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GENERAL INTRODUCTION

The flash vacuum pyrolysis (FVP) of furfuryl benzoaﬁe
(lg) was reported several years ago to give a moderate
yield of l-methylenecyclobut-2-enone (22)’ along with
benzoic acid and some minor products.1 This unexpected
transformation made available the parent compound of a
series of compounds which is not easily synthesized.2

Prior to that report, lY-methylenecyclobut-2-enone (2a) was

3

one of the unknown cyclobutadiene derivatives~” and is a

potentially useful, synthetic intermediate since it has a

highly functionalized cyclobutane ring.

glhoecC
éz;ﬁk\ 107" Torr S —
CR2—O—ﬁ—Ph —-PhCOOH O// \R
0 409 2
}a, R=H 2a, R=H
lb, R=D 2b, R=D

In order to determine the scope of the reaction and
to achieve a better understanding of its mechanism, a study
of the pyrolysis chemistry of a series of substituted

furfuryl esters was undertaken. A mechanism for the



conversion of la to 2a was proposed on the basis of a
deuterium-labeling experiment, %E to %E, and on a study
of the pyrolysis products formed from 5-methylfurfuryl
b

benzoate (3).

/[\B\ f bioc A
0 =T O
H,C CH,-0~-C-Ph 10 Torr

3 -PhCOOH 5 (139)

The proposed mechanism for the formation of the
pyrolysis products from % involved o eliminations of
benzoic acid after zero to two [3,3] sigmatropic shifts
of the benzoate group around the furan ring. Support for
this mechanism was obtained from a study of the pyrolysis
products formed from a-phenylfurfuryl acetate (§).
Experiments involving samples of § which were labeled
with deuterium on the o carbon were run in order to obtain
experimental evidence for the proposed mechanisms for the

formation of the pyrolysis products from 8.
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0-C-Ph _
13,310 fy [3,3] H =
= CH ) I 0
¢ 2 Ph-C-0 CH
1) o elimination
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H 2
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O ——
1]
H-C-CH=CH~C=C-H N %H
o} 5
E- and Z- 2a
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0
BN oo
0 —_— H-C-CH=CH-C=C-Ph

"\ ¢H-0-(-CH:
3
L,

E~ and Z-
8 9 10
* /
o7 \Cuph
E- and Z2-
11 12

Further support for the migration mechanism came from
a preliminary study of the pyrolysis products formed from
3~-methylfurfuryl benzoate (1}). Pyrol&éis of 13 at 640°C
and 1O—LL Torr formed as major products 3-methyl-4-methylene-
cyclobut-2-enone (%ﬂ) and the head-to-head, [4+4] dimer 15
of 2,3-bis(methylene)-2,3-dihydrofuran (%é).6

Initially, there were several goals to this project.
The first goal was to determine if the formation of [4+U4]
dimer %é occurred via the intermediacy of 2,3-dimethylene-
2,3-dihydrofuran (%é). The pyrolysis chemistry of a series
of methyl-substituted, furfuryl esters was studied over a

wide range of pyrolysis temperatures in order to provide



CH3 CH3
:—jg o —
/o\ CH,~0--Ph ———74——63000 > 77N
2 107 Torr 0 QbHE
13
! ~-PhCOOH :,l;ﬂ (15%)

15 (20%)

further experimental evidence for the migration mechanism
proposed for the conversion of % to g. A consideration of
this mechanism éuggested that the pyrolysis of 2-methyl-3-
furylmethyl benzoate (%Z) would generate %é in the absence
of Eﬂ. A study of the pyrolysis chemistry of several
substituted 2-methyl-3-furylmethyl benzoates was undertaken
in order to study the chemistry of the resulting 2,3-di-
methylene-2,3-dihydrofurans. The Diels-Alder reactions

of these reactive intermediates were studied, in addition
to their chelatropic reactions with sulfur dioxide and their
dimerization reactions. These compounds are the furan
analogs of the ortho-quinodimethanes, an actively-investi-

gated group of reactive :'Lntermediates.7—12



-Ph CH2
[\ PP /

17

CH2

i R
N

A study of the pyrolysis chemistry of 3-furylmethyl
benzoate (}§) was initiated in order to provide additional
evidence for the migration mechanism proposed for the
formation of the pyrolysis products from furfuryl benzoate
(12).

In order to test the generality of the method for
producing 2,3-dimethylene-2,3-dihydrofuran (%E) by the
pyrolysis of 2-methyl-3-furylmethyl benzoate (%1), a

synthesis of furanoradialene (19) was undertaken. The

R-C-0-CH ~0-(-
G-0~CH, CH,-0-(-K
0
/ \ FVP
H3C 0 H3 0

~aros

pyrolysis chemistry of diesters gg of 3,4-bis(hydroxy-
methyl)-2,5~-dimethylfuran was studied as a means of obtaining
12. The Diels-Alder reactions of 12 and the chelatropic
reaction of lg with sulfur dioxide were investigated in order

to to study the chemical reactivity of 19.



The synthetic utility of the method for producing
2,3-dimethylene-2,3-dihydrofuran (16) was tested by using
this method in several approaches to the synthesis of

[2.2.2.21(2,3,4,5) furanophane (21).

Description of the pyrolysis apparatus. The pyrolysis

apparatus is pilctured in Figure 1. The dimenslons of the

components have been previously reportedl3

and a commercially-
avallable version of the apparatus 1s avallable from Kontes

Scientific Glassware.

Explanation of dissertation format. This dissertation

has been written using the alternate dissertation format and
consists of six sectlons written as complete papers in a |
style suitable for publication in journals published by the
American Chemical Society. Section I has been recently
published in the Journal of the American Chemical Society.lu

All of the experimental results presented in Sections I

through VI were contributed by the candidate.
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SECTION I. PREPARATION OF 2,3-DIMETHYLENE-2,3-DIHYDROFURANS
BY THE FLASH VACUUM PYROLYSIS OF SUBSTITUTED

FURYLMETHYL ESTERS
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INTRODUCTION

Several years ago we reported that the flash vacuum
pyrolysis (FVP) of furfuryl benzoate (la) gives a moderate
yield (40%) of methylenecyclobutenone (2a) along with benzoic
acid and some minor products.1 In order to determine the scope
of the reaction and to achieve a better understanding of 1its
mechanism, the pyrolysis of a series of substituted furfuryl
esters was undertaken.2 A mechanism for the conversion of (}a)
to (ga) was proposed on the basis of a deuterium-labeling

experiment, (1b) to (2b), and on a study of the products formed

o] ——
[ \ - 6i%70 > + Ph-COOH
0 -~ ° Y
R / R
3
R
1 a R=H > a R=H
b R=D b R=D

from the pyrolysis of S5-methylfurfuryl benzoate (3).lb

FVP —
/ \ 0 h > r_i>h::
- /Q)\/ \Q/P -PhCOOH - 04[\

3 2 0 CH,

149N

N (43%)
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As part of this study, the pyrolysis of 3-methylfurfuryl
benzoate (§) was investigated because it was anticipated that
pyrolysis of 5 would give 2,3-dimethylene-2,3-dihydrofuran (§).
Compound § is a furan analog of the ortho-quinodimethanes, an

extensively investigated group of reactive intermediates.3
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RESULTS

The FVP of 5 at 620-640°C and ca. 10_4 Torr produced a
white product band in the cold trap at 77 K. Carbon disulfide
was added to the trap and the product mixture was then slowly
warmed to room temperature. The major products formed were
3-methyl-U4-methylenecyclobutenone (Z) and §, the head-to-head,
[4+4] dimer of 2,3-dimethylene-2,3-dihydrofuran (§). These

products were accompanied by the formation of benzoic acid and

a substantial amount of a white polymer.

CH3 H3
[ \S . B el (R
% Ph y,
0 -PhCOOH
\g/ 0/ \CH
2
5 7 8
21% 249

The structure of Z was indicated by its spectral
properties. The 1H NMR spectrum included a doublet for the
methyl group at 6 2.34 (J = 1.5 Hz), multiplets for the
methylene hydrogens at § 4.70 and § 5.02, and a multiplet for
the ring olefinic hydrogen at 8§ 6.86. The 130 NMR spectrum

consisted of six peaks with appropriate chemical shifts. The

1

IR spectrum showed an intense absorption at 1779 em — which

agrees very well with the carbonyl absorption reported for 2

(1783 em™ 1) .1
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The structure of dimer 8 was also determined by its

spectral properties. The 1

H NMR spectrum exhibited four-
proton singlets at 6§ 2.78 and 3.04 and two-proton doublets for
the furan hydrogens at § 6.06 (J = 2 Hz) and 7.16 (J = 2 Hz).
The 130 NMR spectrum showed six signals, as required by the
symmetry of §, with appropriate chemical shifts.

If methyl acrylate is added to a solution of the cold
pyrolysis products of 5 prior to warming, a mixture of the

~

Diels Alder adducts (9) is obtained along with 7 and benzoic

acid. This observation indicates that 6 is the primary

pyrolysis product which dimerizes to 8 upon warming.

COOMe

CH2
/ + [( -> / I COOMe

0 CH 0

¢ 9

A consideration of the mechanism proposed for the con-
version of } to g suggested that the pyrolysis of
2-methyl-3-furylmethyl benzoate (%2) would generate § in the
absence of E. The pyrolysis of 10 at 640°C and 10'” Torr gave
a 51% yield of dimer §, along with benzoic acid and a large
amount of polymeric material. It was also observed that §
could be trapped with methyl acrylate to form the same
Diels-Alder adducts (2) that were derived from the pyrolysis

products of 5.
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0 CH
i 2
—C—Ph FVP 4
PhCOOH — ! 8
/B ’ 0 CH,,
10 6 51%
Further proof that 6 is a primary pyrolysis product of 5

1

and 10 was obtained by recording the “H and 130 NMR spectra of

14 NMR spectrum of 6 can be recorded between

§ at -60°C, The
-60°C and -100°C. At temperatures below -100°C, the solubility
of § diminishes and dimerization occurs rapidly. The enhanced
dimerization is probably caused by increased local concen-

trations of 6. In Figure 1, the 1

H NMR spectra of the

pyrolysis products of 10, recorded at -60°C and 35°C, are
presented. An interesting feature of the spectra is the
absence of peaks corresponding to furanocyclobutene (%}), the
closed form of §. Apparently, the resonance energy of the furan
ring in 3} is insufficient to compensate for the strain energy

of the four-membered ring. Thus, it appears that the open form

(6) is more stable than 11.

éiig;:x —= ~cH

0 0

11 6
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CH2

111 CS, CDCly

- 60°C

/ CH,
LT

/O l 1 O\ 35°%C

1 L
| L L
.
el L P 1 L L. L

Y (.l N TS I

5 (PPM) 4 3

Figure 1. 1H NMR spectra of the pyrolysis products formed
from 2-methyl-3-furylmethyl benzoate (10) recorded
at -60°C (top) and at 35°C (bottom) in 1:1

CSz/CDCI3 (8§ 7.2 peak is due to CHCl3)



The preparation and pyrolysis of 10-92 was undertaken in
order to assign the 1H and 13C NMR signals from § and §. A
mass spectral analysis of 10-d, showed greater than 95% 4,

incorporation. The ' anda 3¢ nvR spectra of 6-d, and 8-d,

—@—H-¢h b pve /‘
[Tt§i~ “PncooH

10-4, 6-d

2 8-d)

1

were recorded at -60°C and 40°C, respectively. The ~H NMR

spectrum of 6-d, included a doublet at 6§ 6.73 (J = 1.5 Hz) and

~ =2
a multiplet at 6§ 5.78 for the ring protons and a doublet at
§ 4.85 (J = 1.5 Hz) and a multiplet at § 4.65 for the
2-methylene protons. The 130 NMR spectrum of é—gg showed five
peaks including one at § 85.22 for the methylene carbon at |
the 2-position. A signal at § 102 for the methylene carbon
at the three position was not observed. 1In Figure 2, the
1

H NMR spectra of the pyrolysis products formed from 10-92,

recorded at -60 and 35°C, are presented.
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cD

-60°C
/ CH,

1:1 CS, /CDCI,
35°C
o |
A N e— . '
8 7 6 5 (PPM) 4 3 2

Figure 2. 1H NMR spectra of the pyrolysis products formed

from 2-methyl-3-furylmethyl-a,a'-d, benzoate

2
(10-d,) recorded at -60°C (top) and at 35°C

(bottom) in 1:1 052 /CDCl3
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The high reactivity of § as a diene enables its
Diels-Alder reactions to serve as a direct method for obtaining
the furanocyclohexane ring skeleton. Since a large number of
sesquiterpenes contain a furanocyclohexane unit with a
B-methyl group on the furan r'ing,Ll the pyrolysis of
2,4-dimethyl-3-furylmethyl benzoate (%g) was investigated. The

5 Torr gave a 43% isolated

pyrolysis of 12 at 640°C and 10~
yield of 13, the head-to-head, [U4+U4] dimer of 14, along with
benzoic acid and a large amount of an off-white polymer. The

1

structures of 13 and 14 were indicated by their “H and 130 NMR

spectra. In Figure 3, the 1H NMR spectra of the pyrolysis

products of 12 recorded at -60, -15 and 35°C, are presented.

H.C CH
3 3
HaC o__g__ pn H3° GH
A\
A\ FVE . / > {/ | \
: Hy —PnCOOH  ~07 CH, 0~ o

12 lﬁ 13 (43%)

When a large excess of methyl acrylate was added to the
product trap, good yields of the Diels-Alder adducts (15 and
16) were obtained (64-75%) along with small amounts of dimer

(13) (2-9%) and substantial amounts of polymer.



Figure 3. 1H NMR spectra of the pyrolysis products formed
from 2,4-dimethyl-3-furylmethyl benzoate (12) in
CS2 and in the presence of a dibromoethane internal

standard

Top: Spectrum of [L+4] dimer 13 recorded at 35°C

Middle: Spectrum of a 2:1 mixture of
l-methyl-2,3-dimethylene-dihydrofuran

(14) and [U4+4] dimer 13 recorded at -15°C

Bottom: Spectrum of 14 recorded at -60°C
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Hs BHy 35°C
/ | | N\
e} (o}

BrCH,CH,Br

-15°C

D W |

-60°C

7 6 5 (;f;M; 4 3 2
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COOMe

0OMe HqC H4C
11 + |rc — [/ \ cooMe + [/ \ + 13
-~ 0

A

15 ' 16

~nrs ann

The ratio of 15 to %é was determined by analysis of the
130 NMR spectral data for mixtures of the two isomers. Five
of the signals from %é were sufficiently separated}from the
corresponding signals of %E that the areas of the peaks could
be used to determine the isomer ratio. An average of four

determinations using this method indicated that the ratio of

15 to 16 is 3.0 to 1. The 130 NMR chemical shifts (CS2/CD01

3;

§ from TMS) are presented below.

In order to determine the structures of 15 and 16 and to
confirm the value for the isomer ratio, the carbomethoxy

groups in 15 and 16 were converted to methyl groups. This
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converted 15 to the commercially-available, natural product
methofuran (17), while 16 was converted to isomenthofuran (18).
Since the IR and the 1H NMR spectra of 17 and 18 were virtually

superimposable except for some minor peaks in the IR spectra,

13

it was necessary to rely on the C NMR spectra to distinguish

the isomers. The 13C NMR chemical shifts (CS,/CDC1,; § from

TMS) of 17 and 18 are presented below.

117.5
. 517.1 7.9 .L g
) 22
19.9 .
119.3) 21.3
119.2 31.5 13687 ’ <
7 | 29.7 29.5
136.8 &~ 5 31.3
07\ 21.4 7‘28 o
150.331'5 150.3
17 18

e

The ratio of 17 to £§ was determined to be 3.3 to 1 by
comparing the areas corresponding to carbon 4 of each isomer
(6 19.9 and 22.8). Isomenthofuran (%ﬁ) was synthesized by an
independent route for spectral comparison.
2-Isopropylidine-L4-methylecyclohexanone (%2)5 was converted to
the §-sultone (39) by treatment with sulfuric acid in acetic

anhydride.6 The §-sultone was then pyrolyzed at 6L40°C and 1O"Ll

14 NMR and

Torr to eliminate sulfur dioxide and form 18. The
IR spectra of 17, 18 and a mixture of 17 and 18 are presented

in Figures 4 and 5 respectively.
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Figure 4. 14 NMR spectra of isomethofuran (18) (top), a 3:1
mixture of menthofuran (17) and isomenthofuran
(18) (middle), and menthofuran (17) (bottom) in

€5, at 35°C

/\






Figure 5. IR spectra of isomenthofuran (18) (top), a 3:1
mixture of menthofuran (17) and isomenthofuran
(18) (middle), and menthofuran (17) (bottom)

recorded using thin films of neat 1liguid
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DISCUSSION

A migration mechanism was previously proposed for the
conversion of furfuryl benzoate (la) to methylenecyclobutenone
(2a).l A set of pathways which account for the formation of

the pyrolysis products from 5 is presented in Scheme I.

~

Scheme I
CHs ¢
[3,3] o—8__rn 3,31
2 = / Pm— o H
07 CH, I
Ph—C— 0
§-elim, B—elim. lﬂ—elim
H
N /3
ﬁ——C
—> 6 €« C ICl <
oy "7
0 CH»
21 J,
§ L > 7

Structure § may be formed either directly from § by a
§ elimination of benzoic acid, or by a two-step mechanism
involving a [3,3] sigmatropic shift followed by a B elimination
of benzoic acid. Product 7 can be explained by a multistep

~

mechanism involving two [3,3] sigmatropic shifts with
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subsequent o elimination of benzoic acid and ring opening to
form 3-methylallenylketene (21), which undergoes ring closure
to form 7. Alternatively, product 7 may be formed by a direct

ring contraction of carbene 32 to form Z without involving
the intermediacy of 2}'

Further support for the migration mechanism was obtained
from the study of the pyrolysis products formed from
2-methyl-3-furylmethyl benzoate (%9). The exclusive formation
of §, which dimerized to § upon warming, can be explained by a
direct § elimination of benzoic acid or by a two-step mechanism
involving a [3,3] shift followed by a B elimination of benzoic
acid. This 1,l4-elimination reaction has literature precedent

7-11 12-14

in the pyrolysis chemistry of allylic and benzylic

esters containing functional groups with § hydrogens. In the
pyrolysis of several allylic systems, the initially formed

[3,3] shift products have been isolated. »10,15-20

_03,31 ° B-elim
10 ——— ! O\rr,Ph . 6 > 8
07 o
30

L §—elim. AN
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2,3-Dimethylene~2,3-dihydrofuran (§) was previously
postulated as an intermediate in the liquid-phase pyrolysis
of (2-methyl-3-furylmethyl) trimethylammonium hydroxide (gé).ZI
This reaction was reported to give one dimer of § possessing

either structure 8 or 24.

+
(CH3)3 y o
- toluene
/ \ OH Teﬁu—x")g or , I l /
0 CH3 0
23 24

s P

Compound (6) was also reported to be a product of the
pyrolysis of 4,5,6,7-tetrahydrobenzofuran (25) at 920 to

22

950°cC. Although there was no mention of any dimerization of

6, the authors reported that several different Diels-Alder
adducts - were obtained in yields ranging from 20 to 50%. The
inability of these workers to obtain NMR spectra for § and
lﬂ, when samples were warmed above -120°C, might be explained
by our observation that the solubility of § diminishes at
temperatures below -100°C and dimerization occurs rapidly.

The enhanced dimerization is probably caused by increased

local concentrations of 6.
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\

2
( | 920-950°C CH,
0 / + I
F.V.P. 0 CH CH2

25

s

LON

The exclusive formation of dimer § from § is readily
explained by a two-step mechanism involving a diradical
intermediate. There are three possible diradical inter=
mediates: gé, 27 and 28. Intermediates gé and 27 would lead
to the formation of dimer §, while gﬁ would lead to the head-
to-tail dimer (Eﬂ)° Simple resonance considerations suggest
that the radical center found in gé is more stable than that
found in gz. However, a stability difference of the two
radical centers in favor of either center means that one of
the symmetrical diradical intermediates (gé or gz) will be

more stable than the unsymmetrical intermediate (28), which

has one of each center.

O D a0
<§;]I/—_ﬁt}[:;> N CHo O / 07 ¢

CHy CH

26 27 28

foadd Anns
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The mechanism of the dimerigzations of 6 and 14 is

analogous to that proposed for the dimerization of

3f trimethylenecyclobutane,23 and

tetramethylenecyc1obutane.2”

ortho-xylylene,

The 1,4-elimination mode for the loss of benzoic acid in
the pyrolysis of 10 was rigorously established by stuinng

the pyrolysis products from 10-g2. The deuterium content of

6-d, and 8-d,, determined by

both 1NMR analysis and GLC analysis for 8-gu, rules out the

H NMR analysis for 6-g2 and by

possibility of a mechanism involving an initial a-elimination

of benzoic acid from 10-d,.

consisted of greater than 95% of species having four deuterium

The sample of [4+4] dimer Q-QM

atoms. The observation that only ca. 0.5% of the [4+4] dimer
had less than three deuterium atoms makes the a-elimination
mechanism presented in Scheme II at best a minor reaction

pathway.
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Scheme II

CDé——O——C——Ph
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EXPERTIMENTAL

Methods and Materials. The pyrolysis apparatus has
25 1

been previously described. H NMR spectra were recorded

on Varian A-60, HA-100 or Hitachi-Perkin Elmer R-20B spectrom-
13

eters. C NMR spectra were recorded on a Bruker HX-90 or a

JEOL FX~90Q spectrometer. Chemical shifts are reported in
parts per million (§) from TMS. Infrared spectra were
measured with a Beckman 4250 spectrophotometer. High
resolution mass spectra were measured with an Associated
Electronics Industries MS-902 instrument‘at 70 ev. Gas
chromatography/mass spectral data (GLC/MS) were recorded
using a Finnigan 4000 instrument with an INCOS 2300 data
system at 70 eV. GLC analyses were performed using a Hewlett
Packard HP 58U40A instrument with a 25 meter, methylsilicone-
coated capillary column. Melting points were determined with
a Thomas-Hoover apparatus and are uncorrected.

