl (18), have

(1) Poutsma, M. L. A Review of Thermolysis Studies of Model
Compounds Relevant to Processing of Coal; ORNL/TM-10673, Oak
Ridge National Laboratory, Oak Ridge, TN 37831, This review is
available from National Technical Information Service, U.S. Dept. of
Commerce, 5285 Port Royal Rd., Springfield, VA 22161.

(2) (a) Badger, G. M.; Kimber, R. W. L. J. Chem. Soc. 1960, 266. (b)
Badger, G. M,; Kimber, R. W. L.; Novotny, J. Aust. J. Chem. 1962, 15,
616. (c) Loudon, A. G.; Maccoll, A.; Wong, S. K. J. Chem. Soc. B 1970,
1733. (d) Penninger, J. M. L.; Slotboom, H. W. Recl. Trav. Chim. Pays-
Bays 1973, 92, 513. (e) Penninger, J. M. L.; Slotboom, H. W, Ibid. 1973,
92, 1089. (f) Tominaga, H.; Yahagi, U. J. Fac. Eng., Univ. Tokyo, Ser.
A 1977, 15, 68. (g) Bredael, P.; Vinh, T. H. Fuel 1979, 58, 211. (h)
Gangwer, T.; MacKenzie, D.; Casano, S. J. Phys, Chem. 1979, 83, 2013.
(i) Berman, M. R.; Comita, P. B.; Moore, C. B.; Bergman, R. G. J. Am.
Chem. Soc. 1980, 102, 5692. (j) Cypres, R.; Bredael, P. Fuel Process.
Tech. 1980, 3, 297. (k) Trushkova, L. V.; Magaril, R. Z.; Korzun, N. V,;
Bulatov, R. A. Russ. J. Phys. Chem. 1980, 54, 1062. (1) Comita, P. B;
Berman, M. R.; Moore, B. C.; Bergman, R. G. J. Phys. Chem. 1981,
85, 3266. (m) Takahashi, K.; Ogino, Y. Fuel 1981, 60, 975. (n)
Trahanovsky, W. S.; Swenson, K. E. J. Org. Chem. 1981, 46, 2984. (0)
Bajus, M.; Baxa, J. Collect. Czech. Chem. Commun. 1982, 47, 1838,
(p) Penninger, J. M. L. Int. J. Chem. Kinet. 1982, 14, 761. (q)
Hillebrand, W.; Hodek, W.; Kélling, G. Fuel 1984, 63, 756. (r) Korzun,
N. V,; Trushkova, L. V. Kinet. Catal. 1985, 26, 195. (s) Tsang, W.; Cui,
J. P.J. Am. Chem. Soc. 1990, 112, 1665.

(3) (a) Franz, J. A.; Camaioni, D. M. Fuel 1980, 59, 803. (b) Franz,
J. A.; Camaioni, D. M. J. Org. Chem. 1980, 45, 5247. (c) Franz, J. A.;
Barrows, R. D.; Camaioni, D. M. J. Am. Chem. Soc. 1984, 106, 3964,
(d) Franz, J. A.; Suleman, N, K,; Alnajjar, M. S. J. Org. Chem. 1986,
51, 19. (e) Franz, J. A,; Alnajjar, M. S.; Barrows, R. D.; Camaioni, D.
M.; Suleman, N. K. J. Org. Chem. 1986, 51, 1446.

© 1995 American Chemical Society



262 J. Org. Chem., Vol. 60, No. 1, 1995

Table 1. Products and Recovered Starting Material
from FVP of Bis(o-allylbenzyl) Oxalate (9) at Various
Oven Temperatures®®

yield, %*
700 750 800 850 900
entry °C °C °C °C °C

bis(o-allylbenzyl) oxalate (9) 34 17 12 03 -
1,2-dihydronaphthalene (2) 62.6 62.2 605 552 464

naphthalene (3) 53 7.5 111 165 271
indene (6) 63 69 82 101 123
3-methyl-1H-indene (10) 42 44 36 29 2.2
2-methyl-1H-indene (11) 14 15 18 17 1.8
tetralin (1) 10 12 11 12 1.0
o-allyltoluene (12) 14 10 08 0.6 0.3
1,4-dihydronaphthalene (13) 1.6 1.0 04 0.2 -
1,2-di(o-allylphenyl)ethane (14) 0.7 02 -