A 1.6 M solution of n-butyllithium in hexane,
chloroacetone, diisopropylamine, methyl acrylate and
4-methylcyclohexanone were obtained from Aldrich Chemical Co.
Lithium aluminum hydride and lithium aluminum deuteride were
obtained from Alpha Products. Benzoyl chloride, menthofuran,

methanesulfonyl chloride and triethylamine were obtained from
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Eastman Organic Chemicals. Ethyl acetoacetate and pyridine
were obtained from Fisher Scientific Co. A lecture bottle of
gaseous hydrogen chloride was obtained from Matheson Scien-
tific Co. A solution of aqueous chloroacetaldehyde was
obtained from Pfaltz and Bauer. 3-Methylfurfuryl alcoh0126
was prepared by the lithium aluminum hydride reduction of

methyl 3-methy1-2—furoate.27

3-Methylfurfuryl Benzoate (5). A solution of 20.10 g

of benzoyl chloride (143 mmol) in 50 mL of ether was added
over a 15 min period to a stirred solution containing 16.00 g
of 3-methylfurfuryl alcohol (143 mmol)26 and 11.29 g of
pyridine (143 mmol) in 100 mI, of ether. The mixture was then
stirred at room temperature for U h. After the addition of

75 mL of water, the layers were separated and the aqueous
portion was extracted twice with 25 mL of ether. The combined
ether layers were washed successively with 1 M hydrochloric
acid (3 x 50 mL), saturated sodium bicarbonate (2 x 50 mL) and
saturated sodium chloride (3 x 50 mL). After the grganic
layer was dried, the solvent was removed yieldlng the crude
product, which was purified by vacuum distillation yielding
29.01 g (134 mmol; 93%) of 5: bp 110°C (0.65 mm); IR (CClu)
1724, 1268, 1095 cm™ '3 'H NMR (CCL,) & 8.25-7.9 (m, 2H),
7.7-7.1 (m, 4H), 6.17 (4, J=2 Hz, 1H), 5.23 (s, 2H), 2.1 (s,
3H); high resolution mass spectrum, caled for Cl3H1203
216.0786, measured 216.0779.
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Ethyl 2-Methy1-3—furoate.21 A mixture of 125 ml of

pyridine and 65 g (0.5 mole) of ethyl acetoacetate (distilled
before use) was stirred at room temperature while 92 g (0.6
mole) of 50% aqueous chloroacetaldehyde was added over a 20 min
period. The red mixture was stirred at room temperature for
4 n., After standing overnight, the layers were separated and
the aqueous iayer was extracted with ether (4 x 25 mL). The
combined ether and organic layers were washed successively
with water (4 x 25 mL) and saturated sodium chloride (3 x 25
mL). After drying (MgSOu) and removal of the solvent, the
crude product (49 g; 0.32 mole; 6U4%) was purified by vacuum
distillation, yielding 40.1 g (0.26 mole; 52%) of a colorless

liquid: bp 69-71°C (12 mm) [1it.°L

bp 80-85°C (16 mm)]; IR
(thin film) 1730, 1618, 1530, 1310, 1242, 1195, 1105, 1045,
953, 900, 788, Tu2 em™L; 1H NMR (CD013)5 7.21 (d, J = 2 Hz,
1H), 6.63 (d, J = 2 2 Hz, 1H), 4.28 (q, J = 7 Hz, 2ﬁ), 2.56
(s, 3H), 1.33 (t, J = 7 Hz, 3H).

2-Methyl-3-furylmethyl Alcohol.21 To a stirred slurry of

6.24 g (0.164 mole) of lithium aluminum hydride (LiAlHu) in

60 mL of dry ether (LiAlHu) at 0°C was slowly added a solution
of 12.61 g (0.082 mole) of ethyl 2-methyl-3-furoate in 50 mL
of dry ether. After stirring the mixture for 5 h at room

temperature, a standard workup28 yielded 8.96 g (0.08 mole;
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97%) of 2-methyl-3-furylmethyl alcohol: IR (thin film) 3350,
1632, 1518, 1210, 1045, 1000, 938, 892, 730 cm™>; ‘H NMR
(CDC1,) 8 7.19 (d, J = 2 Hz, 1H), 6.32 (d, J = 2 Hz, 1H),
4.34 (m, 2H), 3.75 (m, 1H), 2.23 (s, 3H); high resolution

mass spectrum, caled for C6H802 112.05243, measured 112.05232.

2-Methyl-3-furylmethyl Benzoate (10). A solution of

benzoyl chloride (80.7 mmol) in 50 mL of ether (dried over
LiAlHu) was added dropwise to a stirred solution of
2-methyl-3-furylmethyl alcohol (80.0 mmol) and triethylamine
(96 mmol) in 100 mL of dry ether. After stirring the mixture
for 10 h at room temperature, 100 mL of water were added and
the products were isolated using the method described for

the preparation of 5. A vacuum distillation of the crude
product yielded 15.9 g (73.5 mmol; 92%) of 10: bp g88°c (0.01
mm); TR (thin film) 1720, 1625, 1600, 1515, 1270, 925 cm = ;
W NMR (CDC1,) & 8.2-7.9 (m, 2H), 7.7-7.3 (m, 3H), 7.25 (4,
J = 2 Hz, 1H), 6.41 (4, J = 2 Hz, 1H), 5.16 (s, 2H), 2.35
(s, 3H); high resolution mass spectrum calecd for Cl3H1203
?16.0786, measured 216.0783.

2—Methy1-3-furylmethyl-a,oc-d_2 Benzoate (1o—g2). To a

stirred slurry of 1.498 g (35.7 mmol) of lithium aluminum
deuteride in 10 mL of dry ether (LiAlHu) at 0°C was slowly

added a solution of 5.304 g (34.4 mmol) of ethyl
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2-methyl-3-furocate in 15 mL of dry ether. The mixture was
stirred at room temperature for 6 h and a standard workup28
gave 3.47 g (30.4 mmol; 88.4%) of 2-methyl-3-furylmethyl-a,o-d,
alcohol: IR (thin film) 3330 (br.), 2260-2050, 1635, 1520,
1415, 1228, 1075, 1025 em™t; H NMR (cDC1,) & 7.16 (d, J = 2
Hz, 1H), 6.28 (d, J = 2 Hz, 1H), 3.33 (s, 1H), 2.21 (s, 3H);
high resolution mass spectrum calcd for C6H6D202 114.06499,
measured 114.06521. Without further purification 3.41 g
(29.9 mmol) of the alcohol was converted to £g-g2 using the
procedure described for the synthesis of 59. The benzoate
was purified by column chromatography on silica gel (2% ether
in hexanes) followed by distillation, yielding 5.9 g (27 mmol;
90.4%) of 59_d2: IR (thin film) 2280-2100, 1720, 1605, 1520,
1175, 1025, 1010 em™T; TH NMR (cDC1l,) & 8.24-7.27 (m, SH),
7.21 (4, J = 2 Hz, 1H), 6.37 (4, J = 2 Hz, 1H), 2.35 (s, 3H);
3¢ nmMr (oDCl,) 8 166.53, 151.04, 140.58, 132.89, 130.34,
129.64, 128.34, 114.52, 111.65, 11.65; high resolution mass
spectrum, calcd for 013H10D2O3 218.09120, measured 218.09071.
Mass spectral analysis at 20 eV showed that the benzoate was
>95% ds.

Ethyl 2,M-Dimethyl-3-furoate.29 Dry hydrogen chloride

was bubbled into a mixture of ethyl acetoacetate (167.0 g;
1.283 mole) and chloroacetone (154.48 g; 1.67 mole) at 0°C

for 3.5 h to ensure that the solution was saturated. The
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solution was maintained at temperatures between -5 and 0°C for
48 h. The mixture was then poured over cracked ice ina 1 L
beaker and small portions of sodium carbonate were added until
the mixture was neutralized (total of 40 g). After the layers
were separated, the aqueous layer was extracted with ether

(4 x 50 mL). The combined ether and organic layers were washed
successively with saturated sodium carbonate (4 x 50 mL) and
saturated sodium chloride (4 x 50 mL). The ether solution at
0°C was treated with 600 mL (4.3 mole) of triethylamine. The
mixture was stirred at 0°C for 26 h and then warmed to room
temperature. After the addition of 200 mL of distilled water,
the layers were separated and the agueous layer was extracted
with ether (5 x 50 mL). The combined ether layers were washed
with 1 M hydrochloric acid until the washings were acidic (ca.
4 1,). 'The organic layer was then washed successively wilth
saturated sodium bicarbonate (5 x 100 mL) and saturated

sodium chloride (3 x 100 mL). After the organic layer was
dried (MgSOM), the solvent was removed yielding the crude
product. The crude product was purified by fractional
distillation, yielding 105.74 g (0.6287 mole; 49%) of ethyl

2 b-dimethyl-3-furoate: bp 49-55°C (1.2 mm) [1it.2°2
bp 52°C (0.8 mm)]; IR (CCl,) 1720, 1615, 1565, 1272,
1095, 1050, 937 em™ T
1H), 4.22 (q, J = 7 Hz, 2H), 2.47 (s, 3H), 2.08 (d, J = 1.5

; 'H NMR (CC1,) 6.94 (d, J = 1.5 Hz,

Hz, 3H), 1.32 (t, J = 7 Hz, 3H).



bo

2,4-Dimethyl-3-furylmethyl Benzoate (12). To a stirred

slurry of 6.3 g (166 mmol) of LiAlH), in 120 mL of dry ether
(LiAlHu) at 0°C was slowly added a solution of 28.10 g (167
mmol) of ethyl 2,4-dimethyl-3-furoate. The mixture was

stirred at room temperature for 5 h and a standard workup28
gave 19.7 g (156 mmol; 94%) of 2,4-dimethyl-3-furylmethyl

alcoho13%: IR (thin film) 3330 (br), 1635, 1565, 1275, 1115,

900 em~t; 1H NMR (CDC1,) 6 6.98 (m, 1H), 4.3 (s, 2H), 3.25
(s, 2H), 2.2 (s, 3H), 1.95 (4, J = 1.5 Hz, 3H). Without
further purification, the alcohol was converted to benzoate
£§ in 98% yield using the method previously described.
Purification by chromatography on silica gel (1% ether in
hexanes) followed by distillation yielded 32.5 g (141 mmol;
85% isolated yield from ethyl 2,4-dimethyl-3-furoate) of
pure 12: IR (thin film) 1715, 1598, 1575, 1450, 1265, 1170,
1020 em™1; 1H NMR (6DC1,) & 8.2-7.9 (m, 2H), 7.7-7.2 (m, 3H),
7.07 (m, 1H), 5.15 (s, 2H), 2.31 (s, 3H), 2.02 (4, J = 1.5 Hz,
3H); T3¢ NMR (CDC1,/CS,) & 166.2, 151.5, 137.3, 132.7, 130.6,
129.6, 128.3, 120.7, 115.3, 57.3, 11.8, 8.2; high resolution
mass spectrum calcd for ClMH1HO3 230.094298, measured
230.09448,

General Pyrolysis Procedure. The furnace was malintained

at temperatures ranging between 600 and 640°C. A sample of
the furylmethyl ester in a Pyrex boat was placed into the

sample chamber and the system was evacuated to ca. 10'“ Torr.
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The sample chamber was heated to ca. 70°C during the pyrolysis.
A condenser cooléd to ca. -20°C was inserted between the
furnace and the liquid-nitrogen-cooled trap to collect the
benzoic acid formed as a byproduct. During the pyrolyses,
carbon disulfide and in some cases a reagent was deposited

onto the trap through a side arm. Upon completion of the
reaction, nitrogen was introduced into the system and the trap
was warmed to -78°C. Carbon disulfide or a reagent solution

at -78°C was used to rinse the walls of the trap and then the
temperature was slowly raised to room temperature. The product

solution was dried (Na2003), filtered and concentrated.

Pyrolysis of 3-Methylfurfuryl Benzoate (5). A 2.0 g
(9.25 mmol) quantity of 3-methylfurfuryl benzoate (5) was

1y nMR

pyrolyzed at 630°C in the normal manner. A quantitative
analysis of the pyrolysate using a dibromoethane standard
showed the presence of 3-methyl-L4-methylenecyclobutenone (Z)
in 21% yield and dimer § in 24% yield. Thick layer chroma-
tography on silica gel plates (2000 u) using two elutions
with 20% ethyl acetate in hexanes afforded two major bands.

The upper band consisted of 0.313 g (1.67 mmol; 18%) of

4H,5H,9H,10H-cyclooctal[l,2-b:6,5~b']difuran (8): mp 49-52°C

21 1

(1it.“~ 54-55°C); IR (CHCl3) 1610, 1500, 1436, 1040, 895 cm
' NMR (CS,) 7.16 (4, J = 2 Hz, 2H), 6.06 (4, J = 2 Hz, 2H),

3.04 (s, 4H), 2.78 (s, U4H), high resolution mass spectrum
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caled for C,,Hq,0, 188.08373, measured 188.08359. The lower
band consisted of 3-methyl-lU-methylenecyclobutenone (Z)
(0.139 g; 1.48 mmol; 16%): IR (CS,) 1779 em '3 TH MR (CS,)
§ 6.86 (m, 1H), 5.02. (m, 1H), 4.70 (m, 1H), 2.34 (4, J = 1.5
Hz, 3H); +3C NMR (cpc1z) § 187.68, 186.18, 159.65, 149.70,
95.34, 13.98, GLC/MS (70 eV) m/e (% base peak) 96.00 (0.04),
95.00 (2.54), 94.00 (L42.38), 66.00 (85.28), 65.00 (55.38),
63.00 (12.95), 51.00 (39.44), 50 (27.27), 39.00 (100.00),
38.00 (23.11).

Pyrolysis of 2-Methyl-3-furylmethyl Benzoate (1Q). A 1.64

g quantity (7.6 mmol) of 10 was pyrolyzed at 630°C in the
normal manner. The pyrolysate was collected in carbon
disulfide, dried (Na2003), and concentrated. GLC andilH NMR
analyses of the crude product mixture indicated that dimer §
was the major product formed, along with benzoic acid. The
0oily product mixture was purified by sublimation at 0.15 mm
with a bath temperature between 90 and 115°C yielding 0.364 g
(1.93 mmol; 51%) of a white powder:
4H,5H,9H,10H-cyclooctal[l,2-b:6,5-b 'Jdifuran (8), mp 53-53.5°C

(1it.°21

1

3

54-55°C) 3 IR (CHC1;) 1615, 1510, 1440, 1045, 892 em™ L
H NMR (CDC1,) & 7.12 (d, J = 2 Hz, 2H), 6.05 (4, J = 2 Hz,

2H), 3.00 (s, 4H), 2.74 (s, UH); L3c NMR (cDC1,) § (coupling
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observed in gated decoupled spectrum), 149.85 (s), 139.72 (4,
J

199.6 Hz), 117.94 (s), 113.44 (d, J = 172.1 Hz), 25.79 (t,
J

126.3 Hz), 24.87 (t, J = 127.6 Hz); high resolution mass

spectrum caled for 012H12O2 188.08373, measured 188.08368.

2,3-Dimethylene-2,3-dihydrofuran (6). A 0.3837 g (1.77

mmol) quantity of 2-methyl-3-furylmethyl benzoate (59) was
pyrolyzed at 635°C in the normal manner. During the pyrolysis,
2 mL of 1:1 CSZ/CDCI3 was deposited onto the product trap.
After the reaction was finished, the trap was warmed to -78°C

and 2 mL of 1:1 CSQ/CDCI at -78°C was used to rinse the walls

3
of the trap. After transferring some of the product solution

1H and 130 NMR spectra were

1

to NMR tubes at -78°C, the

recorded, indicating the presence of 6: H NMR (1:1 CSZ/CD01

33
-60°C) § 6.68 (m, 1H), 5.73 (m, 1H), 5.17 (m, 1H), 4.90 (s,
1H), 4.75 (d, J = 1.1 Hz, 1H), 4.58 (m, 1H); 13¢ nmr (1:1

CSQ/CDCl -60°C), 8 157.62 (s), 148.30 (4, J = 199.6 Hz),

3>
139.63 (s), 107.61 (d, J = 177 Hz), 102.09 (t, J = 161.7 Hz),
85.08 (t, J = 162.4 Hz). Upon warming above -40°C, 6 dimerized,
forming §. Quantitative 1H NMR analysis using a dichloro-
ethane standard indicated that 98.5% of § was converted

to § upon warming the sample to room temperature. GLC ;
analysis indicated that the product mixture consisted of

93.8% of the [U4+4] dimer § and 4.98% of two [4+42] dimers

(3.2.:1 ratio; structure not determined).
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Pyrolysis of 2—Methy1-3-fury1methy1—u,u-g2 Benzoate

(10-@2). A 0.431 g (2.0 mmol) quantity of (10-gé) was
pyrolyzed in the normal manner. The pyrolysate was collected

in 4 mL of 1:2 CSQ/CD013 and NMR spectral data were recorded

1

at low temperature for 6-d,: “H NMR (1:2 CS,/CDCl,, -60°C) &

3,
6.73 (4, J = 1.5 Hz, 1H), 5.78 (m, 1H), 4.85 (d, J = 1.5 Hz,

1H), 4.65 (m, 1H); T3¢ NMR (1:2 CS,/CDCl.m -60°C) § 157.86,

3
148.55, 139.55, 107.75, 85.22. Upon warming to room

temperature 6-d, was converted to 8-d,: 1

H NMR (1:2 CSZ/CDCl3)
§ 7.05 (d, J = 2 Hz, 2H), 6.00 (d, J - 2 Hz, 2H), 3.00 (s, LH):
13¢ nMR (CDC1,) & 149.9 (s), 139.7 (4, J = 200 Hz), 117.7 (s),
113.4 (d, J = 172 Hz), 25.8 (t, J = 129.4 Hz); GLC/MS (12 eV)

§u=95-““%a g

=4.07%, 4,=0.49%, d,=0.002%.

3 2

Diels~Alder Reaction of § with Methyl Acrylate. A 0.2708

g (1.25 mmol) quantity of 10 was pyrolyzed at 620°C. A
solution of 10 mL of methyl acrylate in 10 mL of carbon
disulfide was deposited into the trap during the pyrolysis.
After the reaction was finished, the trap was warmed to -30°C
and stirred for 2 h. The product mixture was then warmed to
room témperature, dried (Na2003) and concentrated. Purifi--
cation with a molecular-distillation apparatus yielded 0.1670 g

(0.93 mmol, T4.14%) of the Diels-Alder adducts 9: IR (CHCl3),
1735, 1610, 1510, 1445, 1255, 1200, 1175, 1108, 860 cm™';

L]
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'H NMR (CS,) 7.09 (d, J = 2 Hz, 1H), 6.02 (d, J = 2 Hz, 1H),

3.59 (s, 3H), 2.92-1.55 (m, 7H); high resolution mass

spectrum caled for C H1203 180.078648, measured 180.078683.

10
Pyrolysis of 2,4-Dimethyl-3-furylmethyl Benzoate (12).

A 3.01 g quantity (13.1 mmol) of 12 was pyrolyzed at 620°C in
the normal manner. The pyrolysate was collected in 25 ml of
carbon disulfide, dried (Na2CO3) and concentrated, yielding a
clear, viscous liquid. Column chromatography on silica gel
(hexanes as eluant) gave 0.70 g (3.2 mmol; 49.6%) of
3,6-dimethyl-4H,5H,9H,10H-cycloocta [1,2-b:6,5-b']Jdifuran (l}):
IR (CHCl,) 1630, 1565, 1440, 1382, 1132, 1077, 860 em™t; M
NMR (CDC1;) & 7.02 (m, 2H), 3.07 (s, 4H), 2.73 (s, 4H), 1.92
(d, J = 1.54 Hz, 6H); T3¢ NMR (1:1 €S,/CDC1,) 150.06 (s),
136.57 (a, J = 198 Hz), 120.97 (s), 118.32 (s), 26.22 (t,

J = 127 Hz), 22.43 (t, J = 128 Hz), 8.18 (q, J = 127 Hz); high
resolution mass spectrum caled for C,,H, .0, 216.11503,
measured 216.11543.

4-Methyl-2,3-dimethylene-2,3-dihydrofuran (l4). A 0.41

g quantity (1.8 mmol) of 12 was pyrolyzed at 620°C and the

pyrolysate was isolated using the procedure previously

1

described for 6. The low temperature “H and 13¢ nMR spectra

1

indicated the presence of 14: H NMR (CS2, -60°C) & 6.61
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(m, 1H), 5.27 (m, 1H), 4.84 (m, 2H), 4.65 (m, 1H), 1.89

(d, J = 1.5 Hz, 3H); T3¢ NMR (1:1 CS,/CDCL,, -72°C) & 158.41,

3’
144,38, 141.99, 115.12, 99.95, 85.00, 7.86. Upon warming

above -30°C, 14 dimerizes to 13.

Diels-Alder Reaction of 14 with Methyl Acrylate. A 2.38

quantity (10.3 mmol) of 2,4-dimethyl-3-furylmethyl benzoate
(%E) was pyrolyzed at 640°C. The pyrolysate was collected in
40 ml of a 1:1 mixture of methyl acrylate in carbon disulfide
at -78°C. The product mixture was then slowly warmed to room
temperature, dried (Na2CO3) and concentrated. Chromatography
on silica gel (5% ether in hexanes) yielded 1.57 g (8.06 mmol;
78%) of the Diels-Alder adducts (£§ and 59) separated from
0.0414 g (0.19 mmol; 3.7%) of dimer 13. For 15 and 16: IR
(thin film) 1735, 1635, 1568, 1187, 1160, 1035, 895 cm T*; H
NMR (CS,) & 6.94 (m, 1H), 3.62 (s, 3H), 2.8-1.5 (m, 10H);
high resolution mass spectrum calcd for CllHlMO3 194.,094298,
measured 194.09435. |

Preparation of a Mixture of Menthofuran (1l7) and

Isomenthofuran (18). To a stirred slurry of LiAlH) (0.2 g;

5.3 mmol) in 10 ml of dry ether (LiAlHu) at 0°C, was added a
solution of 15 and 16 (1.00 g; 5.2 mmol) in 15 ml of dry ether.
After stirring the mixture for five h at room temperature, a

standard workup21 gave 0.79 g (4.8 mmol; 92%) of a mixture of
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the isomeric alcohols: IR (thin film) 3370 (br.), 1655,
1570, 1422, 1045, 870 em™t; lH NMR (CS,) § 6.82 (m, 1H), 3.92
(s, 1H), 3.40 (a4, J = 5.5 Hz, 2H), 2.55-1.0 (m, 10H). Without

further purification the isomeric alcohols were converted to

31

the corresponding mesylates using a standard procedure. For

the mesylates: IR (thin film) 1645, 1560, 1425, 1355, 1175,
885, 735 em~t; TH NMR (cDC13) & 7.1 (m, 1H), 4.2 (distorted
d, J=5.5 Hz, 2H), 3.04 (s, 3H), 2.9-1.0 (m, 10H). Due to
their instability, the mesylates were immediately reduced
without further purification. A solution of the mesyiates in
5 mL of dry THF (LiAlHu) was slowly added to a slurry of
LiAlHu (0.5 g; 13 mmol) in 10 mL of THF at 0°C. After
refluxing the mixture for 26 h, 50 mL of ether was added and
a standard workup28 was employed yielding 0.56 g (3.8 mmol)
of crude product. A short path distillation gave 0.25 g (1.7
mmol, 35%) of an inseparable mixture of menthofuran (17) and
isomenthofuran (Eg): bp 34-49°C (bath temp.) (0.05 mm); IR
(thin film) 1645, 1565, 1418, 1100, 1090, 1020, 900, 860,
710, 695 em™t; H NMR (CS,) § 6.8 (m, 1H), 3.0-0.8 (m, TH),
1.93 (d, J=1.5 Hz, 3H), 1.05 (distorted d, J=5.5 Hz, 3H);
high resolution mass spectrum caled for C,,H,,0 150.10447,
measured 150.10425, A 130 NMR analysis of the product mixture
indicated that the ratio of 17 to lg was 3.3 to 1 (average of

2 runs).
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Menthofuran (17) (3,6-Dimethyl-4,5,6,7-tetrahydro-

benzofuran). A commercial sample was purified by distillation
to give an analytical sample of 17: bp 26=27°C (0.1 mm);

IR (thin film) 1645, 1565, 1422, 1105, 1095, 1025, 905, 865,
695 em™'; H NMR (CS,) 6 6.83 (m, 1H), 3.0-0.8 (m, TH), 1.84
(d, J = 1.5 Hz, 2H), 1.0 (distorted 4, J - 5.5 Hz, 3H); 13¢ nMR

(1:1 €S,/CDC1;) § 150.3 (s), 136.8 (4, J

198 Hz), 119.2 (s),
117.1 (s), 31.5 (t, J = 127 Hz), 7.9 (q, J = 126.5 Hz); high
resolution mass spectrum caled for CqoHq40 150.10447, measured

150.10404,

2-Isopropylidene-4-methylecyclohexanone (;3).5 To a

stirred solution of diisopropylamine (8.13 g; 0.08 mole) in
60 mL dry tetrahydrofuran (THF) at 0°C was slowly added 52
mL of a 1.6 M solution of n-butyllithium in hexane (0.0832
mole). The mixture was stirred at 0°C for 50 min.
L-Methyleyclohexanone (9.02 g; 0.084 mole) was added dropwise
while the stirred reaction mixture was kept at temperatures
below 10°C. A sun lamp was directed at the pyrex flask and
10.01 g of 2-chloro-2-nitropropane was added very slowly.
After the ice bath was removed, the sun lamp was allowed to
shine on the flask for 3 h, forming a cloudy, amber solution.
Water (18 ml) was added and the mixture was stirred at room

temperature for 9 h. The organic material was codistilled
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with the water during a vacuum distillation (water aspirator).
The layers were separated and the aqueous layer was extracted
with ether (4 x 10 mL). The combined ether and organic layers
were washed successively with 15% potassium hydroxide (25 mlL),
1 M hydrochloric acid (4 x 20 mL), saturated sodium bi-
carbonate (3 x 25 mL), and saturated sodium chloride (2 x 25
mL). The organic layer was dried (MgSOu) and the solvent was
removed giving the crude product which was purified by
distillation, yielding 3.86 g (0.025 mole; 31.5%) of
2-isoprovylidene-U-methylcyclohexanone: bp Ti4-78°C (6 mm)

32

[1it. 70-71°C (1.2 mm)]l; IR (thin film) 3500 (broad), 1685,

1615, 1270, 1132, 1006 em 1; lu NMR (CDC1,) & 3.1-0.75 (m,
16H) including 8 1.02 (distorted 4, J = 5 Hz, 3H), 1.77

(s, 3H), 1.96 (s, 3H).

Preparation of Isomenthofuran (18),

(3,5—Dimethyl-1l,5,6,7-tetrahydrobenzof‘uran).33 To a stirred

mixture of 2.7 mL of concentrated sulfuric acid (48.6 mmol)

in 10 mL of acetic anhydride (159 mmol)'at -2°C was slowly
added 6.87 g (45.2 mmol) of 2-isopropylidene-lU-methylecyclo-~
hexanone (lg). Thé reddish-brown mixture was maintained at
-2°C for 26 h and then for 4 h at room temperature. After the
addition of 5 mL of distilled water, the crystals were
collected, washed with cold methanol and dried, yielding 3.46
g (16.2 mmol; 36%) of 2-(5'-methylecyclohexen-1'-yl)pro-

pen-1,2'-sultone (20): IR (CHC1;) 1658, 1580, 1370, 1152 em™ L,
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14 MR (CDC1,) & 6.25 (m, 1H), 2.8-0.8 (m, 13H). A 2.47 g

(11.5 mmol) quantity of 20 was pyrolyzed at 6lo°cC énd 10'“
Torr in the normal manner by heating the sample chamber between
70 and 120°C. The pyrolysate was dissolved in ether, dried
(Na2003), and concentrated. A short path distillation gave
1.31 g (8.7 mmol; 75%) of isomenthofuran (EE): IR (thin film)
1645, 1567, 1415, 1100, 1085, 898, 860, 707 em™T; 1 NMR (cs,)
§ 6.86 (m, 1H), 2.95-0.75 (m, 7H), 1.82 (4, J = 1.5 Hz, 3H),
1.02 (distorted d, J = 5.3 Hz, 3H); 13¢ nMR (1:1 CS2/CD013) 8
150.3 (s), 136.8 (4, J = 198 Hz), 119.3 (s), 117.5 (s), 31.3
(t, J = 127 Hz), 29.5 (d, J = 123 Hz), 28.9 (t, J = 133 Hz),
22.8 (¢, J = 127 Hz), 21.3 (q, J = 125 Hz), 7.9 (q,

J = 127 Hz); high resolution mass spectrum caled for ClOtho

150.10447, measured 150.10424,
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SECTION II. CHELATROPIC ADDITION OF SULFUR DIOXIDE TO
2,3-BIS(METHYLENE)-2,3-DIHYDRO-U4-METHYLFURAN
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INTRODUCTION

The high reactivity of 2,3-bis(methylene)-2,3-dihydro-
furan (}) as a diene suggested that the Diels-Alder reactions
of } would be a direct method for obtaining the furanocyclo-
hexane ring skeleton.l’2 Since a 1arge'number of sesquiter-
penes contain a furanocyclohexane unit with a methyl group
on the furan_ring,3 the Diels-Alder reactions of 2,3-bis-
(methylene)=~2,3-dihydro-4-methylfuran (g) were investigated.1
When a large excess of methyl acrylate was added to the
product trap during the pyrolysis of 2,4-dimethyl-3-furyl-
methyl benzoate (§), good ylelds of the Diels-Alder adducts
E and 5 were obtained (64-75%) along with small amounts of
[4+4] dimer 6 (2-9%) and substantial amounts of a white,
insoluble polymer.1 The ratio of ﬁ to ? was determined to
be 3.0 to 1 using 130 NMR techniques.

Only reactive dienophililes such as methyl acrylate,
acrolein and methyl vinyl ketone were observed to reéct
with g at temperatures low enough (-30°C) to minimize the
dimerization of g.l In order to improve the reactions of g
wlth dienophiles, a method of generating low concentrations
of g at temperatures higher than -30°C in the presence of

the dienophlle was desired. One approach toward solving this

problem lnvolves the use of a reversible addition of sulfur
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CH2—O—C—Ph
i 640°C R
/ \ 10-4 T . /
0 orr 0
3 2
r/COOCH3
|
COOMe
7] . O e | N
0 0 0 0
COQMe
y 5 6

dioxide to 2. Triene 2 would be converted to sulfone 7 by
adding a large excess of sulfur diloxide to a solution of 2
at -78°C. Compound 2 would later be regenerated in low

concentration by heating a solution of sulfone 7.
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Many examples of thermal additions of sulfur dioxide
to 1,3-dienes have been repor-ted.u'9 The reverse reaction,
involving the preparation of 1,3-dienes bj the elimination
of sulfur dioxide from 2,5—dihydrothiophene-1,1-dioxideé,

has also been studied in detail;8-20
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RESULTS

A solution of 2,3-bis(methylene)2,3-dihydro-4-methyl-
furan g was prepared by pyrolyzing 2,4-dimethyl-~3-furylmethyl
benzoate (3) at 640°C and 10'” Torr. The benzoic acid
formed as a byproduct was collected onto a condenser at ca.
-30°C which was inserted between the furnace and the
liguid-nitrogen-cooled trap. The volatile products, which
were deposited into the liquid—nitroéen—cooled trap, were
dissolved in 30 mL of methylene chloride at -78°C. A large
excess of sulfur dioxide was condensed into the product trap
and the temperature was gradually warmed to 10°C over a 24 h
veriod. Removal of the excess sulfur dioxide and the solvent

yielded a 66% yield (average of five runs) of the sulfone 7

as a labile, yellowish-brown solid.

CH2—O—F-Ph

3

~

[ZAS]
F )

The structure of sulfone 7 was indicated by its
spectral oroperties. The lH NMR spectrum of 7 included a

one-hydrogen multiplet at 8§ 7.25 for the furan ring hydrogen,

two-hydrogen multiplets at § 4.22 and 4.14 for the methylene
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hydrogens and a three-hydrogen doublet (J = 1.5 Hz) for the
methyl group. The chemical shifts observed for the methylene
hydrogens of Z correlated well with the chemical shifts
obsefved for the methylene hydrogens of.the benzene analog

8 (8 4.37)8 and the methylene hydrogens of the bis(sulfone)

9 (8 4.53).13 The IR spectrum of 7 included sharp, intense

1 for the asymmetric and symmetric

Co- S o8

10

A

signals at 1322 and 1111 cm™

2 0o
[4\e]

strétching frequencies characteristic of a sulfone. The
observed IR signals correlated well with the corresponding
signals reported for butadiene sulfone (%9) at 1310 and 1130
cm_l, respectively.21

Although the reaction of sulfur dioxide with
2,3-bis(methylene)~2,3-dihydro-4-methylfuran (%) could in
principle form elther one or both of the sulfinate esters
11 or 12, in addition to the 1solated sulfone T, there was
no IR or 1H NMR'spectral evidence indicating the presence of

11 or 12 in the prdduct mixture. The 1H NMR spectrum of the

anee
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11 12 13

benzene analog 13 of l} and lg included an AB pattern at
§ 3.51 and 4.37 (J = 15 Hz) for the methylene group attached
to the sulfur and an AB pattern at 6 4.91 and 5.27 (J = 14 Hz)
for the methylene group attached to the oxygen. The IR
spectrum of 13 included a signal at 1105 em ' ($=0).°

The utility of sulfone Z as a precursor to 2,3-bis-
(methylene)-2,3-dihydro-4-methylfuran (g) was tested by
heating solutions of Z in the presence of an excess of methyl
acrylate (%ﬂ). When a tetrahydrofuran (THF) solution of Z
which also contained 2.6 equivalents of 13 was heated at
i1ts reflux temperature for 2.5 h, the only major products
isolated were the Diels-Alder adducts 4 and 5. All of the
starting sulfone Z reacted under these conditions. Ex-
periments varying the amount of methyl ac¢rylate present in
the reaction mixtures showed that in tetrahydrofuran, the

vresence of 2.5 equivalents of methyl acrylate was necessary

to preclude formation of the [U4+U4] dimer 6. Under these
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< COOMe -
2 " s
/O\ + ' reflux 0

2.5 h M

COOMe

COOMe

N

reaction conditions, a 62.7% yield of the Diels-Alder
- adducts ﬂ and 5 was obtained. The ratio of ﬂ to 5 was
determined to be 3.3 to 1 using the 13C NMR method nreviously
reported.1

The use of dienophiles which show greater reactivity
toward dienes than that shown by methyl acrylate was
investigated in order to determine if the furan ring of
either the starting sulfone Z or the inltially formed
Diels-Alder adduct would act as a diene in a Diels-Alder
reaction. When a THF solution of sulfone Z containing 3.1
equivalents of dimethyl acetylenedicarboxylate (%5) was
heated at its reflux temperature for 9 h, the only product

isolated was bis(adduct) (16). There was no 1H NMR
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COOMe
l COOMe
C
THF
[ U reflux @‘
. f Me00C COOMe
cooMe 2 P COOMe
15 16 (72.4%)

evidence indicating that a Diels-Alder reactlon between Z‘
and lé had taken place before the extrusion of sulfur dioxide
from Z. However, this observation does not rule out the
possibllity that an equilibrium takes place between sulfone

Z and adduct lz under the reaction conditions. This
equilibrium would result in the conversion of %Z to

diadduct 16 via the intermediacy of 7, 2 and 18.

15 '
e =2 °,

0 MeOOC
Z ' COOMe
17
%
15 / COOMe
CO0OMe

18

Anm
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DISCUSSION

The reaction of sulfur dioxide with 1,3-butadiene can
in principle form either 2,5-dihydrothiophene-1l,1-dioxide
(lg) or 3,6-dihydro-1,2-oxathiin-2-oxide (%2)- Both the
formation of 10 from butadiene and the reverse reaction

have been studied in detail.u’22

Z 0
O = =z

In recent years, several reactions involving the

formation of cyclic sulfinate esters from 1,3-dienes have

5,8

been reported. The faclle reverse reaction has also been

5,8

documented. The reaction of ortho-xylylene (20) with
sulfur dioxide at temperatures ranging from -20 to 20°C
resulted in the formation of a mixture containing a 9:1
ratio of sulfinate 13 to sulfone §.8 The sulfinate 13 was

reported to be stable for several days at room temperature.8’9

20 13

Ay

v

[ee)
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The exclusive formation of sulfone 7 from the reaction
of 2,3-bis(methylene)-2,3-dihydro-4-methylfuran (2) with
sulfur dioxide can be explalned by a concerted mechanlsm
involving a chelatrépic addition of sulfur dioxilde to g.
Although the chelatropic addition of sulfur dioxide to g
may be favored over the Diels-Alder reaction of sulfur
dioxide with g, the failure to detect the sulfinate esters
%} and lg i1s possibly due to the instabillty Of'li and lg

under the reaction conditions.

K ==

N
P



65

The use of sulfone Z as an alternative precursor to
g is limited due to the extremely facile dimerization of g
that occurs in solution under the conditions necessary to
generate 2 from Z. For example, when a TﬁF solution of 2
and ten equivalents of cyclohex-2-enone (g&) was heated to
its reflux temperature for 12 h, the [4+4] dimer (§) was
the major product (ca. 50%) while the desired Diels-Alder
adducts were formed in less than 10% yield. The high
reactivity of g toward dimerization makes the intermolecular

Diels-Alder reactions of 2 of limited use as a means of

obtaining the furanocyclohexane ring skeleton.
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EXPERIMENTAL

Methods and Materials. The voyrolysis apparatus has
23 1

been previously described. H NMR spectra were recorded
using Varian A-60, EM-360 or HA-100 spectrometers. 130 NMR
spectra were recorded using a JEOL FX-90Q spectrometer.
Chemical shifts are reported in parts per million (§) from
tetramethylsilane (TMS). Infrared spectra were measured
using a Beckman 4250 spectrophotometer. High resolution
mass spectra were measured with an Associated Electronics
Industries MS-902 instrument at 70 eV.

A sample of 2,M—dimethy1—3—fury1methy1 benzoate (§) was
prepared using the method previously described.:L Sulfur

dioxide was obtailned from the Matheson Co.

3-Methyl-U4H,6H-thieno[3,4~b]furan-5,5~-dioxide (7).

A 2.2234 g (0.0097 mole) sample of 2,4-dimethyl-3-furylmethyl
benzoate (3) was pyrolyzed at 640°C and lO"Ll Torr using the
general method which was previously described.l During the
pyrolysis, 15 mL of dichloromethane at -68°C was deposited
into the liquid-nitrogen-cooled trap. A condenser cooled

to ca. -20°C was inserted between the furance and the
liquid-nitrogen-cooled trap to collect the benzoic acid

formed as a byproduct. After all of the starting material
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had distilled out of the sample compartment, the apparatus
was shut down under nitrogen. The trap was warmed to -78°C
and then 15 mL of dichloromethane at -78°C were used to
rinse the materials on the walls of the trap to the bottom.
A large excess of sulfur dloxide was condensed into the trap
(ca. 75 mL) and then the temperature was slowly warmed to
10°C over a 24 h period. The dark brown solution was washed
with saturated sodiﬁm bicarbonate (2 x 50 mL) and saturated
sodium chloride (2 x 25 mL). The organic layer was dried
(MgSOu), filtered and concentrated yielding 1.3394 g
(0.00078 mole; 80.5%) of a labile, yellowish-brown solid T:
IR (CHC1;) 1620, 1550, 1322, 1111, 1010, 988, 638 em™t;

1y NMR (CDCl,) § 7.25 (m, 1H), 4.22 (m, 2H), 4.1 (m, 2H),
1.98 (d, J = 1.5 Hz, 3H), high resolution mass spectrum
caled for C7H803S 172.01942, measured 172.01944,

Solution Pyrolysls of Sulfone 7 in the Presence of

Methyl Acrylate (14). A mixture consistihg of 0.1179 g

(0.685 mmole) of 2, 0.1020 g (1.19 mﬁole) of methyl acrylate
(1), 0.3647 g (3.44 mmole) of sodium carbonate and 1 ml of
THF was heated at its reflux temperature for 2.5 h. After
the mixture was cooled to room temperature and flltered,

the solvent was removed yleldlng the crude product.
Quantitative 1H NMR analysils using 1,1,2,2-tetrachloroethane
as an internal standard indicated that a 62.7% yield of the

Diels-Alder adducts 2 and 5 was obtained. Analysils of the

-~
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130 NMR spectrum obtained for the product mixture, using the
method previously described,1 indicated that the ratio of

4 to 5 was 3.3 to 1. The ‘H NMR, 3C NMR and IR spectra

~

~

obtained for the mixtures of 4 and 5 were identical with the
spectra previously reported for these compounds.1

Solution Pyrolysls of Sulfone 7 in the Presence of

Dimethyl Acetylenedicarboxylate (;5). A mlxture consisting

of 0.1152 g (0.669 mmole) of sulfone (Z), 0.2023 g (1.42
mmole) of dimethyl acetylenedicarboxylate (%?), 0.22L46 g
(2.12 mmole) of sodium carbonate and 1 mL of THF wés heated
at 1ts reflux temperature for 11 h. The mixture was then
cooled to room temperature and filtered. Reﬁoval of the
solvent and excess dimethyl acetylenedicarboxylate in a
vacuum yielded 0.19 g (0.484 mmole; 72.4%) of diadduct EE:
IR (CHCl;) 1710 em™ 3 'H NMR (CDC13) § 5.33 (m, 1H), 4.03-
- 3.66 (m, 12H), 3.6 (broad m, 2H), 3.25 (broad m, 2H), 1.9
(m, 3H). Attempts to further purify %é by thick layer
chromatography resulted in decomposition of the product

mixture.
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SECTION ITII. FLASH VACUUM PYROLYSIS OF METHYL-SUBSTITUTED
FURFURYL ESTERS
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INTRODUCTION N

Several years ago it was reported that furfuryl benzoate
(}a), on pyrolysis at 640°C, gives methylenecyclobutenone (ga)
in 40% yield along with benzoic acid and some minor products.l
This transformation provided a synthesis of the parent
structure of a series of compounds that is ndt readily avail-
able.2 Methylenecyclobutenone (la) was one of the misSing

3 and is a potentially useful

cyclobutadiene derivatives
synthetic intermediate since it has a highly functionalized,

cyclobutane ring.

f _6ko°C =
o _Ph T§ >
Q%RW 10™" Torr O/1/——\\

?-—R
- PhCOOH R
1 a, R=H 2 (Loz)
b, R=D

In order to determine the scope of the reaction and to
achieve a better understanding of its mechanism, the pyrolysis
of a series of substituted furfuryl esters was unde::*taken.s_7
A mechanism for the converslon of }a to ga was proposed on the
basis of a deuterium-labeling experiment, }b to gb, and a
study of the products formed from the pyrolysis of

5-methylfurfuryl benzoate (3) at 640°C.°
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640°c =
/ \ i ' cﬁlc—j}?
H_C /Q)\CH —o-8-ph  107% Torr ® 07~~CH
3 2 2 2
3 - PhCOOH 4
43%

The pyrolysis of a-phenylfurfuryl acetate (5) formed
products arising both from direct o elimination of acetic
acid from § and from o elimination following one or more [3,3]
sigmatropic shifts of the acetate group around the furan
ring.6 The pyrolysis at several temperatures of a series of
methyl-substituted, furylmethyl esters was investigated in
order to further test the proposed migration mechanism and to
provide a synthesis of the dimethylenedihydrofurans.7’8
These reactive trienes are the furan analogs of the ortho- and
para-quinodimethanes, an actively investigated group of re-

9

active intermediates.
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RESULTS

3-Methylfurfuryl benzoate (§)7 was prepared by reducing
methyl 3-methyl-2-furocate (Z)lo with lithium aluminum hydride
and then esterifying the resulting 3-methylfurfuryl alcohol
(8)™ with benzoyl chloride in the presence of triethylamine.
Compound § was pyrolyzed using the method previously repor’ced7
at temperatures ranging from 450 to 750°C. The major products
formed were 3-methyl-Ud-methylene-2-cyclobutenone (g) and the
(4447 dimer 10 and (4+2] dimers l1la and 11b of
2,3—dimethy1ene-2,3—dihydrbfuran (13).7 There were also trace
amounts of several minor products including one isomer of
3-methylpent-2-en-l-ynal (l§)' These products were accompanied
by the formation of benzoic acid and a substantial amount of
a white'polymer. The product mixtures were readily separated
using gas chromatography (GLC) or by thick layer chromato-
graphy. Products lla, 1}b and lé were found to decompose

readily in air or upon exposure to the TLC conditions.
CH

CH3 p 3 ‘/
(\—j 50°C — (\
L) i 10~F Torr ({/ N i | lO\
07 ™ CH,-0-C-Ph ‘ N\og 2
& 9 (18%) 10 (41%)
CH
+  [4+2] +  H-g-cu= 3
Dimers g C%b
“H
lla + 11p 13 (0.4%)

3,59
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The structure of compound 9 was indicated by 1ts spectral

1

properties. The “H NMR spectrum included a doublet for the

methyl group at 6 2.3 (J = 1.5 Hz), multiplets for the
methylene hydrogens at § 4.7 and 5.0 and a multiplet for the
ring olefinic hydrogen at § 6.8. The 13C NMR spectrum
consisted of 6 peaks with appropriate chemical shifts. The

1

IR spectrum showed an intense absorption at 1779 cm ~ which

agrees very well with the carbonyl absorption reported for
2 (1783 cm_l).l
The structure of dimer 10 was also determined by ifts

spectral properties. The 1

H NMR spectrum exhibited four-
proton singlets at § 2.76 and 3.03 and two-proton doublets at
§ 6.0 (J = 2 Hz) and 6 7.09 (J = 2 Hz). The 3¢ NMR spectrum
showed six signals, as required by the symmetry of 10, with

appropriate chemical shifts.