12.0¢ 12.3¢ 11.34 11 2¢ 89

other products
recovery® 71.5 651 687 67.1 599
conversion/ 96.6 98.3 98.8 99.7 100

¢ FVP conditions: system pressure = 1 x 1075 torr, sample
temperature = 60—80 °C. ® Amounts determined by GC with a
known quantity of triphenylmethane added as standard. Data
represent the average of triplicate runs. ¢ Moles of product divided
by total moles of recovered material. ¢ See Table S-I in the
Supplementary Material for a more detailed analysis. Only
products that were identified and produced in 21% yield at 700
°C and 14, the dimer of 7, are included in Table 1. ¢ Total moles
of recovered material divided by moles of starting material used.
fTotal moles of recovered material minus moles of recovered
starting material divided by moles of recovered material.
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been studied;? although, the high-temperature gas-phase
chemistry of 7 was not investigated directly.32® The
thermal behavior of 7 is similar to that of 5-hexenyl
radicals. There is a kinetic preference of ca. 2 kecal mol ™!
for the formation of the less stable five-membered 2-in-
danylmethyl radical (18) over the six-membered 2-tetryl
radical (168).3 However, under pyrolysis conditions, the
initial closure will be reversible and the chemistry of the
more stable 16 should predominate.

Consistent with this analysis, the FVP of bis oxalate
ester 9 leads primarily to the formation of 1,2-dihy-
dronaphthalene (2) produced by loss of one of the S
hydrogens from 15 or 16. Additionally, 1,4-dihydronaph-
thalene (18), produced by the loss of a 8 hydrogen from
16, was also detected as a minor product. Significant
amounts of naphthalene (3), from the secondary pyrolysis
of 2, were also observed. Products such as 10 and 11,
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Notes

formed from radicals 17 and 18, are consistent with
Scheme 2 and the literature results.%ab5

The pyrolysis of oxalate 9 also produces a small amount
of indene (6). Indene (6) was also detected in the previous
study of radicals related to 7%2® and in the pyrolysis of
tetralin (1). In order to evaluate radical 7 and related
radicals as the source of indene 6 in the decomposition
of 1, a comparison of the data from the pyrolysis of 9 with
comparable data from 1 was undertaken.

In the pyrolysis of tetralin (1), the ratio of indene (6)
to dehydrogenation products 2 and 3 increases from 0.3
to 0.6 at 900—950 °C,” but in the pyrolysis of 9 the ratio
of 6 to 2 and 3 is significantly lower. In the pyrolysis of
9 a maximum ratio of 0.17 at 900 °C was observed (Table
1). Therefore the major route to 6 in the decomposition
of 1 cannot involve radical 7 since more 6 is produced
from the thermal decomposition of 1 than can be ac-
counted for with 7 as the source. Other recent work in
our laboratory’ indicates that the major source of 6
involves the pathway 1 to o-allyltoluene (12) to 2-meth-
ylindan (19) to 6. In the pyrolysis of oxalate 9, any of
the radicals 17, 18, or 20 could be the source of 6.

The minor products 1 and 12 are probably the result
of bimolecular hydrogen abstraction by radicals 15 and
16, and 7, respectively. Some of the 12 formed may also
be the result of the secondary pyrolysis of 1 at higher
temperatures.

Conclusion

The results of the FVP of bis(o-allylbenzyl) oxalate (9)
are consistent with the formation of 0-allylbenzyl radical
(7). The major product from 7 is 1,2-dihydronaphthalene
(2) which is readily explained by closure of 7 to 16
followed by the loss of a S hydrogen atom. Other products
which could come from radical 7 are formed in relatively
low yields. Comparison of the pyrolysis products of 9
with those of tetralin (1) leads us to conclude that radical
7 is not a major source of indene (6) in the thermal
decomposition of 1.

Experimental Section

Methods and Materials. Some general methods have been
described previously.® 'H NMR spectra were recorded on a
Nicolet NT-300 spectrometer. FTIR spectra were obtained on
an IBM IR/98 spectrophotometer. GCMS were performed on a
Finnegan 4000 mass spectrometer. All materials were com-
mercially available and used as received, except where indicated.
A Welsbach ozonator was used to generate a stream of ozone in
oxygen.