The complete structures of the [U4+2] dimers lla and 11lb
were not determined due to the low yields of %}a and %}b
(0.6-3.6%) and their instability. There are six possible
Diels Alder dimers of 2,3-dimethylene-2,3-dihydrofuran (13).
Each of the three double bonds in lg can act as a dienophile
and form two regioisomers. A GLC analysis indicated that only
two [4+42] dimers were formed. The gas chromatography/mass
spectral analysis (GLC/MS) indicated that the fragmentation
patterns obtained for %}a and i}b were essentially super-

imposable with each other and with the fragmentation pattern
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obtained for the [4+4] dimer 10. Although the GLC/MS data
does not rule out the possibility that the structure of
either lla or 11lb is the head-to-tail, [U+4] dimer, the

1y ang 13c NMR peaks corresponding to the head-to-

absence of
tail dimer makes it unlikely. The yields of 1lla and 11b
were determined by GLC. At 650°C, there was a 2:1 ratio of

lla to 11b formed in 3.5% yield.

head-to-tail

[4+4] dimer

2,3-Dimethy1ene;2,3-dihydrofuran (12) was shown to be
the primary pyrolysis product, which dimerizes to %9, }la and
%}b upon warming, by obtaining a GLC/MS analysis of a sample
of the pyrolysate from § kept at temperatures below -70°C. The
major component of this sample showed a parent ion corre-
sponding to the molecular formula C6H6O. The GLC trace also
indicated smaller~peaks corresponding to g and lé and a minor
peak corresponding to [4+4] dimer %9; When the sample was

warmed to room temperature, the major component of the low

temperature run had disappeared and the peak corresponding to
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[4+4] dimer 10 had become the major component. Peaks
corresponding to the [U4+2] dimers lla and E}b were also
observed in the chromatogram of the sample at room temperature.
In Figure 1, the gas chromatograms of the pyrolysis products
of § recorded at -70 and 25°C are presented. There was no
evidence for products resulting from a reaction between g and
lg in either the GLC or the spectral analyses of the pyrolysis
products from §. The product ylelds from the pyrolysis of §
at various temperatures between 450 and 750°C were determined

by a combination of 1

H NMR and GLC analyses and are présented
in Table T.

5-Methylfurfuryl benzoate (%)5 was prepared by reducing
5-methylfurfural with lithium aluminum hydride and then
esterifying the resulting 5-methylfurfuryl alcohol (%ﬁ)ll
with benzoyl chloride in the presence of triethylamine.
Compound 3 was pyrolyzed using the method previously reported7
at temperatures ranging from U450 to 850°C. The only major
product formed from a pyrolysis at 550°C was the expected
2,5-dimethylene-2,5-dihydrofuran (4)° (74% absolute yield);
while at 850°C, the major products formed were
4-methylenecyclopent-2-enone (15) (21%) and phenol (5%).

These products were accompanied by the formation of benzene,



Figure 1.

Gas chromatograms of the pyrolysis product

mixtures formed frpm 3-methylfurfuryl benzoate
(§) recorded for a sample keot at temperatures
below -70°C (top) and after warming the sample

to room temperature (bottom)

(A) 2,3-dimethylene-2,3-dihydrofuran (12)
(B) 3-methyl-l-methylene-2-cyclobutenone (9)
(C) [4+42] dimers 1lla and 11b

(D) [U4+L4] dimer 10
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Table I.

Products and yields formed from pyrolyses of 3-methylfurfuryl benzoate

(§) at temperatures between 450 and 750°C

Pyrolysis Recovered Ratio of 9 to
Products and Yields, % Starting a ~
Temp.,°C Material, % (10 + 1la + 11b)
3M-MCB? 2P [4+2]° [u+4]2
Dimers Dimers
9 1la + 11b 10 6
450 1.7 0.6 7.4 84,7 0.21
550 18.1 3.6 uo.2 7.3 0.42
750 5.3 1.5 15.1 ———— 0.32

8Yyields were determined by 1H NMR spectroscopy using 1l,2-dichloroethane as an
internal standard.

b3M—IVICB = 3-methyl-ld-methylene-2-cyclobutenone.

®Yields were determined by GLC_analysis and are absolute yields based on the

absolute yield of 10 determined by 14 NMR.
and 11b are assumed to be equivalent.

The FID response factors for 10, 1la,

08
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trace amounts (<1%) of hex-3-en-5-yn-2-one (}E), benzoic
acid and substantial amounts of white, polymeric material.
In addition to the major products, several unidentified
products were formed at the higher pyrolysis temperatures
(750 to 850°C). The product mixtures were easily separated

using GLC techniques.

ﬂ\ i 650°C &
H.C ‘0 CH2—O—C—Ph g E.H C 0 CH

3 10 Torr o 2
3 b (77.2%)
OH
; Oj@ ;
CH2
lé
0.8% 0.2%

The structure of 4 was indicated by its spectral prop-

erties., The 1

H NMR spectrum included two-proton doublets at
§ 4,22 (J = 1.5 Hz) and 4.52 (J = 1.5 Hz) and a two-proton
singlet at § 6.42. The 130 NMR spectrum consisted of three
peaks, as required by the symmetry of ﬂ, with appropriate

chemical shifts. A GLC/MS analysis indicated that 4 has

the molecular formula C6H60.
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The structure of lé was also indicated by its spectral
properties. The 1H NMR spectrum included a multiplet at
§ 2.95 for the ring methylene group, multiplets at ¢ 5.28 and
5.39 for the exocyclic methylene group and doublets of
multiplets at 6 6.28 (J = 6 Hz) and 8 7.7 (J = 6 Hz) for the
ring olefinic hydrogens. These chemical shifts are consistent
with those observed for 2-cyclopentenone [§ 7.8 (m, 1H), 6.25
(m, 1H), 2.72 (m, 2H), 2.35 (m, 2H)]*? and for
_cyclopentene-1,3-dione [§ (1:1 CS2/CD013) 7.25 (s, 2H),
2.83 (s, 2H)]. The 13C NMR spectrum included peaks at
8§ 207.8 for the carbonyl carbon, at § 160.2 and 135.1 for the
ring olefinic carbons, at § 143.8 for the ring carbon attached
to the exocyclic methylene group, at § 114.7 for the exocyclic
methylene carbon and at 6§ 41.62 for the ring methylene carbon.
These chemical shifts agree with those observed for
Y-cyclopentene-1,3-dione [§ (1:1 CS2/CDCI3) 200.2, 150.0,
41.21 and for 2-cyclopentenone (8§ 208.1, 164.2, 132.9 for
carbons 1,3 and 2 respectively).13 The IR spectrum of l?
1

showed a strong absorption at 1705 cm™ This carbonyl band

is consistent with that reported for U-cyclopenten-1,3-dione

-1).14

(1710 cm The GLC/MS data were also consistent with a

molecular formula C6H6O.
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The presence of trace amounts (<1%) of one isomer of
hex-3-en-5-yn-2-one (%é) in the product mixture was determined
by GLC/MS analysls. Prominent pcaks in the fragmentation
pattern included m/e 94 for the parent ion, m/e 79 for loss
of a methyl group and m/e 51 for loss of an acetyl group.

Product yields from the pyrolysis of § at various
temperatures are presented in Table 1II. The maximum yield
of 2,5-dimethylene-2,5-dihydrofuran (2) was obtained at a
pyrolysis temperature of 650°C.

3,5-Dimethylfurfuryl benzoate (%Z) was prepared by
reducing methyl 3,5-dimethyl-2-furoate (lg)ll with lithium
aluminum hydride and then esterifying the resulting
3,5=dimethylfurfuryl alcohol (lg)ll with benzoyl chloride in
the presence of triethylamine. Compound (lz) was pyrolyzed
at temperatures ranging from 400 to 700°C. During the
pyrolyses a 1l:1 mixture of carbon disulfide in deutero-
chloroform was codeposited into the liquid-nitrogen trap with
the pyrolysate. After a known amount of dichloroethane was
added as an internal standard, the trap contents were liquified

1H and 130 NMR spectra were

by warming the trap to -78°C.
recorded for the pyrolysates at temperaﬁures below -60°C.
The samples were then warmed to room temperature and 1H NMR
spectra were recorded. In each experiment, the product

mixtures kept below -60°C consisted of 3-methyl-2,5-di-

methylene-2,5-dihydrofuran (20) and



Table II. Products and yields formed from pyrolyses of 5-methylfurfuryl benzoate
(3) at temperatures from 450 to 850°C

Pyrolysis Recovered
Products and Yields, % Starting
Temp.,°C Material, %
0 OH
HyC =™ o/ ~~CH, A
CH
2
b 15
450 45.1 —_—— -—— 53.9
550 T74.4 -—— —-—- <2
650 7.2 0.8 0.2 —_———
750 hy 8 12.7 2.9 —-——-
850 _—— 21.3 5.1 ——

8yields were determined by lH NMR spectroscopy using 1l,2-dichloroethane as an

internal standard.

inelds Were determined by GLC analysis and were calculated using the absolute
yield of 4 determined by 1H NMR analysis.

8
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5-methyl-2,3-dimethylene-2,3-dihydrofuran (21). When the
samples were warmed to room temperature, the product mix-
tures consisted mainly of 20 and 22, the head to head [U+14]

dimer of 21. There was also evidence for minor amounts of

two [4+2] dimers of 21.

o ot H,,
MB g f/g //g
Il ' ~ 0
H,6”N 07 ™ CH,-0-C-Ph HyC 7207 =CH,  Hi6 CHy
17 20 21
71% 22%
\/
o, \
I SRR @23
H,C N 07 e, 0
20 22
f5% 139

The structure of 20 was 1lndicated by spectral prop-

1
erties obtalned for a mixture of %9 and g}. The “H NMR

spectrum showed a three-proton doublet at § 1.95 (J = 1.0 Hz)

for the methyl group, two-proton multiplets at & U4.14 and L. .44
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for the exocyclic, methylene hydrogens and a multiplet at
§ 6.18 for the ring, olefinic hydrogen. The 130 NMR spectrum
consisted of seven peaks with appropriate chemical shifts.
The structure of 3} was also indicated by spectral
1

properties obtained for a mixture of 20 and 21. The ~H NMR

spectrum showed a three-proton singlet at § 2.01 for the
methyl group, multiplets at & 4.55 (1H), 4.75 (2H) and 5.05
(1H) for the exocyclic methylene hydrogens, and a broad sing-
let at § 5.44 for the ring olefinic hydrogen. These chemical
shifts agree well with those reported for 2,3-di-
methylene-2,3-dihydrofuran (%g) and U-methyl-2,3-di-
methylene-2,3~-dihydrofuran (3§)'7 The production of 3} in
the absence of 39 was achieved by an independent route which
is described below.

The structure of 32 was also indicated by its spectral
properties. The 1H NMR spectrum showed a six-proton singlet
at 8§ 2.17 for the methyl groups, four-proton singlets at §
2.73 and 3.02 for the ring methylene hydrogens and a two-
proton multiplet at 6 5.67 for the furan, ring hydrogens. The
130 NMR spectrum consisted of 7 peaks, as required by the
symmetry of gg, with appropriate chemical shifts.

In Figure 2, the 1H NMR spectra of the pyrolysis products
of iz recorded at -60 and 35°C are presented. Product yields

from runs at various temperatures are displayed in Table IIT.



Figure 2. 1H NMR spectra of the pyrolysis products formed
from 3,5-dimethyl-2-furfuryl benzoate (17)

recorded at -60°C (top) and at 35°C (bottom) in

1:1 CSQ/CDCI3

Top: A 3.2:1 mixture of 3-methyl-2,5-di-
methylene-2,5-dihydrofuran (39) and
5-methy1;2,3-dimethy1ene-2,3-dihydrofuran
(21)

Bottom: A 3.7:1 mixture of 20 and [4+4] dimer 22
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Table III. Products and yields formed from pyrolyses of 3,5-dimethylfurfuryl
benzoate (17) at temperatures from 400 to 700°C

Pyrolysis ‘Products and Yields Products and Yields Recovered Ratio of
Determined at Temps. Determined at Room Starting
Temp.,°C Below -60°C, %2 Temperature, %2 Material, %a 20 to 21
2P 21¢ 2P 224 17

400 74.3 11.9 69.0 5.5 4.8 6.3
450 75.4 17.9 72.1 10.3 — h,2
500 ---F ---F 66.5 11.1 _— _—
600 70.6 22.1 64.7 17.7 -— 3.2
700 4i.2 12.5 46.8 11.2 - 3.3

1

8yjelds were determined by “H NMR spectroscopy using 1l,2-dichloroethane as an

internal standard.

b20 = 3-methyl-2,5-dimethylene-2,5-dihydrofuran.
€21 = 5-methyl-2,3-dimethylene-2,3-dihydrofuran.
dos = [444] dimer.

eValue not determined.

68
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A maximum yield of 20 was obtained at a pyrolysis temperature

s

of 450°C, while maximum yields of %} and gg were obtained for
a run at 600°C. In each experiment, there was no firm evidence
for a reaction between 39 and 2} when the samples were warmed
from -78°C to room temperature. The amounts of 39 and g&
which were lost during the warming process formed a white
polymer in the NMR tubes.

A consideration of the mechanism proposed for the conver-
sion of } to g suggested that the pyrolysis of 2,5-di-
methyl-3-furylmethyl benzoate (gﬂ) would produce g} in the
absence of 39. Compound (gﬂ) was prepared by the lithium
aluminum hydride reduction of ethyl 2,5-dimethyl-3-furocate
(32)15 followed by esterification of the resulting
2,5-dimethyl-3-furylmethyl alcohol (26)™% with benzoyl
chloride in the presence of triethylamine. Compound gﬂ was
pyrolyzed at temperatures ranging from 550 to 620°C. No
starting ester was recovered at temperatures above 580°C. At
each pyrolysis temperature, the only product detected in the
samples kept at temperatures below -60°C was 5-methyl-2,3-di-
methylene-2,3-dihydrofuran (§})~ When the samples were warmed
to room temperature, 2} dimerized to a mixture consisting

mainly of [4+4] dimer 22 along with minor amounts of two

[4+2] dimers 27a and 27b.
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0
I
/[_Xng-o-c-Ph CH,
B ne
> H + 24
H,e” o CHy 107" popr  H3CT YO 2 ~
-PhCOOH 21 (72%) 3%
o <=
Y
[4+2] 7~
Dimers + H C——</ l ‘ ) H
3 0 0 3
27a + 27b 22
g 67%
1

In Figure 3, the "H NMR spectra of the pyrolysis products
of 24, recorded at -60 and 35°C are presented. An interesting
feature of the spectra is the absence of peaks corresponding

to 5-methylfuranocyclobutene (3§)- The resonance energy of the
furan ring in 3} is apparently insufficient to compensate for
the strain energy of the four-membered ring. Thus, it appears
that the triene %} is more stable than §§. This spectral
observation is consistent with that observed for 2,3-di-

methylene-2,3-dihydrofuran (12) and for 4-methyl-2,3-di-

methylene-2,3-dihydrofuran (23).7
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1:1 CS,
CH
/ 2 CDCl,
CH, o CH, -60°C
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Figure 3. lH NMR spectra of the pyrolysis products formed

from 2,5-dimethyl-3~furylmethyl benzoate (24)
recorded at -60°C (top) and at room temperature

(bottom).
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DISCUSSION

A migration mechanism was previocusly proposed for the
conversion of furfuryl benzoate (la) to methylenecyclobutenone
(ga).5 A mechanism which accounts for the formation of the
pyrolysils products from 3-methylfurfuryl benzoate (é) is
presented in Scheme I, The production of £§ can be explained
by a direct o elimination of benzoic acid from § to form
3-methylfurfurylidine (22) followed by ring opening to form
Eg. This rearrangement is analogous to the production of
cis- and trans-2-penten-4-ynal (30) from furfurylidine (31)
generated by the pyrolysis of sodium furfuryl tosylhydrazone
(32).1

H-C-CH=CH-C=C~H <
I @};‘7
0 0 :

30 31

~nrv s



Scheme I
0
H CH, | CH
/ \ o, B /\/—X%‘C‘Ph [3,3] H[—i3
1 ~— 0
0~ \CH,-0-C-
p—0-C-Ph 0 en, Ph-0-0/ >0 CH,,
6 33 56
§~elim.
o~elim. B—elim. a-elim
J
(&CH | ¢ i%
/\ . e~
o7 ¢: o7 oty Go>or,
H
29
<2 12 51
\i/ l \l/
CH CH
H—ICI)-CH=Ci 3 — 3
C [4+2]
0 S%\\ 4 | | N+ Dimers
H 0 7R
0 CH,
13 10 lla + 11b 9

Structure 12 may be formed either directly from § by an
§ elimination of benzoic acid or by a two-step mechanism
involving a [3,3] sigmatropic shift of the benzoate group to
form §§, followed by B elimination of benzoic acid. This 1,4
elimination reaction has literature precedent in the pyrolysis

17

of allylic and benzylicl8 esters containing § hydrogens. For
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example, in the pyrolysis of compounds %ﬂ and ié, the authors
concluded that the formation of §§ from iﬁ, under conditions
where 35 is stable, is indicative of a direct § elimination of
acetic acid from 3&.180 However, an alternative explanation

is that }2 is converted to §§ by a two-step mechanism involving
a [3,3] sigmatropic shift of the acetate group followed by

B elimination of acetic acid. In 35, the two-step mechanism is
unfavorable because the intermediate ester formed by a [3,3]
shift has no hydrogens on the B carbon which will be cis to

the acetate group.

c1
OAc  C1 //L\\
~
359 °C
= OO0
: Cl1  OAc
34 36

~anr, ~~

("Good Yield")

259

Neat No Reaction

35
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The pyrolysis of either c¢is- or trans-2,5-diacetoxy-2,5-di-

hydrofuran (37) forms 2-acetoxyfuran (38), although in dif-

17f

ferent yields. Compound 38 may be formed from trans 37

480-500°C
AcO‘/Q\' OAc > [_\>\

10 mm
0 OAc

—CH3COOH

37 38

A anrs

cis or trans
by either a 6 elimination of acetic acid or by a two-step
mechanism involving a [3,3] sigmatropic shift of the acetate
group followed by B elimination. The conversion of cis §Z to
§§ may involve an initial isomerigzation of cis §Z to trans §Z.
An alternative route consists of a two-step mechanism
involving a [3,3] shift of the acetate group followed by an
unfavorable trans elimination of acetic acid. In either cis
or trans 37, an initial homolytic cleavage of one of the

acetate groups could also lead to 38. None of the isomerized

37— AT\ <> AcO —> 38
o~ ') H 0 e~
H

ester formed by a [3,3] sigmatropic shift of the acetate group

in 37 was isolated. In the pyrolysis of several allylic
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systems, the initially formed [3,3] shift products have been
isolated.17a’l7e’19 For example, in the pyrolysis of
cis-1,4-diacetoxy-2-butene (52) at 495°C, a 20% yield of
1,2-diacetoxy-3-butene (39) was isolated in addition to
unreacted, starting material (22) (24%) and l-acetoxy-1,3-bu-

tadiene (41) (26%).17a

AcO

— u o
/ \—one T, tTow 33 v /] Ncuoae

39 249 41 (26%)

~ny

+ 4¢“\T/’\0Ac

OAc
4o (20%)

In the pyrolysis of l-cyano-l-methylallyl acetate (42),

a 52% yleld of 3-cyano-3-methylallyl acetate (43) was obtained

in addition to 2-cyano-1,3-butadiene (44).192

CH o CH
3 _U475°C AcO
4¢t>x<j N, flow N~y s
NC OAc d

CN CN

42 43 4y

~nr Ay anrs

52% 27.6%
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The dimerization of 2,3-dimethylene-2,3-dihydrofuran (12)
to form predominately the [4+4] dimer 10 has been reported.7’8a
The mechanism proposed for the conversion of 12 to 10 involves

the initial formation of diradical 45 followed by closure to

give 10.7 This type of dimerization reaction has literature

-_—
%;::L}
Q
ja o N

\ 4

10

precedent in the reactions of trimethylenecyclobutane (ﬁ6)20,
tetramethylenecyclobutane (147)21 and ortho-xylylene (118).9f
Dimer 49 was the only dimer isolated from 46°° and its

formation occurs presumedly via diradical intermediate 50.
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H,C CH CH
QL2 . HZC\\| | /2
N
CH .
2 50
46 l
CH
H,C 2
ZRENY |
|
49

LV VY

The formation of 3-methyl-U-methylene-2-cyclobutenone
(g) from § can be explained by a multistep mechanism
involving two [3,3] sigmatropic shifts of the benzoate group
around the furan ring, followed by an a elimination of
benzoic acid to form carbene i}. Structure El then undergoes
a ring contraction to form g. The conversion of carbene

intermediate 51 to 9 has literature precedent in the

conversion of benzoyloxylactones 52 and 53 to diones 54 and
22

s ~m~ s

55 respectively.

1%
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v H 0
560°C S AN /
0 0.01 mm N
~ \\O
0 f
53 55
33%

An alternative mechanism for the formation of 9 involves
a concerted elimination of benzoic acid from 56 with concurrent,

ring opening to form 3-methyl-2-allenylketene (57), which then

undergoes ring closure to form 9.5'7
H CH CH
W \. /3 __/3
H [ — 2270 —>
C C
i 0N 0” NcH /7N
Ph-C- CH2 2 0 CH2
56 57 9

The isomerization of allylic esters via [3,3] sigmatropic

shifts has been well—-documented.t *1? The formation of

compound g during the pyrolysis of 6 is remarkable in that
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an o elimination of benzoic acid occurs in a system containing
a site where B elimination can occur. oa-Elimination reactions
have occasionally been observed in the pyrolysis of esters
which can not undergo a B-elimination reaction.1’5’6’22
Substantial amounts of product g were formed during each of
the pyrolysis experiments documented in Table I. As the
pyrolysis temperature is increased from 450 to 650°C, the
ratio of o elimination from the 5 position to B elimination
from the 3 position increases. This variation of the elim-
ination ratio with increasing pyrolysis temperature reflects
either a change in the relative amounts of intermediates §§
and §§ or a difference in the rates of their respective
elimination reactions as the temperature is increased. There
have been examples reported of pyrolysis reactions of allylic
esters in which B elimination occurs at a rate faster than the

174,17e,23

rate of allylic isomerizatilon, but this is not a

consistently observed phenomenon.19’2u
In Scheme II, a set of mechanistic pathways which account
for the formation of the pyrolysis products from 5-methyl-
furfuryl benzoate (3) is presented. The formation of trace
amounts (<1%) of hex-3-en-5-yn-2-one (%é) can be explained by
an o elimination of benzoic acid forming 5-methylfurfurylidine
(§§), followed by ring opening to form either Eéa or }éb.
The formation of %éa and Eéb from a sample of §§ generated by

an independent route has been reported.l6
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Scheme IT .
i
[\ 0 (3,31 0-C-Ph
i == /
H,C 0 CH,-0-C H,C 0 CH.

H,C-C-~CH=CH-C=C-H
37 ,
cis or trans )
16a 16b ~
hy — H2c:(—\:::CH2 R O_:<—\,: CH,
- O' [ ]
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+

1+13c/[o‘.\>\n/)"ﬁ‘TS 300°¢ ﬂ Mo

?“2 l/
H3C—§—CH=CH—CEC—H < @{'}
H,c~ ~o<= " C*

cis + trans 58

n—C

léa %Eb
86 : 14 (43%)

The production of 2,5-dimethylene-2,5-dihydrofuran (E)
can be explained by a multistep mechanism involving two [3,3]
sigmatropic shifts of the benzoate group followed by B
elimination of benzoic acid. Compound ﬂ is the only product
formed other than benzolic acid at pyrolysis temperatures
between 450 and 550°C. At the higher pyrolysis temperatures,
the initial product 5 is converted to a mixture consisting
mainly of Ud-methylene-2-cyclopentenone (i?) and phenol. The
conversion of H to 5? has literature precedent in the

pyrolysis of protoanemonin (60).25
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//[—1 s Q v H-05C-CHy
0
0 CH,, 0 0 25y
60 60% +  H,C=C=CH,
10%

Further support for the migration mechanism was obtained
from a study of the pyrolysis products of 3,5-dimethylfurfuryl
benzoate (lz). A set of pathways which éccount for these
products is presented in Scheme III. Structure %} is formed
from Ez either by a direct § elimination of bengzoic acid or
by a two-step mechanism involving a [3,3] sigmatropic shift
of the benzoate group followed by B elimination of benzoic
acid. Product 32 can be explained by a multistep mechanism
involving two [3,3] sigmatropic shifts of the benzoate group
followed by B elimination of bengzoic acid. The ratio of 39
to 3} decreased as the pyrolysls temperature was increased
from 400 to 600°C. At temperatures above 600°C, the ratio
leveled off to a value of approximately 3.2. The variation of
the elimination ratio at the lower pyrolysis temperatures
indicates either a change in the relative amounts of inter-
mediates §} and §§ or a difference in the rates of their

respective B eliminations of benzoic acid as the temperature

is increased.
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Scheme III
CH 0 CH
[3,3] > o8 (3,3 3
LR ROF L 0~C-Ph 2 H.¢ =
17 ~<—— / -~ 3
0
H3C o] CH2 Ph—g—o 0 CH2
61 62
§-elim. l{B-elim. B-elim. l
CH
CH2 ‘ 3
S ./QTTE;;
HSC 0 CH2 H2C 0 CH2
21 20

~r ~nr

i

[L+4] + [4+2]

Dimer Dimers
22 27a + 27b

An interesting feature of Tables I, II and III is the
difference in the percent conversion for the benzoates §, §,
and iz for a given pyrolysis temperature. Complete conversion
of 17 is observed at 450°C while 46% of 3 and 15% of § are
converted under comparable conditions. A general trend
observed in ester pyrolysilis is that the more acidic the acid
produced or the more stable the carbonium ion that would

result from alkyl-oxygen cleavage, the faster the
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reaction.23’26’27 In the pyrolyses of 3, 6 and 17, the

methyl groups serve as electron-donating groups that stabiligze
the carbonium ions resulting from alkyl-oxygen cleavage in the
ester intermediates.

A set of mechanistic pathways which account for the
formation of the pyrolysis products from %ﬂ are presented in
Scheme IV. Compound %} is produced from %ﬂ by either a
direct § elimination of benzoic acid or by a two-step
mechanism involving a [3,3] sigmatropic shift of the benzoate
group, followed by B elimination of benzoic acid. The
dimerization of 21 forms predominately the [4+l4] dimer 22,
along with minor amounts of two [4+2] dimers 27a and 27b.

The dimerization products are analogous to those obtained
from the dimerization of 2,3-dimethylene-2,3-dihydrofuran

(12).
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Scheme IV
CH =0~ (=Ph CH,
HaC” ™ HaC 7 ™0
3 3 3 0-C-Ph
B-elim.

CH

2
H3C 0 CH2
g;
[4+2]
. +
Dimers
27a + 27b
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EXPERIMENTAL

Methods and Materials. The pyrolysis apparatus has

been previously described.28 lH NMR spectra were recorded on

Varian A-60, EM360, HA-100 or Hitachi~Perkin Elmer R-20B
spectrometers. 130 NMR spectra were recorded on a JEOL FX-90Q
spectrometer. Chemical shifts are recorded in parts per
million (§) from tetramethylsilane (TMS). Infrared spectra
were measured with a Beckman 4250 spectrophotometer. High
resolution mass spectra were measured with an Associated
Electronics Industries MS-902 instrument at 70 eV. Gas
chromatography/mass spectral data (GLC/MS) were recorded
using a Finnigan 4000 instrument at 70 eV with an INCOS 2300
data system. GLC analyses were performed using a Hewlett
Packard HP 5840 A instrument with a 25 meter, methyl-
silicone-coated, capillary column. Melting points were
determined with a Thomas-Hoover apparatus and are uncorrected.
Elemental analyses were carried out by Spang Microanalytical
Laboratory, Ann Arbor, Michigan.

Acetylacetaldehyde dimethyl acetal, methyl chloroacetate
and 5-methylfurfural were obtained from Aldrich Chemical
Company. Benzoyl chloride was obtalned from Eastman Organic
Chemicals. Ethylene glycol and 2,4-pentanedione were obtained

from Fisher Scientific Company.
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Methyl 3-Methy1—2—furoaté (7). Compound 7 was prepared

following the procedure of Burness10 from 132 g (1.0 mole) of
acetylacetaldehyde dimethylacetal, 174 g (1.6 mole) of methyl
chlorocacetate, and 86 g (1.6 mole) of sodium methoxide

in 800 mL of dry ether (LiAlHu) at -5°C. After workup, the
crude methyl 5,5-dimethoxy-3-methyl-2,3-epoxypentanoate was
heated in a simple distillation apparatus until methanol
ceased to distil from the reaction mixture at 160°C. The
product was then purified by vacuum distillation yielding

10

78.5 g (0.56 mole; 56%) of 7: mp 33-36°C (1it.”" mp 34.5-

36.5°C); bp 68-72°C (8 mm); IR (CHCL,) 1715, 1600, 1485,

1400, 1292, 1122, 1095, 882, 645 cm™t; !

H NMR (CDCl3)
§ 7.54 (4, J = 1.5 Hz, 1H), 6.42 (a, J = 1.5 Hz, 1H), 3.89
(s, 3H), 2.33 (s, 3H); high resolution mass spectrum, calcd

for C7H8O3

3-Methylfurfuryl Alcohol (8). To a stirred slurry of

140.04735, measured 140.04740,

12.2 g (0.317 mole) of lithium aluminum hydride (LiAlHu) in
150 mL dry ether (LiAlHu) at 0°C was slowly added a solution
of 21.12 g (0.151 mole) of methyl 3-methyl-2-furoate (Z)

in 125 mL dry ether. The mixture was stirred for 1 h at room
temperature and then a standard workup29 gave 16.0 g (0.143
mole; 94.5%) of 8: IR (thin film) 3330, 1500, 1145, 1095,

985, 875 em™ T lu NMR (cDC1y) 8 7.2 (d, J = 1.5 Hz, 1H),
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6.13 (&, J = 1.5 Hz, 1H), 4.46 (distorted 4, J = 5 Hz, 2H),
2.74 (distorted t, J = 5 Hz, 1H), 2.01 (s, 3H); high
resolution mass spectrum, caled for C6H8O2 112.05243,
measured 112.05236.

3-Methylfurfuryl Benzoate (6). A solution of 5.43 g

(0.039 mole) of benzoyl chloride in 20 mL of dry ether (LiAlHu)
was added over a 15 min period to a stilirred solution con-
taining 3.73 g (0.033 mole) of § and 4.94 ¢ (Q.OM9 mole) of
triethylamine in 40 mL dry ether. The mixture was stirred

at room temperature for 11 h. After the addition of 15 mL of
5% sodium carbonate, the layers were separated and the aqueous
layer was extracted four times with 15 mL of ether. The
combined ether layers were washed successively with 1 M
hydrochloric acid (3 x 15 mL), saturated sodium bicarbonate

(4 x 25 mL) and saturated sodium chloride (2 x 25 mL).

After the organic layer was dried (Na2003), the solvent was
removed giving the crude product (7.3 g; quantitative yield)
which was purified by vacuum distillation yielding 6.20 g
(0.029 mole; 86%) of 6: bp 110°C (0.65 mm); IR (thin f£ilm)
1722, 1602, 1583, 1504, 1410, 1265, 1097, 1024, 740 cm™t;
14w (CDC1,) & 8.22-7.75 (m, 2H), 7.68-7.14 (m, 4H), 6.19
(d, J = 2 Hz, 1H), 5.28 (s, 2H), 2.13 (s, 3H); high resolution

mass spectrum, calcd for 013H1203 216.07865, measured

216.07803.
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5~-Methylfurfuryl Alcohol (;M).ll To a stirred slurry

of 2.83 g (0.075 mole) of LiAlHu in 100 mL of dry ether
(LiAlHM) at 0°C was slowly added a solution of 16.00 g
(0.145 mole) of S5-methylfurfural in 100 mL dry ether. The
mixture was stirred at room temperature for 3 h. A standard

29

workup“”’ gave 15.78 g (0.14 mole; 97%) of 35: IR (thin film)
3350, 1572, 1225, 1065, 1010, 790, 748 cm™T; TH NMR (cpe1y)

§ 6.17 (d, J = 2.5 Hz, 1H), 5.92 (m, 1H), 4.51 (s, 2H),

2.96 (broad s, 1H), 2.28 (s, 3H); high resolution mass
spectrum, caled for C.HgO, 112.05243, measured 112.05248.

5-Methylfurfuryl Benzoate (3). A solution of 21.54 g

(0.153 mole) of benzoyl chloride in 75 mL of dry ether
(LiAlHu) was added dropwise over a 20 minute period to a
stirred mixture of 15.78 g (0.141 mole) of %ﬂ and 21.63 g
(0.214 mole) of triethylamine in 150 mL of dry ether. After
stirring the mixture at room temperature for 11 h, 200 mL of
5% sodium carbonate was added and the layers were separated.
The aqueous layer was extracted with ether (3 x 50 mL). The
combined ether layers were washed successively with 1 M
hydrochloric acid (4 x 50 mL), saturated sodium bicarbonate
(3 x 50 mL) and saturated sodium chloride (3 x 50 mL). After

the organic layer was dried (MgSOu), the solvent was

removed glving the crude product. The crude product
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(30.93 g; quantitative yield) was purified by vacuum dis-
tillation to yieid 29.75 g (0.138 mole; 98%) of 3: bp 97-
104°C (0.005 mm); IR (thin film) 1732, 1615, 1595, 1572, 1500,
1275, 1110, 1035, 798 cm™T; 'H NMR (CDCL,) & 8.28-7.9 (m, 2H),
7.72-7.18 (m, 3H), 6.36 (d, J = 3 Hz, 1H), 5.95 (m, 1H),
5.25 (s, 2H), 2.2T7 (s, 3H); high resolution mass spectrum,
caled for Cl3H12O3 216.07865, measured 216.07824,

Methyl 3,5-Dimethyl-2-furocate (;§). A mixture consisting

of 241 g (2.41 mole) of 2,4-pentanedione, 149 g (2.40 mole)
of ethylene glycol and 2.5 g (0.013 mole) of p-toluenesulfonic
acid in 750 mL of benzene was refluxed (bath temperature
110°C) in an apparatus equipped with a Dean and Stark trap
for removal of water generated during the reaction. During
an 8 h period, 36 mL of water was collected. The solution
was cooled, shaken with 5 g of sodium carbonate and then
washed successively with saturated potassium bicarbonate

(2 x 125 mL) and saturated sodium chloride (2 x 125 mL).
The combined agueous layers were extracted with ether

(5 x 100 mL). The combined ether and benzene layers were
dried (MgSOu) and the solvents were removed using a rotary
evaporater. Distillation of the dark product mixture

gave 119.1 g (0.826 mole; 34.3%) of 2,4-pentanedione

11

monoethylene ketal: bp 90-91°C (20 mm) [1it. 31% yield;
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bp 49-52°C (3 mm)]; *

H NMR (CCly) & 3.9 (s, 4H), 2.6 (s, 2H),
2.1 (s, 3H), 1.3 (s, 3H). Without further purification, a
solution of 119.1 g (0.826 mole) of the ketal andllu3.2 g
(1.32 mole) of methyl chloroacetate in 800 mlL of ether waé
added dropwise to a stirred suspension of 31.7 g (1.32 mole)
of sodium hydride [63.4 g of a 50% dispersion in mineral oil
which was washed with pentane (4 x 150 mL)] in 500 mL of

ether at 0°C. The mixture was stirred at 0°C for 2 h and
then at room temperature for 4 h., After sitting overnight at
room temperature, the mixture was again cooled to 0°C and
made acidic by the addition of a solution of 10 mL of glacial
acetic acid in 150 mL of water. The layers were separated by
decanting off the ether layer and the aqueous slurry was
extracted with ether (3 x 100 mL). The combined ether layers
were washed with 50 mL of a saturated sodium chloride solution
to which was added 1 g portions of sodium bicarbonate until
the washings were no longer acidic. The ether solution was
then washed with saturated sodium chloride (4 x 100 mL), dried
(Mgso“) and concentrated. The residue was refluxed in 1 N
sulfuric acid (1 L) for 4 h.30 After cooling the aqueous
acid solution, it was extracted with ether (6 x 100 mL), made
basic by the slow addition of small portions of sodium

carbonate and extracted again with ether (3 x 100 mL). The
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combined ether layers were washed successively with distilled
water (2 x 100 mL), saturated sodium bicarbonate (4 x 75 mL)
and saturated sodium chloride (3 x 75 mL); Aftér the organic
layer was dried (MgSOu), the solvent was removed giving the
crude product which was purified by distillation to give

34.0 g (0.221 mole; 27%) of £§: bp 103-105°C (15 mm) [111:.11
bp 100-110°C (12 mm)]; IR (thin film) 1720, 1615, 1545, 1402,
1302, 1195, 1165, 1100, 810, 765, 730 em™*; ‘H NMR (cDC1,) 8
5.95 (s, 1H), 3.81 (s, 3H), 2.25 (s, 6H); “H NMR (benzene) &
5.53 (s, 1H), 3.50 (s, 3H), 2.24 (s, 3H), 1.85 (s, 3H),

13¢ NMR (CDCl3) § 159.92, 155.53, 138.80, 132.78, 111.92,
51.25, 13.76, 11.54; high resolution mass spectrum, calcd for
C8H1003 154.06299, measured 154.06248.

3,5-Dimethylfurfuryl Alcohol (19).7! To a stirred

slurry of 4.45 g (0.1173 mole) of LiAlHu in 200 mL of dry
ether (LiAlHu) at 0°C was added dropwise a solution of 17.94 g
(0.116 mole) of Eg in 100 mL of dry ether. The mixture was
stirred at room temperature for 4 h and a standard workup29
gave 13.51 g (0.107 mole; 92%) of %2: IR (thin film) 3360,
1645, 1580, 1400, 1275, 1155, 1115, 995, 915, 795 em™*; 'H NMR
(CDCl3) § 5.78 (s, 1H), b4.46 (s, 2H), 2.53 (broad s, 1H),

2.21 (s, 3H), 1.97 (s, 3H).
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3,5-Dimethylfurfuryl Benzoate (17). A solution of

11.77 g (0.084 mole) of benzoyl chloride in 15 mL of dry ether
(LiAlHu) was added dropwise to a stirred solution of 9.55 g
(0.076 mole) of l§ and 11.39 g (0.113 mole) of triethylamine
in 150 mL of dry ether. After stirring the mixture overnight
at room temperature, 25 mL of distilled water was added and
the mixture was stirred for 3 h. The layers were separated
and the aqueous layer was extracted with ether (2 x 10 mL).
The combined ether layers were washed successively with
distilled water (3 x 25 mL), 1.5 M hydrochloric acid (3 x

25 mL), saturafed sodium bicarbonate (3 x 25 mL) and saturated
sodium chloride (2 x 25 mL). After the organic layer was
dried (MgSOu), the solvent was removed giving the crude
product (15.72 g3 0.068 mole; 90%) which was purified by
vacuum distillation yielding 15.18 g (0.066 mole; 87%) of %z:
bp 95-101°C (0.005 mm); IR (thin film) 1720, 1600, 1490, 1400,
1265, 1175, 1095, 1020, 920, 795, 710 em™5 "H NMR (CDC1,) 6
8.3-8.0 (m, 2H), 7.7-7.2 (m, 3H), 5.84 (broad s with fine
splitting, 1H), 5.23 (s, 2H), 2.19 (s, 3H), 2.03 (s, 3H):

13¢ wmR (cDC1,) & 166.48, 152.18, 143.35, 132.90, 130.29,
129.75, 128.29, 121.51, 109.38, 57.85, 13.54, 9.91; high
resolution mass spectrum, calecd for CluH1MO3 230.09430,
measured 230.09366. An analytical sample was purified by
sublimation at an oil bath temperature of 52°C (0.5 mm) to

yield a white powder: mp 56-57°C.
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Anal. Calecd. for ClquuO3: ¢, 73.03; H, 6.13. Found:
C, 73.11; H, 6.11.

Ethyl 2,5-Dimethyl-3-furoate (27). Sodium metal (11.5 g;

0.5 mole) was slowly added in small pieces, with stirring,

to 250 mL of absolute ethanol. After all of the sodium metal
was dissolved, the excess ethanol was removed, leaving a
white, solid sample of sodium ethoxide. A stirred mixture
consisting of the sodium ethoxide, 200 mL of diethyl carbonate
and 65.0 g (0.50 mole) of ethyl acetoacetate was heated to
100°C until all of the sodium ethoxide dissolved forming

a clear, yellow liquid. After removal of the solvent, the
yvellow, crude product was washed with diisopropyl ether

(10 X 100 mL) yielding the sodium salt of ethyl acetoacetate. ™
Chloroacetone (50.0 g; 0.55 mole) was added dropwise to a
stirred solucion of the salt and 2.0 g (0.013 mole) of sodium
iodide in 200 mL of reagent-grade acetone. The tan mixture
was refluxed for 2 h and then stirred at room temperature

for 2.5 n. After removal of the acetone by simple distil-
lation, 200 mL of water was added and the layers were
separated. The aqueous layer was extracted with ether (6 x

75 mL). The combined ether layers were washed with saturated
sodium chloride (3 x 50 mL) and dried (MgSOu). After removal

of the solvent, 83.9 g (0.45 mole; 90%) of crude ethyl
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2-acetonylacetoacetate was isolated. Upon distillation at
100-105°C (12 mm), the crude product eliminated a molecule of
water to form gﬁ, which was further purified by a second
distillation yielding 24.1 g (0.143 mole; 31.8%) of 25:

bp 85-88°C (12 mm) [1it.1° bp 100-105°C (12 mm)]; IR (thin
film) 1715, 1625, 1595, 1405, 1285, 1210, 1085, 1010, 930,

780, em™t

. 1H NMR (cDC15) & 6.26 (broad s, 1H), 4.3 (g,

J = THz, 2H), 2.5 (s, 3H), 2.2 (s, 3H), 1.3 (t, J = THz, 3H);
high resolution mass spectrum, caled for C9H1203 168.07865,
measured 168.07801.

2,5=-Dimethyl-3-furylmethyl Benzoate (24). To a stirred

slurry of 2.43 g (0.064 mole) of LiAlHy in 100 mL of dry.ether
(LiAlHu) at 0°C was slowly added a solution of 10.8 g (0.064
mole) of gg in 100 mL dry ether. After the mixture was
stirred for 4 h at room temperature, a standard workup29
gave 7.57 g (0.060 mole; 94%) of 2,5-dimethyl-3-furylmethyl
alcohol (26): IR (thin film) 3330, 1635, 1525, 1275,

1025 em™'; 1H NMR (CDC15) § 5.91 (broad s, 1H), 4.32 (s, 2H),
3.15 (s, 1H), 2.19 (s, 6H). Without further purification,
compound gé was converted to benzoate gﬂ. A solution of

9.3 g (0.066 mole) of benzoyl chloride in 75 mL of dry ether

was added dropwise to a stirred solution of 7.57 g (0.060

mole) of 26 and 9.1 g (0.090 mole) of triethylamine in 100 mL
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dry ether. After stirrihg the mixture overnight at room
temperature, 25 mlL of distilled water was added and the
mixture was stirred for 2 h. The layers were separated and
the agueous layer was extracted with ether (5 x 10 mL).

The combined ether layers were washed successively with

1 M hydrochloric acid (3 x 30 mL), saturated sodium bi-
carbonate (3 x 25 mL) and saturated sodium chloride (2 x

25 mL). After the organic layer was driéd (MgSOu), the
solvent was removed yielding the crude product which was
purified by column chromatography on silica gel (1% ether
in hexanes) followed by distillation, yielding 12.1 g
(0.053 mole; 88%) of 24: bp 1l2°C (0.8 mm); IR (thin

film) 1725, 1645, 1590, 1495, 1400, 1275, 1175, 1155, 1105,
1030, 880 cm™t; 1H NMR (cDC1y) 6§ 8.2-7.8 (m, 2H), 7.7-7.2
(m, 3H), 5.98 (s, 1H), 5.12 (s, 2H), 2.34 (s, 3H), 2.25 (s,
3H); L3¢ NMR (epc1y) & 166.3, 149.9, 148.8, 132.6, 130.5,
129.5, 128.1, 115.2, 107.3, 58.6, 13.1, 11.3; high resolution
mass spectrum, calcd for ClMH1MO3 230.09430, measured
230.09434,

General Pyrolysis Procedure. The pyrolyses were run at

furnace temperatures from 400 to 800°C. A sample of the
furylmethyl ester in a Pyrex boat was placed into the sample
h

compartment and the apparatus was evacuated to ca. 10 ' Torr.