Bis(o-allylbenzyl) Oxalate (9). 1,2-Dihydronaphthalene
(2.6 g, 0.020 mol) was dissolved in CH2Cl; (100 mL) and the
solution was cooled to —78 °C. Os (ca. 2% in O2) was bubbled
through the solution until a blue color developed. Excess O3 was
then removed by bubbling N; through the solution until the blue
color had dissipated. The reaction mixture was warmed to room
temperature and the solvent was removed in vacuo. The ozonide
was dissolved in THF (15 mL) and added dropwise to a slurry
of LiAlH, (0.8 g, 0.022 mol) in THF (100 mL) at 0 °C. After the
addition was complete, the reaction mixture was stirred over-
night at room temperature. A slurry of wet Na;SO, was added
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to the reaction mixture until evolution of H; ceased. The white
solid was filtered off and washed with ethyl acetate. The filtrate
was dried (MgSOy) and the solvent was removed in vacuo. The
crude diol was distilled at 150 °C (0.2 torr) to yield o-(3-
hydroxypropyl)benzyl alcohol (2.54 g, 0.015 mol, 75% yield):
FTIR (thin film) 3375 (br), 2937, 1032, 7568 cm~%; 'H NMR
(CDCly) 6 7.33~7.14 (m, 4 H), 4.67 (s, 2 H), 3.50 (t, J = 6.0 Hz,
2 H), 2.82 (t, J = 6.9 Hz, 2 H), 1.90 (quintet, J = 6.6 Hz, 2 H).

0-(3-Hydroxypropyl)benzyl alcohol (3.0 g, 0.018 mol) was
dissolved in dry ether (50 mL), and triethylamine (4.0 g, 0.040
mol, ca. 5.5 mL) was added. The mixture was cooled to 0 °C
and a solution of acetyl chloride (3.1 g, 0.040 mol, ca. 2.8 mL) in
ether (20 mL) was added dropwise. After the addition was
complete, the reaction mixture was stirred for 10 min at 0 °C
and then overnight at room temperature. The reaction mixture
was washed with HyO (20 mL), saturated NaHCOj; (20 mL), and
H;0 (20 mL) and then dried (MgSO,4). The solvent was removed
in vacuo to yield o-(8-acetoxypropyl)benzyl acetate (4.1 g, 0.016
mol, 89% yield): FTIR (thin film) 2960, 1749, 1454, 1383, 1367,
1259, 1034, 758 cm~!; *H NMR (CDCls) 6 7.37—7.18 (m, 4 H),
5.14 (s, 2 H), 4.11 (t, J = 6.4 Hz, 2 H), 2.74 (t, J = 7.8 Hz, 2 H),
2.11 (s, 3 H), 2.07 (s, 3 H), 2.01-1.90 (m, 2 H).

0-(3-Acetoxypropyl)benzyl acetate (3.9 g, 0.016 mol) was
pyrolyzed at 700 °C and 1 x 10-5 torr with a sample temperature
of 80 °C.48 The pyrolysate was dissolved in ether and treated
with K2COs. The solvent was removed in vacuo and the crude
product was purified by flash chromatography on a silica gel
column (50 x 150 mm) with 1:1 hexanes to CH2Cly to yield
o-allylbenzyl acetate (1.5 g, 7.9 mmol, 49% yield): FTIR (thin
film) 2924, 1742, 1229, 1026, 754 cm™1; tH NMR (CDCly) 6 7.37—
7.18 (m, 4 H), 5.96 (ddt, J3 = 16.8 Hz, J3 = 10.3 Hz, J; = 6.3 Hz,
1 H), 5.07 (d4, J4 = 10.2 Hz, J3 = 1.1 Hz, 1 H), 4.99 (dd, J3 =
17.1 Hz, Jy = 1.1 Hz, 1 H), 5.13 (s,2 H), 3.44 (d, J = 6.2 Hz, 2
H), 2.09 (s, 3 H).