The sample chamber was heated to ca. 75°C. A condenser cooled



120

to ca. -20°C was inserted between the furnace and the liquid-
nitrogen-cooled trap to collect the unreacted starting
material and the benzoic acid formed as a biproduct. During
the pyrolysis, 2 mL of a 1:1 mixture of carbon disulfide (CS2)
and deuterochloroform (CDClg) was deposited onto the trap
through a side arm. After all of the starting material was
gone from the sample compartment, nitrogen was introduced

into the system and a known amount of dichloroethane standard
was added. The trap was then warmed to -78°C and a 1:1
mixture of CS, and CDCl3 (2 mL) was used to rinse the material
on the insert to the bottom of the trap. The product
solution was mixed by rinsing the walls of the trap with the
solution ca. ten times using a cold pipette (082 at -78°C).
Most of the product solution was placed into four 5 mm, NMR
tubes at -78°C and NMR spectral data was recorded at temper-
atures below -60°C for each tube. The tubes were then warmed
to room temperature and NMR spectra were recorded. The
remainder of the product solution was used for GLC analysis.

Pyrolysis of 3-Methylfurfuryl Benzoate (Ql.7 Pyrolyses

were carried out with ca. 0.31 g of 6 at 450, 550, 650, and
750°C using the general procedure. After the product
solution was placed into the NMR tubes at -78°C, the tubes
were slowly warmed to room temperature and NMR spectra were

recorded. The yields of recovered starting material 6, as
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well as products g and %2’ were determined by quantitative 1H
NMR analysis using known amounts of dichloroethane as an
internal standard. Yields of the minor products E}a, %}b and
Eé were determined by GLC analysis using a 25 m, methyl-
silicone-coated, capillary column (column temperature 50°C
for 10 minutes followed by temperature programming at a rate
of 5°C per minute until a temperature of 150°C was reached).
Yields of the pyrolysis products from § are presented in
Table I. The products were identified from the following
data.

3-Methyl-4-methylene-2-cyclobutenone (9): IR (1:1

CS,/CDCL5) 1780 em™ 3 1H NMR (1:1 0S,/CDC1,) & 6.8 (m, 1H),

5.02 (m, 1H), 4.66 (m, 1H), 2.3 (d, J = 1.5 Hz, 3H); L13C NMR
(CDCl3) § 187.68, 186.18, 159,65, 149.70, 95.34, 13.98;
GLC/MS (70 eV) m/e (relative intensity) 96.10 (0.32), 95.10
(5.59), 94.02 (100.00), 66.04 (84.99), 64.98 (65.20), 63.04
(13.45), 54.02 (12.13), 51.04 (38.89), 50.04 (27.58).

4H,5H,9H,10H-Cycloocta[l,2-b:6,5-b "' ldifuran (10):
8a

mp 52-53°C (11t.°% mp 54-55°C); TR (1:1 CS,/CDC1,) 1600, 1505,
1425, 1040, 895, 735 em™*; TH NMR (1:1 0S,/CDC15) § T7.09

(38, J = 2 Hz, 2H), 6.0 (d, J = 2 Hz, 2H), 3.03 (s, 4H), 2.76
(s, UH); 3c NMR (CDC1,) § 149.9 (s), 139.7 (d, J = 200 Hz),

117.9 (s), 113.4 (d, J = 172 Hz), 25.8 (t, J = 126 Hz), 24.9
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(t, J = 128 Hz); GLC/MS m/e (relative intensity) 190.08
(0.33), 189.08 (3.74), 188.08 (29.19), 173.02 (11.21),
159.08 (5.20), 146.06 (3.89), 145.04 (9.03), 131.06 (6.66),
115.04 (3.57), 95.06 (8.51), 94.02 (100.00), 91.06 (4.09),
77.02 (7.41), 66.04 (17.83), 65.04 (12.34), 63.04 (3.70),
54.92 (6.46), 53.04 (4.66), 52.06 (4.16), 51.02 (10.12);
high resolution mass spectrum, calcd for 012H12O2 188.08373,

measured 188.08359.

[4+2] Dimers 1la and 11b: T

H NMR (1:1 CS,/CDC1;)
(small peaks observed in a spectrum of the product mixture)
§ 7.09 (2H), 6.0 (2H), 4.76 (m, 1H), 4.47 (m, 1H), 2.56-2.23
(m, 4H), 1.9 (m, 1H); GLC/MS (isomer a) m/e (relative
intensity) 190.06 (0.06), 189.06 (2.15), 188.06 (17.11),
173.04 (8.96), 159.06 (4.14), 145.04 (6.86), 131.02 (5.31),
115.04 (3.41), 95.04 (6.70), 94.00 (100.00), 91.06 (4.08),
77.02 (5.40), 66.04 (13.84), 65.02 (9.29), 51.02 (T7.41);
GLC/MS (isomer b) m/e (relative intensity) 190.04 (0.02),
189.06 (2.95), 188.08 (25.87), 173.04 (11.93), 159.08 (4.87),
145.04 (9.87), 131.04 (6.59), 115.06 (4.22), 95.04 (6.95),
94,02 (100.00), 91.06 (12.08), 77.02 (5.17), 66.02 (10.93),
65.02 (10.04), 54,94 (6.16), 51.02 (8.73). It should be
noted that while the GLC/MS data does not rule out the

possibility that one of the minor dimers 1lla or 1llb is the
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1

head-to-tail, [4+4] dimer 63, the absence of “H NMR and 13C NMR

signals corresponding to 63 makes it unlikely.
0

4
Ol |

63
3-Methyl-2-penten-4-ynal 13a or 13b: GLC/MS m/e

(relative intensity) 97.00 (0.31), 95.00 (1.53), 94.00
(44.95), 93.00 (10.78), 79.00 (2.37), 67.00 (5.50), 66.00
(100.00), 65.00 (72.09), 63.00 (22.40), 62.00 (14.68), 61.00
(5.81), 51.00 (29.13), 50.00 (29.43), 49.00 (7.72).

Pyrolysis of 5-Methylfurfuryl Benzoate (3). Pyrolyses

were carried out at 450, 550, 650, 750 and 850°C using the

general procedure and ca. 0.3 g of 3 in each experiment.

~

After the samples were warmed to room temperature, the yields
of recovered starting material § and product ﬂ were determined
by quantitative 1H NMR analysis using a dichloroethane
standard. The yields of products lg,lé and phenol were
determined by GLC analysis (same temperature program as that
used for analysis of the products from §). Yields of the
pyrolysis products from 3 are presented in Table II. The

~

products were identified from the following data.
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1

2,5-Dimethylene-2,5-dihydrofuran (Q)5’8a: H NMR

(1:1 ©8,/CDC1;) & 6.42 (s, 2H), 4.52 (d, J = 1.5 Hz, 2H),
§.22 (d, J = 1.5 Hz, 2H); +3¢ NMR (1:1 €S,/CDC1,) 162.09,
128.50, 84.35; GLC/MS m/e (relative intensity) 96.06 (0.48),
95.08 (6.95), 94.0l4 (100.00), 66.06 (22.98), 65.00 (29.8L),
54.94 (8.64), 52,06 (5.48), 51.04 (17.89), 50.02 (16.28),
47.06 (10.59). |
4-Methylene-2-cyclopentenone (15): IR (1:1

0S,/CDC15) 1705 em™L; H NMR (1:1 0S,/CDC1,) & 7.7 (4 of m,

J = 6 Hz, 1H), 6.28 (d of m, J = 6 Hz, 1H), 5.39 (m, 1H),
5.28 (m, 1H), 2.95 (m, 2H); *5C NMR (1:1 0S,/CDC15) 6 207.8,
160.2, 143.8, 135.1, 114.7, 41.62; GLC/MS m/e (relative
intensity) 96.06 (0.36), 95.04 (6.24), 94,00 (100.00), 67.06
(4.28), 66.04 (79.75), 64.98 (46.73), 63.02 (7.85), 62.02
(4.63), 55.00 (16.36), 51.02 (11.10), 50.02 (10.59).

cis- or trans-hex-3-en-5-yn-2-one (l6a or 16b):

GLC/MS m/e (relative intensity) 96.62 (0.21), 95.04 (1.90),
94.04 (43.73), 80.06 (4.23), 78.98 (100.00), 66.12 (1.13),
63.06 (1.06), 52.08 (2.89), 51.02 (64.72), 50.04, (30.70),
49.02 (5.63).

Phenol: TR (1:1 0S,/CDC1,) 3330 em™; *H NMR
(1:1 €5,/CDC1,) & 7.25-6.55 (m, 5H); 13¢ NMR (1:1 CS,/CDC1,)

§ 129.41, 119.66, 114.97 (carbons 3,5; 4 and 2,6 respectively:
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a peak for carbon-1 at § 155.0 was not present In the
spectrum); GLC retention time and GLC/MS data matched that
of an authentic sample of phenol; GLC/MS m/e (relative
intensity) 96.02 (0.37), 95.04 (6.69), 94,00 (100.00), 66.02
(33.31), 65.02 (28.04), 63.00 (7.16), 54.98 (10.21), 51.02
(6.55), 50.00 (7.42), 46.94 (6.51).

Pyrolysis of 3,5-Dimethylfurfuryl Benzoate (17).

Pyrolyses of 17 were carried out at 400, 450, 500, 600 and
700°C using the general procedure. Yields of products from
lz were determined by quantitiative lH NMR analysis employing
dichloroethane as a standard and are presented in Table III.
Product yields were determined initially at -60°C and again
after warming the samples slowly to room temperature. The

products were identified from the following data.

3-Methyl-2,5-dimethylene-2,5-dihydrofuran (20):

I NMR (1:1 0S,/CDC1,) § 6.18 (m, 1H), h.44 (m, 2H), 4.1

(m, 2H), 1.95 (distorted d with fine splitting, J = 1.0 Hz,
3H); T3¢ NMR (1:1 0S,/CDC15) § 163.3, 161.0, 137.7, 125.1,
82.6, 81.4, 11.0.

5-Methyl-2,3-dimethylene-2,3-dihydrofuran (21):

4 NMR (1:1 CS,/CDCL;) & 5.46 (m, 1H), 5.07 (m, 1H), 4.76

(m, 2H), 4.57 (m, 1H), 2.01 (broad s with fine splitting, 3H).
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2,7-Dimethyl-4H,5H,9H,10H-cyclooctall,2-b:6,5-b"']

difuran (22): IR (thin film) 1610, 1575, 1065, 940, 885,

790, 747 em™Y; lm NMR (1:1 0S,/CDC1,) § 5.60 (m, 2H), 2.9

(s, 4H), 2.66 (s, UH), 2.15 (m, 6H); +3C NMR (1:1 08 ,/CDC1 )

§ 149.03, 148.00, 118.64, 109.38, 25.95, 24.97, 13.33; an
analytical sample of 35 was prepared by removal of the solvent
and subliming the residue at a bath temperature of 60°C

(0.05 mm): mp 61-63°C; high resolution mass spectrum, calcd

for Cy)H 216.11503, measured 216.11486.

16°2
Pyrolysis of 2,5-Dimethyl-3-furylmethyl Benzoate (24).

A 0.3171 g (1.4 mmol) quantity of 24 was pyrolyzed at 550°C

1

using the general procedure. A “H NMR spectrum of the

pyrolysate recorded at -60°C, indicated that 5-methyl-2,3-di-

methylene-2,3-dihydrofuran (21) was the only major product:

1

H NMR (1:1 CS,/CDCl,; -60°C) & 5.44 (m, 1H), 5.05 (m, 1H),

3§
b.75 (m, 2H), 4.55 (m, 1H), 2.01 (broad s with fine splitting,

3H). Quantitative T

H NMR analysis indicated that 0.930 mmol
of 21 (68%) was present in the NMR tubes. Upon warming the
samples to room temperature, %} dimerized cleanly to a mixture
consisting mainly of [4+4] dimer 22 along with smaller amounts

of two [4+2] dimers 27a and 27b. 1

H NMR analysis using a
dichlorocethane standard indicated that a quantitative yield

of dimers 22, 27a and 27b was formed from 21. GLC analysis
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~indicated that the relative amounts of the dimers were 93.69%
of [4+4] dimer 22 and 5.0% of two [4+2] dimers 27a and 27b
(8:1 ratio). 1In addition to the pyrolysis products, 2.7%
of the starting ester was recovered.

Preparative Scale Pyrolysis of 24. A 1.6112 g (7.0 mole)

gquantity of Eﬂ was pyrolyzed at 610°C. During the pyrolysis,
10 mL of carbon disulfide was deposited onto the trap via a
side arm. After the apparatus was shut down under nitrogen,
the trap was warmed to -78°C and 10 mL of carbon disulfide
was used to rinse the material on the insert to the bottom of
the trap. After 30 min at —78°C, the trap was immersed in

an ice bath and maintained at 0°C for 10 h. The product
solution was then warmed to room temperature, dried (Na2003)
and concentrated, yielding 1.3317 g (6.16 mmol; 87%), of a
pale-yellow o0il. Crystallization from freshly-distilled,
Skelly B yielded 0.9685 g (4.5 mmol; 64%) of fluffy, white
needles of 22: mp 64°Cc; IR (CHC13) 1605, 1570, 1062, 895,
740 em~1; H NMR (CDC1,) 6 5.67 (m, 1H), 3.02 (s, i),

2.73 (s, bH), 2.17 (broad s with fine splitting, 6H); +3C NMR
(1:1 0S,/CDC15) & 148.7, 147.8, 118.6, 109.4, 26.0, 25.1,
13.33; high resolution mass spectrum, calcd for ClMH16O2
216.11503, measured 216.11477.
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SECTION IV. FORMATION OF VINYLACETYLENE AND METHYLENE-
CYCLOBUTENONE BY THE FLASH VACUUM PYROLYSIS

OF 3-FURYLMETHYL BENZOATE
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INTRODUCTION

The flash vacuum pyrolysis (FVP) of furfuryl benzoate
(1a) gives a moderate yield of methylenecyclobutenone (2a)

along with benzoic acid and some minor products.1

This
reaction makes available the parent compound of a series of
compounds which is not easily synthesized.2 Methylene-
cyclobutenone (%a) was, prior to that report, one of the

3

missing cyclobutadiene derivatives~ and is a potentially
useful synthetic intermediate since it has a highly func-

tionalized, cyclobutane moiety.u

I \__o. _Pn 6107
[;BRXR\E]/ 10~ Torr N\

0 CR,
-PhCOOH
la, R=H - 4o0% 2a, R=H
1b, R=D 2b, R=D

In order to determine the scope of the reaction and to
achieve a better understanding of its mechanism, the pyrolysis
of a series of substituted furfuryl esters was urldelr"caken.s"7
A mechanism for the conversion of la to 2a was proposed on
the basis of a deuterium-labeling experiment, 1lb to 2b and

on a study of the pyrolysis products formed from 5-methyl-

furfuryl benzoate (3).5
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7\ 0 ~ 64o0°C =
0 g Ph Yy > <ﬁ£—j>§>
=YV 1077 Torr H,C7 70 CH

~PhCOOH

LW

b (43%)

The favored mechanism explaining the formation of the
pyrolysis products from % is thought to involve o eliminations
of bengzoic acid after zero to two [3,3] sigmatropic shifts
of the benzoate group around the furan ring. Support for
this mechanism was obtained by studying the pyrolysis products

formed from o~phenylfurfuryl acetate (5).6

0
é? \ OAc 600°¢c >

0 _ H—E—CH=CH-CEC—Ph

N

10 Torr
Ph
~-CH.,COOH E- and Z-
5 3 - -
~ 6a 6b
14% 11%
+ s
0 7 CHPh
E- and Z-
Ta Tb

12% 9%
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Experiments involving deuterium-labelipg on the O
carbon of ? were performed in order to clarify the mechanisms
for the formation of § and 7 from 5. Further support for
the migration mechaﬁism came from a study of the pyrolysis
products formed from 3-methylfurfuryl benzoate (§) and

2-methyl-3-furylmethyl benzoate (9).7

CH
CH3 _ 3
[ \§ 0. Pnh
- — P 217%
© \H/P o’/ %Hz
0
§ +

O
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Consideration of the mechanism proposed for the
formation of g from } suggested that the pyrolysis of
3-furylmethyl benzoate (%9) might lead to the formation of
acetylene and methyleneketene (%}) after initial formation
of carbene intermediate 12. Although methyleneketene (%})
has been observed as a transient intermediate, the chemistry
of 3} and its substituted derivatives has not been studied
in detail.&'10 This paper describes the results of a study

of the pyrolysis chemistry of 10 at several temperatures.

el (3,3 CH
582 a5 ¢
0 o\ 1

Q~—C~Ph
10
ag-elim.
H CH,, CH,
| I 3
c Y - /
I

+

T—0_Q
O

11 12
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RESULTS

3-Furylmethyl benzoate (%9) was prepared by esterifying
3-furylmethyl alcohol with benzoyl chloride 1in the presence
of triethylamine,. Compound lg was pyrolyzed using the method
previously reported7 at temperatures ranging from 600 to
750°C. The major products formed were vinylacetylene (%é)
and methylenecyclobutenone (ga). These products were
accompanied by the formation of benzoic acid and trace
amounts (<1% each) of benzene and cis and trans-2-penten-4-ynal
(%ﬂ and %E). The product mixtures were readily separated
by gas chromatography using a 25 meter, methylsilicone-coated,
capillary column. There was no evidence at any pyrolysis
temperature for the production of acetylene and methylene-

ketene (11).

CH,-0-G-Ph
o
A\ 0 700°C 10 + H,C=CH-C=C-H
0 -4 o

107" Torr
13% 13 (77%)
10 ~PhCOOH ~
+ +
/
o// \CH H
¢
2a (7%) <% &
+ H——\i \\ ¥ H_\O

14 (<1%) 15 (<1%)
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The structure of 13 was indicated by its spectral
properties. A gas chromatography/mass spectral analysis

(GLC/MS) gave m/e peaks consistent with a molecular formula

lH NMR and 130 NMR spectra were consistent

11-13

CMHM' The IR,
with previously reported spectral data.
The structure of ga was also indicated by its spectral
properties. GLC/MS analysis indicated a parent ion at m/e
80 corresponding to a molecular formula of CSHMO' The lH NMR
chemical shifts were consistent with those previously
reported for ga.l The IR spectrum included a peak at
1787 cm-l which is consistent with the carbonyl absorption

-1y, The 13¢ nvr

previously reported for 2a (1783 cm
spectrum included peaks at 6§ 188.7 for the carbonyl carbon,
§ 158.0 for the ring carbon attached to the exocyclic
methylene group, 6 153.4 and 172.5 for the ring carbons
which are o and B to the carbonyl group and § 98.13 for the
exocyclic methylene carbon,
The minor products were identified by GLC retention

time and GLC/MS analyses. Products Eﬁ and lé were

previously observed as minor products in the pyrolysis

of furfuryl benzoate (1a).5
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The product yields from the pyrolysis of %9 at temper-
atures ranging from 600 to T50°C (50°C intervals) were
determined by lH NMR analysis, using benzyl ether as an
internal standard, and are presented in Table I. As the
pyrolysis temperature was increased from 600 to 750°C, the
ratio of vinylacetylene (%é) to methylenecyclobutenone (ga)

increased from 5.8 to 15.6.



Table I. Products and yields formed from pyrolyses of 3-furylmethyl benzoate (10)
at various temreratures -

Pyrolysis Recovered

Temp. (°C) Products and Yields (%)2 Starting .Ratiob
Material (%)%
vAC MCB© BA®
13 2a
600 11.5 <2 15 85 5.75
6509 11 6 4o 53 6.83
7004 76.8 7.3 87 12.6 10.52
7509 82.8 5.3 90 - 15.56

8yields were determined by 1H NMR spectroscopy using benzyl ether as an internal
standard.

bRatio of the amount of vinylacetylene (;3) to the amount of methylenecyclo-
butenone (2a) formed during the pyrolysis of 10,

Cva = vinylacetylene; MCB = methylenecyclobutenone; BA = benzoic acid.

dIn addition to the major products were minor amounts of benzene and cis~ and
trans-2-penten-l4-ynal (<1% each).
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DISCUSSION

A migration mechanism was previously proposed for the
conversion of furfuryl benzoate (%a) to methylenecyclo-
butenone (ga).5 A mechanism which accounts for the formation
of the pyrolysis products from 3-furylmethyl benzoate (%9)
is presented in Scheme I. The production of ga can be
explained by a multistep mechanism involving initially
either a direct gamma elimination of benzoic acid from %9,
forming carbene intermediate 12 or a two step mechanism
involving a [3,3] sigmatropic shift of the benzoate group
followed by alpha elimination of benzoic acid, producing %g.
Since there is no literature precedent for this type of
gamma elimination of a carboxylic acid, the two-step
mechanism for the formation of Eg considered the more likely
mechanism. Carbene intermediate lg then undergoes a ring
contraction to form 2a.

The production of vinylacetylene (%g) can be explained
by the explusion of a molecule of carbon monoxide from %B
producing allenyl carbene (%é). Carbene Eé then undergoes
rearrangement forming lé' Minor amounts of l§ may be formed
by an alternative mechanism involving initially a conrotatory
ring opening of ga producing allenylketene (lz), which loses

a molecule of carbon monoxide forming 16. Carbene 16 then
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undergoes rearrangement yielding %é. The loss of éarbon
monoxide from £§ is analogous to the loss of carbon monoxide
from carbene intermediate }ﬁ, which is a possible source of
the vinylacetylene (%é) formed during the pyrolysis of

14 An

furfuryl benzoate (}a) at temperatures above 650°C.
alternative explanation for the formation of vinylacetylene
(lé) from furfuryl benzoate (}a) involves a conrotatory

ring opening of the initially formed methylenecyclobutenone
(ga), followed by loss of a molecule of carbon monoxide to
form allenylcarbene (lé). Intermediate £§, formed in .both
mechanisms, rearranges to vinylacetylene (%é). The failure

to detect the presence of the dimer %g of cyclopentadienone
among the pyrolysis products of }9 indicates that the
mechanism involving conversion of ga to %} is at best a

minor reaction pathway, since lg is a product of the pyrolysis
of methylenecyclobutenone (ga), along with compounds }é,

iﬂ, and'%?.lS This conclusion is supported by the observation

that only trace amounts (<1% each) of 14 and 15 were formed

during the pyrolyses of 10.
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The isomerization of allylic esters via [3,3] sigmatropic
shifts of a carboxylate group has been well documen‘cedl6'25

and in several systems, the initially formed [3,3] shift

16,19-25

products have been 1solated. a-Elimination reactions

have generally been observed in the pyrolysis of esters

which can't undergo a B-elimination reaction.l’5’6’26_30

The formation of methylenecyclobutenone (2a) from carbene

intermediate 12 has literature precedent in the conversion
1,30

anro

of benzoyloxylactone 20 to dione
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EXPERIMENTAL

Methods and Materials. The pyrolysis apparatus has been

previously described.31 1H NMR spectra were recorded on
Varian A-60, HA-100 or Hitachi-Perkin Elmer R-20B spectro-
meters. 130 NMR spectra were recorded on a JEOL FX-90Q
spectrometer. Chemical shifts are recorded in pafts per
million (§) from tetramethylsilane (TMS). Infrared spectra
were measured with a’Beckman 4250 spectrophotometer. High
resolution mass spectra were measured with an Associlated
Electroniecs Industries MS-902 instrument at 70 eV. Gas
chromatography/mass spectral analyses (GLC/MS) weré performed
using a Finnigan 4000 instrument at 70 eV and an INCOS 2300
data system. GLC analyses were performed using a Hewlett
Packard HP 5840A instrument equipped with a 25 meter,
methylsilicone-coated, capillary column.

3-Furylmethyl alcohol was obtained from Aldrich Chemical
Co. (listed as 3-furanmethanol). Benzoyl chlofide and
triethylamine were obtained from Eastman Organic Chemicals.

3-Furylmethyl Benzoate (10)., A solution of 5.4703 g

(0.0389 mole) of benzoyl chloride in 10 mL of dry ether
(LiAlHu) was added dropwise over a 15 minute period to a

stirred solution of 3.5312 g (0.0360 mole) of 3-furylmethyl
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alcohol and 5.29 g (0.05 mole) of triethylamine in 80 mL

of dry ether. After stirring the mixture fér 11 h at room
temperature, 10 mL of water was added and the mixture was
stirred for an additional 4 h period. The layers were
separated and the aqueous layer was extracted with ether

(3 x 10 mL). The organlc layers were combined and then
washed successively with water (4 x 25 mL), 1 M hydrochloric
acid (3 x 20 mL), saturated sodium bicarbonate (3 x 25 mL)
and saturated sodium chloride (3 x 25 mL). After the organic
layer was dried (MgSOu), the solvent was removed giving the
crude product (7.2805 g; 0.0360 mole; quantitative yield)
which was purified by distillation, yielding 6.0293 g

(0.030 mole; 83%) of 10: bp 73-74°C (0.03 mm), IR (thin
film) 1720, 1600, 1584, 1500, 1450, 1275, 1105, 1020, 870,
790 em™L; INMR (CDC1,) 6 8.25-7.8 (m, 2H), 7.7-7.15 (m, 5H),
6.5 (m, 1H), 5.23 (s, 2H); high resolution mass spectrum
caled for Cl2H1003 202.06300, measured 202.06280.

General Pyrolysis Procedure. Pyrolyses were run at

furnace temperatures from 600 to 750°C. A sample of the
furylmethyl ester in a Pyrex boat was placed into the sample
compartment and thebsystem was evacuated to ca. 10"Ll Torr.
The sample chamber was heated to ca. 85°C during the

pyrolysis. A condenser cooled to ca. -20°C was inserted
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between the furnace and the liquid-nitrogen-cooled trap to
collect the unreacted starting material and the benzoic
acid formed as a byproduct. During the pyrolysis, 2 mL

of a 1:1 mixture of carbon disulfide (csZ) and deutero-
chloroform (CDCl3) was deposited onto the trap through a
side arm. After all of the starting material had distilled
away from the sample compartment, nitrogen was introduced
into the system and a known amount of benzyl ether was
added as an internal standard. The trap was then warmed

to -78°C and 2 mL of a 1:1 mixture of 082 and CDCl. was

3
used to rinse the material on the walls of the trap to the
bottom. The product solution was mixed with the standard
by rinsing the walls of the trap ca. ten times with the
solution using a cold pipette (082 at -78°C). Most of the
product solution was placed into four 5mm, NMR tubes at
-78°C and NMR spectra were recorded after the samples were
slowly warmed to room temperature. The remainder of the
product solution was used for GLC analysis.

The condenser was washed with ca. 50 mL of ether.
After removal of the solvent and addition of a known amount

of benzyl ether as a standard, NMR spectra were recorded

for the condenser contents.
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Pyrolysis of 3-Furylmethyl Benzoate (10). Pyrolyses

were carried out with ca. 0.4 g of 10 at 600, 650, 700 and
750°C using the general procedure. Yields of recovered
starting material %9, as well as products ga and %} were
determined by quantitative lH NMR analysis using benzyl
ether as an internal standard. Yields of the minor products
(benzene, iﬁ and lg) were determined by GLC analysis using
a 25 m, methylsilicone-~coated capillary column (column
temperature 40°C for 15 min followed by temperature pro-
gramming at a rate of 5°C per minute until a temperature of
175°C was reached). Yields of the pyrolysis products from
%9 are presented in Table I. The products were identified

from the following data.

Vinylacetylene (13): IR (CS,) 3305, 2280, 725,

1 11

700 em™%, [1it.'1 IR (ether) 3300, 2110, 1600 em~*]; *H NMR
(CS,) & 5.8-5.34 (m, 3H), 2.76 (m, 1H), [11t.22 15 NMR
(cC1y) 6 5.85-5.35 (m, 3H), 2.88 (broad s, 1H)]; 130 NmR
(1:1 0S,/CDCL,) § 127.58, 116.4, 82.25, 78.01, [11t.13

13c NMR (acetone-dg) 8 129.2, 117.3, 82.8, 80.0]; GLC/MS m/e
(relative intensity) 54.10 (0.10), 53.10 (4.04), 52,08

(100.00), 51.10 (16.27), 50.06 (7.05).
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Methylenecyclobutenone (2a): IR (CS2) 1787, 1690,
1

815 em™ L, [1it.1 IR (cDC1,) 1783, 1688, 823 em™11; H NMR

(c8,) 8 8.59 (d, J = 2 Hz, 1H), 7.02 (&8, J = 2 Hz, 1H), 5.04

1 1y NMR (ethyl acetate) &

(m, 1H), 4.76 (m, 1H), [1it.
8.66 (m, 1H), 7.16 (m, 1H), 5.01 (m, 1H), 4.78 (m, 1H)1;
GLC/MS m/e relative intensity) 81.0 (3.22), 80.0 (38.97),
75.9 (5.37), 54.0 (4.13), 53.0 (4.84), 52.1 (100.00), 51.0
(16.13), 50.0 (7.26).

Benzene: <+H NMR (cS,) & 7.25 (s, 6H); GLC/MS
m/e (relative intensity) 79.0 (6.15), 78.0 (100.00), 66.0
(0.49), 52.0 (2.19), 39.0 (1.26); GLC retention time matched

that observed for an authentic sample of benzene.

cis-2-Penten-4-ynal (14): GLC/MS m/e (relative

intensity) 80.0 (0.44), 79.0 (1.64), 53.0 (3.29), 52.0
(100.00), 51.0 (13.19), 50.0 (2.91); GLC retention time
matched that of a sample of Eﬂ prepared by the FVP of
furfuryl benzoate (}a).l’5

trans-2-Penten-l4-ynal (15): GLC/MS m/e (relative

intensity) 81.0 (1.54), 80.0 (49.45), 79.0 (11.54), 53.0
(2.64), 52.0 (100.00), 51.0 (23.96), 50.0 (5.44); GLC
retention time matched that of a sample of ié prepared by

the FVP of furfuryl benzoate (1a).1’5
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SECTION V. CHEMISTRY OF FURANORADIALENE PREPARED BY THE
FLASH VACUUM PYROLYSIS OF DIESTERS OF

3,4-BIS(HYDROXYMETHYL)-2,5-DIMETHYLFURAN
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INTRODUCTION

Recently we reported that the flash vacuum pyrolysis
(FVP) of 2-methyl-3-furylmethyl benzoate (}) gives good
yields of 2,3-dimethylene-2,3-dihydrofuran (g).1 Compound
g is an air-sensitive material which readily undergoes

dimerization, forming the head-to-head, [4+4] dimer (3).

H,-0-C-Ph .
2
7\ 640°C : ]
0 i 10-1 T CH
3 orr 0 5
1 -PhCOOH 2 (ca. 80%)
Polymer + / I | \‘
0 0
3 (51%)

~

Although 2 has been previously postulated as an intermediate
in the liquid-phase pyrolysls of (2-methyl-3-furylmethyl)-

trimethylammonium hydroxide (ll)2 and the gas-phase pyrolysis
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of tetrahydrobenzofuran (5),3 the FVP of methyl-substituted,

furylmethyl esters is the best method currently available

for generating solutions of dimethylenedihydrofurans.1
+
~N(C
( H3)3
/N °
- toluene //
0 CH3 OH refiux § or l I //
b
Hy
7\ 520-950°c /]
> Polymer
0 0 CH2
5 2

In order to test the generality of this method, a study
of the pyrolysis reactions of diester derivatives § of
3,4-bis(hydroxymethyl)-2,5-dimethylfuran (z) was undertaken.
If the mechanism proposed for the conversion of } to gl is
valid, the pyrolysis of § should produce furanoradialene (§)

by the independent loss of two molecules of the corresponding

carboxylic acid.
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0
Il fi
R—C—O-CH2 CHEO—C-R
o} 0
6 8

Furanoradialene (§) is the furan analog of the
radialenes, a class of compounds characterized by having a
carbocyclic ring in which each carbon is part of an exocyclic,
carbon-carbon double bond.Ll The parent radialenes which

have been synthesized and studied to date -are [3]

5-18 19-24 25=-27

radialene, [4] radialene, [6] radialene,

naptharadialene,u and furanoradialene (8).28 Although the

parent radialenes are air sensitive materials which are
highly reactive, several stable substituted radialenes have

29-40

been reported.
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RESULTS

3,4-Bis(hydroxymethyl)-2,5-dimethylfuran (7) was

prepared in 92% yield by reducing diethyl 2,5-di-

41,42

methyl-3,4-furandicarboxylate (g) with lithium

aluminum hydride. Diol 7 was converted to diacetate 10

~ ~re

by treatment with acetyl chloride in the presence of

triethylamine. Diol 7 was converted to dibenzoate 11 by

~

similar treatment with benzoyl chloride.

HO-~ —OH
5
0

t
EtOOC\ //COOE

9 7 (92%)
CH3COCl PhCOC1
AcO OAc | Ph—ﬁ-O“ o_ﬁ_Ph
[ ) A
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Diacetate EQ was pyrolyzed at temperatures ranging from
450 to 650°C. None of the starting ester %9 was recovered
between 570 and 650°C. Incomplete conversion of the starting
material &9 was observed between 500 and 550°C and at
temperatures below 500°C, only }9 was recovered., The FVP of
ig at each temperature produced a white product band in the
liquid-nitrogen-cooled trap. During the pyrolyses, a 1l:1
mixture of carbon disulfide (CSZ) and chloroform-d, (CDCl3)
was deposifted into the trap through a side arm. After the
trap contents were liquified by warming the trap to -78°C,
lH and 130 NMR spectra were recorded at -60°C. The samples
were then warmed to 0°C and NMR spectral data were again
recorded. In each experiment, the product mixtures kept
below -60°C consisted mainly of furanoradialene (§) and
polymer, along with trace amounts of one [4+2] dimer
of §, £§° When the samples were warmed to 0°C, the product
mixtures consisted of polymer and [4+2] dimer 12. Although
there are six possible [4+2] dimers of 8 (four resulting
from the 2,3-dimethylene portion of 8 acting as the diene
and two resulting from the 3,4-dimethylene portion of 8
acting as the diene), and four possible [4+4] dimers,
no evidence for any other dimer of § was obtailned. This
conclusion is supported by the observation that 91% of the

1

furanoradialene (§) present in the "H NMR samples is converted
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to [4+2] dimer 12 upon warming the samples to 0°C. The
low yields of furanoradialene (8) obtained fromithe
pyrolyses of 10 were due to the extensive polymerization

which occurred in each experiment.

OAc 0
————
1) 570°C S
10—4 Torr
10 2) A to -60°C_{
~ 0
i2 -(ca. 1%)

~n

N\
, /74
PSS
8§ (13.13%)

A to 0°C

Polymer + 12 (12% from %9)
91.31% (from 8)



161

The structure of 8 was indicated by its spectral proper-

ties. The 1

H NMR spectrum included two-proton singlets

at 8§ 5.55 and 5.52 for the exocyclic, methylene hydrogens at
the three and four positions and two-proton doublets at

§ 4.59 and 4.52 (J = 3 Hz) for the exocyclic, methylene
hydrogens at the two and five positions. These chemical
shifts are consistent with those previously reported for
furanoradialene (§)28 and are presented in Figure 1. The

130 NMR spectrum of § included signals at 6§ 156.1 for ring
carbons two and five, § 135.8 for ring carbons three and
four, § 106.0 for the exocyclic, methylene carbons at ring
positions three and four, and § 81.9 for the exoéyclic
methylene carbons at ring positions two and five. The 13C NMR
chemical shifts observed for the ring carbons of § are
consistent with those observed for ring carbons two and three
in 2,3-dimethylene-2,3-dihydrofuran (g) [(1:1 CSE/CDCI3, -60°
C) & 157.62 and 139.63].1 The 3¢ NMR chemical shifts differ
slightly from those previously reported for § which were
taken from a 13C NMR spectrum of a complex mixture containing
§ as a minor component.28 The chemical shifts were
incorrectly assigned by the authors to signals at 6 160.5

for ring carbons two and five and § 156.6 for ring carbons

three and four.
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Hy, = 5.55 (s, 2H)
H, = 5.52 (s, 2H)
H, = 4.59 (4, J = 3 Hz, 2H)
Hy = 4.52 (4, J = 3 Hz, 2H)
8 .
H, = 5.5 (s, 1H)
Hy = 4.92 (s, 1H)
H, = 4,54 (4, J = 2.5 Hz, 1H)
Hd = Hdv = Hdn = Hdnv
= 4,46 (4, J = 2.5 Hz, U4H)
H, = Hy, = 4.09 (m, 2H)
Hp = 3.94 (4, J = 2.5 Hz, 1H)
L Hg = Hg, = 2,55 - 2.27 (m, 4H)
e H, = 1.88 - 1.65 (m, 2H)
1

Figure 1. H NMR chemical shifts of furanoradialene (§)
recorded at -60°C (top) and the [4+2] dimer (lg)
of furanoradlalene (§) recorded at room temperature

(bottom) in 1:1 ng/CDCI3 (§ from MeuSi)
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The structure of [4+2] dimer 12' was also indicated by
its spectral properties. The 1H NMR chemical shifts of £§
recorded at room temperature are presented in Figure 1.

The 13C NMR spectrum of Eg consisted of 16 peaks, with
appropriate chémical shifts, including signals at § 82.62,
81.48, 81.05 and 80.83 for the four exocyclic, methylene
carbons at the two and five positions of the dihydrofuran and
tetrahydrofuran rings. The 130 NMR spectrum also included a
peak at § 106.72 for an exocyclic, methylene carbon at either
the three or the four position of a tetrahydrofuran ring.

The only dimer of § with structural features consistent

with the observed lH and 130 NMR chemical shifts is [4+2]
dimer 12.

In order to improve the yield of furanoradialene (§),

a study of the pyrolysis chemistry of 3,4-bis(benzoyloxy-
methyl)-2,5-dimethylfuran (%}) was undertaken. The amount of
polymer formed during the pyrolysis of 5} was expected to

be less than the amount formed from %9 because of greater
control of the rate of material transfer into the hot zone
with dibenzoate l} due to its higher boiling point than

that of diacetate 10. Also, the benzoic acid formed as a
biproduct from the pyrolysis of %} is deposited onto a

condenser at ca. -20°C inserted between the furnace and the
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liquid-nitrogen-cooled trap. The acetic acid formed from
39 is deposited into the liquid-nitrogen-cooled trap along
with furanoradialene (§) and may cause some 6f the observed
polymerization.

The pyrolysis of i} at 610-620°C and ca. 10"u Torr was
carried out using the procedure described for the pyrolysis
of 10. The product mixtures kept below -60°C consisted of
furanoradialene (§)“and [4+2] dimer 12, along with benzoic
acid and a substantial amount of white polymeric material.
After warming the product solution to room temperature, a
69% yield of [U4+42] dimer 12 was formed from starting
dibenzoate 11. The 'H and 3¢ NMR chemical shifts for
8 and 12, formed from 11, matched those of samples of
§ and %E formed from %9. The ;H NMR spectra of the pyrolysis

products of 11, recorded at -78 and -30°C, are presented

in Figure 2.
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Ph—C-0-CH CH.-0-C-Ph '
2 270 _
2 I
/ \ 1) 610°C 5
o 10‘” Torr 0
11 2) A to 8 (30%)
-60°¢C -

12 (35%)

A to
room

Ltemperature

12 (69% from %})

~nrs



Figure 2. 1H NMR spectra of the pyrolysis products formed
from 3,4-bis(benzoyloxymethyl)-2,5-dimethylfuran
(%}) in 1:1 CS2/CD013 and in the presence of a

1,1,2,2-tetrachloroethane internal standard

Top: Spectrum of a mixture of furano-
‘radialene (8) and [4+2] dimer 12
recorded at -78°C (mole ratio of 8

to 12 = 3.52)

Bottom: Spectrum of [4+2] dimer 12 recorded

at ~30°C
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1:1 CS, /CDCI,

-78°C

-30°C

A
! |
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-



168

The preparation and pyrolysis of 10—94 was undertaken

1

in order to assign the H and 130 NMR chemical shifts for

8 and 12. A mass spectral analysis of 1o-g4 indicated greater

than 96% d, incorporation. The 4 andg 13C NMR spectra of

AcO-CD, CD,-OAc
’ DG CD,
/\ FVP . ,
"y . =2 CH,COOH H, cx,
10-4, 8-q,
H,C O7pr2
DG -/ Dg

H2C 0g CH
12-4

§-gu and 12-dg were recorded at -60°C and at room temperature,
respectively. The lH NMR spectrum of §-g# consisted of two-
proton doublets (J = 2.5 Hz) at § U4.61 and 4.52 for the
exocyclic methylene hydrogens at the two and five positions.

The 13¢ NMR spectrum of 8-d, included signals at § 156.08 for
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ring carbons two and five, at § 135.8 for ring carbons three
and four and at & 81.8 for the methylene carbons atfached to
ring positions two and five. Upon warming the sample to

room temperature, §—gu dimerized, forming %3'98' The 1H NMR
chemical shifts (1:1 CSZ/CDCI3; § from MeMSi) of {g-g8 are |

presented below.

H, = 4,53 (d, J = 2.5 Hz, 1H)
H = H, = H, = H .
= 4.45 (4, J = 2.5 Hz, 4H)
- — H, = Hy, = 4.09 (m, 2H)
\Tl\cy ~ d Hy = 3.92 (d, J = 2.5 Hz, 1H)
Hy Hym
12-4

Most of the attempts to trap furanoradialene (§) with
dienophiles such as methyl acrylate (%é) and dimethyl
acetylenedicarboxylate (%ﬂ) resulted in the formation of
[4+2] dimer 12. A sample of furanoradialene (§), kept for
60 hours at temperatures below -70°C in the presence of ten
equivalents of %ﬂ formed only [4+42] dimer 12. The relative
amounts of furanoradialene (g), [4+42] dimer 12 énd dienophile
14 were determined by low~temperature, lH NMR analyses at

s

various times during the experiments. After warming the
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samples to room temperature, GLC and thin layer chromato-
graphic analyses of the product mixtufes gave no indication

of the presence of a Diels-Alder adduct of § with lﬂ. Similar
results were obtained using ca. ten equivalents of methyl
acrylate (%2) as the dienophile.

When dilute solutions of § were mixed with ca. 100
equivalents of methyl acrylate and maintained at temperatures
below -72°C for 12 h, a diadduct (lé) of 8 with methyl
acrylate was formed along with [4+2] dimer %g and trace
amounts of a Diels-Alder adduct (%9) of 12 with methyl
acrylate. lH NMR analysis of the product mixture after
workup indicated that lé was the major product formed, along
with smaller amounts of lg and %é. Attempts to isolate %é
from the product mixtures by liquid chromatography (both TLC
and column) on silica gel were unsuccessful due to
decomposition of £§ and lé under the separation conditions.
Elution of the decomposition products occurred at rates
comparable to the rate of elution of 15' There was no
evidence in the lH NMR spectra for the formation of a mono

adduct of furanoradialene (8) with methyl acrylate (13).
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rzCOOMe Me0OC COOMe
l o /\
o

0~ 13
100 equiv. 15

\

2 GO

MeOQOC

Several attempts to allow methylene chloride solutions
of furanoradialene (Q) to react at ca. -78°C with excess amounts
of sulfur dioxide (802) resulted in the formation of small
amounts (less than 10%) of a diadduct 17 of furanoradialene

(8) with S0O,, along with large amounts of a yellow-to-off-

2
white colored, air-sensitive polymer. The structure of

diadduct 17 was determined from its spectral properties. The

IR spectrum included intense peaks at 1330 and 1110 cm'l

which are consistent with the SO, absorptions reported for

2
2,5-dihydrothiophene-1,l-dioxide (18) (1310 and 1130 em™+)"3
and sulfone 19 (1322 and 1111 cm—l).Lm The 1H NMR spectrum
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included four-proton multiplets at & 4.42 and 4.32 which

V4
+ SO2 > Polymer
o)

8 +
0,8 S0
% N
O 0
\ 17
= SO
2
/j:i ¥ )
0

are consistent with the methylene signals observed for sulfone
19 (8§ 4.22 and 4.14).““ There was no 1H NMR evidence for
the formation of either the [4+2] dimer 12 of furanoradialene

(8) or a monoadduct (20 or 21) of 8 with SO Attempts to

5e
isolate the diadduct 17 by liquid chromatography (TLC and
column) resulted in complete decomposition of the product

mixtures,
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DISCUSSION

A migration mechanism was previously proposed for the
conversion of 2-methyl-3-furylmethyl benzoate (%) to
2,3-dimethylene-2,3-dihydrofuran (g).1 A set of mechanistic
pathways which account for the formation of furanoradialene
(§) from diesters (é) of 3,4-bis(hydroxymethyl)-2,5-dimethyl-
furan (Z) are presented in Figure 3. Furanoradialene (§) may
be formed either from diacetate %9 or dibenzoate %} by two
independent B eliminations of the corresponding carboxylic
acid, after a [3,3] shift of the carboxylate group. This type
of 1,4 elimination of a carboxylic acid during ester pyrolysis

45-.50

has literature precedent in the pyrolysis of allylic and

51-53

benzylic esters containing 6 hydrogens. In the product

mixtures from several allylic esters, the initially formed
[3,3] shift products have been isolated.uS’ug’Su_6o
A less likely explanation for the formation of furano-
radialene (g) from § involves direct § eliminations of two
molecules of the corresponding carboxylic acid from § to
form §. Although the 6-elimination pathway can not be ruled
out, there are no literature examples of 1,4 eliminations
during ester pyrolyses in which the two-step mechanism,
involving a [3,3] shift of the carboxylate group, followed by

B elimination of the carboxylic acid, can not explain the

experimental results,



Figure 3. Mechanistic scheme for the formation of furanoradialene (8) from
diesters (6) of 3,4-bis(hydroxymethyl)-2,5-dimethylfuran (7)



N

| 6§ elimination R7T,O £3,31 <
/
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.8 elim.
-RCOOH
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The exclusive formation of [M%2] dimer 12 can be
explained by a concerted, Diels-Alder dimerization of
furanoradialene (8). An alternative diradical pathway
for the dimerization of § should lead to the formation of
one or more of the possible [4+U4] dimers (33—32) in addition

to [U+2] dimer 12.