o-Allylbenzyl acetate (1.5 g, 7.9 mmol) was dissolved in THF
(10 mL) and added dropwise to a slurry of LiAlH, (0.4 g, 0.010
mol) in THF (50 mL) at 0 °C. The reaction mixture was allowed
to warm to room temperature and stirred for 2 h. A slurry of
wet NagSO, was added to the reaction mixture until evolution
of H; ceased. The white solid was filtered off and washed with
ethyl acetate. The filtrate was dried (MgSO4) and the solvent
was removed in vacuo to yield o-allylbenzyl alcohol (1.1 g, 7.4
mmol, 94% yield): FTIR (thin film) 3333 (br), 2918, 1040 cm™1;
1H NMR (CDCl3) 6 7.41-7.36 (m, 1 H), 7.34~7.18 (m, 3 H), 6.01
(ddt, Jy = 16.8 Hz, J4 = 10.4 Hz, J; = 6.3 Hz, 1 H), 5.07 (dq, J3
=10.1 Hz, J, = 1.5 Hz, 1 H), 5.00 (dd, J3 = 17.2 Hz, J3 = 1.5
Hz, 1 H), 4.71 (d, J = 5.9 Hz, 2 H), 3.48 (dt, J3 = 6.2 Hz, J; =
1.4 Hz, 2 H), 1.26 (t, J = 6.0 Hz, 1 H) [lit.%c 'H NMR (CDCl3) é
7.6—7.1(m, 4 H), 6.02 (ddt, J3 = 16.6 Hz, Jg = 10.5 Hz, J; = 6.1
Hz, 1 H), 5.05 (m, 1 H (cis)), 5.0 (m, 1 H (trans)), 4.70 (s, 2 H),
3.47 (dt, 2 H), 1.6 (s, 1 H)].

dJ. Org. Chem., Vol. 60, No. 1, 1995 263

o-Allylbenzyl alcohol (1.2 g, 8.0 mmol) was dissolved in ether
(150 mL), and triethylamine (1.1 g, 0.011 mol) was added. The
reaction mixture was cooled to 0 °C and oxalyl chloride (0.8 g,
6.0 mmol) in ether (10 mL) was added dropwise. After the
reaction mixture was stirred for 1 h at room temperature, it was
extracted with HzO (50 mL), saturated NaHCO; (2 x 50 mL),
H,0 (50 mL), and saturated NaCl (50 mL) and then dried
(MgS04). The solvent was removed in vacuo and the crude
product was purified by flash chromatography on a silica gel
column (30 x 150 mm) with 1:1 CH2Cl; to hexanes to yield bis-
(o-allylbenzyl) oxalate (1.1 g, 3.2 mmol, 80% yield). FTIR (thin
film) 2957, 2924, 1767, 1744, 1155 ¢cm~!; 'H NMR (CDCls) ¢
7.41-7.19 (m, 4 H), 5.94 (ddt, J1 = 16.8 Hz, J3 = 10.4 Hz, J; =
6.3 Hz, 1 H), 5.33 (s, 2 H), 5.02 (dq, J4 = 10.1 Hz, J, = 1.5 Hz,
1H),4.95(dd, Js =17.0 Hz, J3 = 1.7 Hz, 1 H), 3.45 (dt, J9 = 6.2
Hz, J; = 1.4 Hz, 2 H); GCMS (CI, NH3) m/e 368 (M + NHy);
GCMS (EI, 70 €V) m/e (% base peak) 260 (5.5), 219 (4.8), 131
(100), 130 (98.6), 116 (15.6), 115 (22.0), 91 (45.6). Anal. Calcd
for CoHg204: C, 75.41%; H, 6.33%. Found: C, 75.42%; H, 6.36%.

Flash Vacuum Pyrolysis. Flash vacuum pyrolysis (FVP)
was performed as previously described.?

Product Analysis. FVP reaction mixtures were analyzed
by capillary gas chromatography on a Hewlett-Packard HP5840A
gas chromatograph equipped with a 30-m (0.25-um film thick-
ness) DB-1701 capillary column. Major products were identified
by comparison of their GC retention times to those of authentic
samples (1—6, 9—12, 19, toluene, ethylbenzene, o-xylene, o-
ethyltoluene, and 1-methylindan) and GCMS. The molecular
weight of minor products was determined by GCMS. The major
products (1-6, 9, 12, toluene, ethylbenzene, o-xylene, and
o-ethyltoluene) were corrected for FID response to a known
amount of added standard (triphenylmethane). A more detailed
analytical procedure is described elsewhere.”
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