24 25

There are three possible diradical intermediates from §:
26, 27 and Eg. Intermediate.gé is the only diradical inter-
mediate which can form the observed [4+2] dimer %3 and would be
expected to form one or more of the [U4+U4] dimers (gg, g; or
32) as minor products. Since [4+42] dimer }g ls the only dimer

1 ana 3¢ NMR

of 8 detected in the product mixture using
techniques, the diradical pathway is assumed to be less 1likely

than the concerted pathway.
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N

L L=
70
27

s

>¥_

0

In the analogous dimerization of [4] radialene 29,

the only product isolated was [U4+4] dimer 30 and a diradical

mechanism was proposed for its formation.

v

19-21

30
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The formation of [U4+2] dimer 12 has literature precedent

in the formation of spirodimers from ortho-xylylene (31),61

62

imine (§§),

and 4,5-bis(methylene)cyclohepta-2,6-dien-l-one
(33).53 |

T — O
A~ e

33
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EXPERIMENTAL

Methods and Materlials. The pyrolysis apparatus has been
64 1

previocusly described. H NMR spectra were recorded on
Varian EM-360, Varian HA-lOd, Hitachi-Perkin Elmer R-20B,

JEOL FX-90Q or Bruker WM-300 spectrometers. 130 NMR spectra
were recorded using a JEOL FX-90Q spectrometer. Chemical
shifts are recorded in parts per million (§) from tetramethyl-
silane (MeuSi). Infrared spectra were measured with a

Beckman 4250 spectrdphotometer. High resolution mass spectra
were measured with an Associated Electronics Industries MS-902
instrument at 70 eV. Gas chromatography (GLC) analyses were
performed using a Hewlett Packard HP 5840A instrument with a
25 metef, fused-silica, capillary column coated with a methyl
silicone liquid phase. Melting points were determined with

a Thomas-Hoover apparatus and are uncorrected.

Dimethyl acetylenedicarboxylate and methyl acrylate were
obtained from Aldrich Chemical Co. Lithium aluminum hydride,
lithium aluminum deuteride and sodium hydride were obtained
from Alfa Pfoducts. Acetyl chloride, benzoyl chloride and
triethylamine were obtained from Eastman Organic Chemicals.
Ethyl acetoacetate and iodine were obtained from Fisher
Scientific Co. Sulfur dioxide was obtained from Matheson

Gas Products.
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Diethyl 2,5-Dimethyl-3,4-furandicarboxylate (9). To a

mechanically stirred slurry of 24.52 g (1.0 mole) of sodium
hydride (49.05 g of a 50% dispersion in mineral oil which was
washed five times with 100 mL of pentane) in 700 mL of dry
ether (LiAlHu) at 0°C, was slowly added a solution of 130 g
(1.0 mole) of freshly distilled ethyl acetoacetate in 300 mL
of dry ether (dropwise addition over a 2 h period). Ether
was added when necessary to facilitate stirring (ca. 700 mL
total). After stirring the mixture for 1 h at 0°C, a
suspension of 127 g (0.5 mole) of finely-powdered iodine in
ether was added over a 2 h period. The mixture was stirred
overnight at room temperature (ca. 11 h) and then the sodium
iodide precipitate was separated by suction filtration and
washed with several portions of ether. After removal of the
solvent by distillation, 82.94 g (0.321 mole; 64%) of diethyl

2,3-—diacetylsuccina'ce65’u'2

was 1solated. Without purifi-
cation, this material was converted to diethyl 2,5-di-
methyl-3,4-furandicarboxylate (9) using a literature

me’chod.ql’u2

Diethyl 2,3-diacetylsuccinate (82.94 g; 0.321
mole) was dissolved in 300 mL of cold, concentrated sulfuric

acid. After stirring for 3 h at 0°C, the mixture was poured
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over cracked ice in a 1 L beaker. After the ice had melted,
the layers were separated aﬁd the aqueous layer was extracted
with ether (8 x 100 mL). The combined ether and organic
layers were washed with saturated sodium bicarbonate (5 x

100 mL) and saturated sodium chloride (3 x 100 mL). After
drying (Mgsou) and removal of the solvent, the crude product
(67.85 g3 0.282 mole; 88%) was purified by vacuum distillation
yielding 50.277 g [0.209 mole; 65.2% (42% isolated yield

from ethyl acetoacetate)] of 9: bp 84~85°C (0.01 mm) [lit.u2
bp 127-130°C (1.0 mm)]; IR (thin f£ilm) 1720, 1640, 1590, 1420,

42

1205, 1080, 1025, 775 em™ %+ [1it. 2 IR (thin £ilm) 1724 cm™1];

11 NmR (cDC1,) § 4.28 (q, J = 7 Hz, UH), 2.42 (s, 6H), 1.33

(t, 3 = 7 Hz, 6H) [11t.%2 1

H NMR (CCly,) & 4.28 (q, 4H),

244 (s, 6H), 1.32 (t, 6H)]; ‘3¢ NMR (CDC1,) & 163.14, 155.07,
113.68, 60.16, 13.90, 12.60; high resolution mass spectrum
caled for Cl2H1605 240.09978, measured 2“0.09957.

3,4-Bis(hydroxymethyl)-2,5-dimethylfuran (7). To a

stirred slurry of 5.23 g (0.138 mole) of lithium aluminum‘
hydride in 250 mL of dry ether (LiAlHu) at 0°C, was slowly
added a solution of 16.139 g (0.0672 mole) of diethyl
2,5-dimethyl-3,4-furandicarboxylate (g) in 100 mL of dry
ether. After stirring the mixture for 4 h at room tem-

66

perature, a standard workup =~ yielded 10.18 g (0.0651 mole;

97%) of crude product. Recrystallization from ether ylelded
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9.64 g (0.0617 mole; 92%) of 7: IR (CHCl3) 3610, 3395,

1612, 1163, 1095, 996 cm™'; H NMR (cpcl,) 6 4.38, (s, 4H),
3.89 (broad s, 2H), 2.20 (s, 6H); 5C NMR (CDC1,) & 146.67
(s), 118.77 (s), 54.96 (t, J = 143 Hz), 11.13 (q, J = 128 Hz).

3,4-Bis(acetoxymethyl)-2,5-dimethylfuran (10). A

solution of 2.36 g (0.03 mole) of acetyl chloride in 20 mL of
dry ether (LiAlHu) was added dropwise to a stirred solution
of 1.214 g (0.0078 mole) of 3,4-bis(hydroxymethyl)-2,5-di-
methylfuran (Z) and 1.97 g (0.019 mole) of triethylamine in
50 mL of dry ether. After the mixture was stirred for 8 h

at room temperature, 10 mL of water was added and the layers
were separated. The agqueous layer was extracted with ether
(5 x 10 mL). The combined ether layers were washed with 1M
hydrochloric acid (3 x 10 mL), saturated sodium bicarbonate
(3 x 10 mL) and saturated sodium chloride (3 x 10 mL); After
drying (MgSO“) and removal of the solvent, the c¢crude product
was purified by distillation yielding 1.813 g (0.0076 mole;
97%) of %9: bp 94°C (0.05 mm); IR (thin film) 1740, 1606,
1225, 1166, 1015, 954, 762 cm™~; ‘H NMR (cDC1,) & 4.92 (s,
4H), 2.28 (s, 6H), 2.06 (s, 6H); 3¢ NMR (cDe1y) § 170.70
(s), 149.52 (s), 114.80 (s), 56.83 (t, J = 148 Hz), 20.86

(q, J = 129 Hz), 11.43 (q, J = 128 Hz); high resolution mass

spectrum caled for C,,H, O 240.09978, measured 240.100439.
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3,4-Bis(benzoyloxymethyl)-2,5~-dimethylfuran (11). A

solution of 30.64 g'(0.218 mole) of benzoyl chloride in

50 mL dry ether (LiAlHu) was added dropwise to a stirred
solution of 15.47 g (0.0991 mole) of 3,i4-bis(hydroxy-
methyl)-2,5-dimethylfuran (Z) and 31.672 g (0.313 mole) of
triethylamine in 400 mL of dry ether. After the mixture

was stirred for 7 h at room temperature, 50 mL of water was
added and the layers were separated. The aqueous layer was
extracted with ether (4 x 25 mL). The combined ether layers
were washed successively with 1 M hydrochloric acid (3 x

30 mL), saturated sodium bicarbonate (4 x 25 mL) and saturated
sodium chloride (3 x 25 mL). After drying (MgSOq) and removal
of the solvent, the crude product (32.846 g; 0.0901 mole;

91%) was purified by recrystallization from ether yielding
25.938 g (0.0712 mole; 72%) of clear prisms of 11: mp 97~
97.8°C; IR (CHCl;) 1720, 1622, 1265, 1170, 1100, 1020, 915,
865, 705 em™t; 'H NMR (cDC1;) & 8.14-7.8 (m, MH), 7.65-7.03
(m, 6H), 5.24 (s, 4H), 2.33 (s, 6H); high resolution mass

spectrum calcd for C 364.13108, measured 364.13145.

2212005
General Pyrolysis Procedure. The pyrolyses were run at

temperatures from 450 to 650°C. A sample of the furylméthyl
ester in a Pyrex boat was placed into the sample compartment

and the apparatus was heated to obtain temperatures ranging
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from 50 to 150°C. A condenser cooled to ca. -20°C was
inserted between the furnace and the liquid-nitrogen-cooled
trap to collect any unreacted starting material and benzoic
acid formed as a byproduct in the pyrolyses of dibenzoate %}.
During each pyrolysis, 2 mL of a 1:1 mixture of carbon
disulfide (CS2) and deuterochloroform (CDCl3) was deposited
onto the trap through a side arm. After all of the starting
material had dlstilled out of the sample compartment,
nitrogen was introduced into the system and a weighed amount
of 1,2-dichloroethane or 1,1,2,2~tetrachloroethane was added
for use as an internal standard. The trap was then warmed
to -78°C and a 1:1 mixture of CS

2
to rinse the material on the insert of the trap to the bottom.

and CDCl3 (2 mL) was used

The product solution was mixed by rinsing the walls of the
trap with the solution ca. ten times using a cold pipette
(CS2 at -78°C). The product solution was placed into four

5 mm NMR tubes at -78°C and NMR spectra were recorded at
temperatures below -60°C for each tube. After the tubes were

warmed to 0°C, NMR spectra were again recorded.
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Pyrolysis of 3,4-Bis(acetoxymethyl)-2,5-dimethylfuran

(10). A 0.3413 g quantity of 10 was pyrolyzed at 570°C using

the general procedure. After the product solution was placed

1H and 13C NMR spectra were

into the NMR tubes at -78°C,
recorded at temperatures below -70°C. The tubes were

slowly warmed to 0°C and NMR spectra were again recorded.

The yields of furanoradialene (§) and [4+2] dimer }3 were
determined by quantitative 1H NMR analysis using known amounts
of dichloroethane as an internal standard. In addition to
products § and 12, a large amount of air-sensitive, cello-
phane-llke polymer was deposited in the area of the apparatus
from the furnace to the liquid-nitrogen-cooled trap. At a
pyrolysis temperature of 570°C, a 13% yield of furanoradialene
(§) was detected in the NMR tubes at temperatures below -70°C,
along with ca. 1% of [4+2] dimer 12. At 0°C, the product
solution consisted of [4+2] dimer 12 (12% from 10: 91.3%
fromv§) and a small amount of white, insoluble, polymeric
material. The products.were identified from the followilng

data.
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Furanoradialene (8), (2,3,4,5-tetrakis-
1

(methylene)-2,3,4,5-tetrahydrofuran): ~H NMR (1l:1 CS,/CDCL .,

3’
_78°C) 8 5.55 (s, 2H), 5.52 (s, 2H), 4.59 (d, J = 3 Hz, 2H),

4,52 (d, J = 3 Hz, 2H); +3C NMR (1:1 0S,/CDC15; ~78°C) 8
156.08 (s), 135.76 (s), 105.97 (t, J = 162 Hz), 81.86 (t,
J = 162 Hz); [1it.28 lu num (CDC1,3 -50°C) & 5.59 (broad s,

4H), 4.61 (AB quartet, J = 2.5 Hz, 4H); +3C NMR (cpelg;

-60°C) § 160.5, 156.6, 106.2, 81.8].

1

[4+2] Dimer 12: H NMR (1:1 CSz/CD013) § 5.5 (s,

1H), 4.92 (s, 1H), 4.54 (d, J = 2.5 Hz, 1H), 4.46 (a,

J = 2.5 Hz, 4H), 4.09 (m, 2H), 3.94 (4, J = 2.5 Hz, 1H),
2.55-2.27 (m, 4H), 1.88-1.65 (m, 2H); 3¢ NMR (1:1 €S ,/CDC1 )
§ 165.72, 160.95, 160.79, 156.99, 146.76, 134.79, 133.76,
106.72, 82.62, 81.48, 81.05, 80.83, 45.02, 33.26, 30.23,
18.09.

Pyrolysis of 3,4-Bis(benzoyloxymethyl)-2,5-dimethyl-

. furan (11). A 0.4394 g (1.21 mmol) quantity of 11 was
;&rolyzed at 610°C using the general procedure. lH and 130
NMR analyses at -70°C indicated that furanoradialene (§)

and [4+2] dimer 12 were the only major products formed from
%}, aside from benzoic acid and a substantial amount of white,

1

polymeric material. Quantitative “H NMR analysis at -78°C
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indicated that the product mixture consisted of 0.359 mmol

of furanoradialene (8) (30%) and 0.211 mmol of [4+2] dimer

1

12 (35%). The ~H and 13¢ NMR spectra of 8 formed from

dibenzoate 11 matched the spectra of 8 formed from diacetate

10. For furanoradialene (8): <H NMR (1:1 CS,/CDCL,; -70°C)

33
§ 5.58 (s, 2H), 5.55 (s, 2H), 4.62 (4, J = 2.5 Hz, 2H),

4,52 (4, J = 2.5 Hz, 2H); +3¢ NMR (1:1 €S,/CDCL,; ~70°C)

35
§ 155.97, 135.76, 105.86, 81.86. Upon warming the samples

above -50°C, 8 rapidly dimerized forming [4+2] dimer lgz

1

H NMR (1:1 €S,/CDCl,; -30°C) & 5.51 (s, 1H), 4.93 (s, 1H),

33
4.55 (d, J = 2.5 Hz, 1H), 4.46 (4, J = 2.5 Hz, 4H), b4.12

(m, 2H), 3.94 (4, J = 2.5 Hz, 1H), 2.58-2.23 (m, U4H),

1.86-1.64 (m, 2H),; 3¢ NMR (1:1 CS,/CDCl,3; -40°C) § 165.02,

35
160.36, 160.25, 156.40, 146,05, 134,52, 133.49, 106.72,

1y

g§2.56, 81.75, 81.32, 81.05, u44.59, 33.05, 29.69, 17.88.
NMR analysis using a 1,1,2,2-tetrachloroethane internal
standard indicated that a quantitative yield of [4+2] dimer
12 was formed from § (69% yield from dibenzoate %}).

3,4-Bis[(hydroxy)dideuteromethyl]-2,5-dimethylfuran

(7-dy). To a stirred slurry of lithium aluminum deuteride
(3.41 g; 81.2 mmol) in 5 mL of dry ether (LiAlHu) at 0°c,
was added dropwise a solution of 5.4892 g (22.8 mmol) of

diethyl 2,5-dimethyl-3,4-furandicarboxylate (9) in 20 mL of
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dry ether. After the mixture was stirred for 7 h at room

temperature, a standard workup66 yielded 2.88 g (17.98 mmol;
79%) of 7-dy: IR (CHCl;) 3605, 3400, 2260-2050, 1612, 1276,
995, 860 cm™'; TH NMR (CDC1;) 6 4.75 (broad s, 2H), 2.18

(s, 6H).

3,MfBis[(acetoxy)dideuteromethyl]-2,5-dimethylfuran

(Lg-gu); A solution of 1.5537 g (19.8 mmol) of acetyl
chloride in 10 mL of dry ether was added dropwise over a

15 min period to a stirred solution of 2.88 g (17.98 mmol)

of Z—gu and 2.5167 g (24.9 mmol) of triethylamine in 15 mL of
dry ether. After the mixture was stirred for 20 h at room
temperature, 10 mL of water was added and the layers were
separated. The aqueous layer was extracted with ether

(3 x 10 mL). The combined ether layers were washed succes-
sively with water (2 x 10 mL), 1 M hydrochloric acid ( 3 x

10 mL), saturated sodium bicarbonate (3 x 25 mL) and saturated
sodium chloride (2 x 25 mL). After drying (MgSOu) and removal
of the solvent, the crude product (3.0676 g; 12.56 mmol;

70%) was purlfied by short-path distillation, yielding

2.5291 g (10.35 mmol; 58% isolated yield) of 10-d,: bp 80~
81°C (0.005 mm); IR (thin film) 2280-2040, 1735, 1610, 1255,
1155, 1045, 1015, 925 cm™+; “H NMR (cociy) 6 2.26 (s, 6H),
2.05 (s, 6H); “3C NMR (0DC1,) 8 170.92, 149.63, 114.52,
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20.97, 11.48; high resolution mass spectrum caled for

c DyO; 244.12489, measured 244.12465. TH NMR spectral

121120105
analysis of 10-94 showed no evidence for any deuterated

specles other than 10-d,.

Pyrolysis of 3,4-Bis[(acetoxy)dideuteromethyl]-2,5-di-

methylfuran (;g—gu). A 0.4216 g quantity of 10-4) was pyrol-

pyrolyzed at 600°C using the general procedure. The
pyrolysate was collected in 4 mL of 1:1 CS2/CDC13 and NMR

spectral data were recorded at low temperature for 3,4-bis--

(methylene-gz)—2,5—dimethylene-2,3,u,5-tetrahydrofuran (8-
1

Qu):
H NMR (1:1 CS,/CDCly3 -60°C) 6 4.61 (d, J = 2.5 Hz, 2H), 4.52

(d, J = 2.5 Hz, 2H); 3¢ NMR (1:1 CS,/CDCL,; -60°C) & 156.08,

33
135.60, 81.80. Upon warming the samples to room temperature,
§—_4 was cleanly converted to [4+2] dimer 12-dg: 15 NMR

(1:1 C8,/CDC1;) & 4.53 (d, J = 2.5 Hz, 1H), 4,45 (a4, J = 2.5
Hz, 4H), 4.09 (m, 2H), 3.92 (&, J = 2.5 Hz, 1H); *3C NMR
(1:1 CSz/CD013) § 165.42, 160.64, 160.31, 156.57, 146.53,
134.65, 132.58, 82.51, 81.64, 81.21, 80.99, 44.89. The
signals for the CD2 carbons were not observed after 25,000
scans (pulse width = 2.0 us). NMR analysis of the pyrolysis
product mixtures formed from %9'94 showed no evidence for

any deuterated species other than 8-d), and 12-dg.
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Diels-Alder Reaction of § with a Large Excess of Methyl

Acrylate (13). A 0.1368 g (0.5694 mmol) gquantity of diacetate

10 was pyrolyzed at 590°C and 10"4 Torr. During the

pyrolysis, a solution of 9.4779 g (110 mmol; 97 equivalents)

of methyl acrylate in 10 mL of CS, was deposited into the -

2
trap via a side arm. After the apparatus was shut down under
nitrogen, the trap was warmed to -78°C (dry ice/isopropanol)
and 10 mL of CS2 were used to rinse the material on the walls
of the trap to the bottom. The product solution was stirred
at temperatures below -72°C for 12 h and then was warmed to
-20°C. After 4 h at -20°C, the product solution was warmed
to room temperature. After drying (Na2003) and removal of
the solvent with a rotary evaporater, spectral analyses
indicated that the product mixture consisted of a diadduct

15 of furanoradialene (§) with methyl acrylate (ig), along
with smaller amounts of [4+2] dimer EE and a Diels-Alder
adduct £§ of 12 with methyl acrylate. Diadduct 15 showed

the following spectral data: IR (CHCl3) 1730, 1612, 1450,
1285, 1085, 1062 cm™+; “H NMR (cDC1,) 6 3.8-3.65 (overlapping
singlets, 6H), 3.0-0.7 (m, 14H). The existence of the Diels-
Alder adduct £§ of [4+2] dimer 12 and methyl acrylate 13 was

inferred from the integratlion of the lH NMR signals, which
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indicated that part of the 2,3-dimethylene moiety in %g had
reacted. Attempts to isolate products 15 and %é'by liquid
chromatography (both TLC and column) were unsuccessful due to
decomposition of 55 and }gion the column and rapid elution of

the decomposition products.

Attempted Diels-Alder Reaction of Furanoradialene (8)

with Dimethyl Acetylenedicarboxylate (14). A 0.4000 g

(1.098 mmol) quantity of dibenzoate 11 was pyrolyzed at 630°C
and 10'“ Torr. During the pyrolysis, 1.48 g'(lO.M mmol;

9.5 equivalents) of dimethyl acetylenedicarboxylate (}ﬁ)

and 1.5 mL of carbon disulfide were distilled into the product
trap via a side arm. In order to distil the dibenzoate (l})
into the hot zone, the sample compartment was heated to ca.
140°C. After the apparatus was shut down under nitrogen,
0.0280 g (0.167 mmol) of 1,1,2,2-tetrachloroethane was added
as an internal standard. The trap was warmed to -78°C and

2.5 mL of a 3:2 mixture of CDC1l, and CS

3 2
to rinse the material on the walls of the trap to the bottom.

at -78°C was used

The product solution was placed into four 5 mm NMR tubes at

_78°C and *

H NMR spectra were recorded for each tube at -80°C.
At -80°C, the product mixture consisted mainly of furano-

radialene (8) along with minor amounts of [4+2] dimer 12.
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One of the tubes was warmed first to -30°C and then to 0°C
and a 14 NMR spectrum was recorded at each temperature. All
of the furanoradialene_(g) was converted into [U4+2] dimer
ig. The remaining tubes were maintained at temperatures
below -60°C for 60 h. During the 60 h time period, almost
all of the furanoradialene (8) was converted into [4+2]

1H NMR evidence for the formation

dimer 12. There was no
of either a Diels-Alder monoadduct or a diadduct of
furanoradialene (§) with dimethyl acetylenedicarboxylate
(11).

Attempted Chelatropic Reaction of 8 with Sulfur Dioxide.

A 0.4128 g quantity of dibenzoate 1l was pyrolyzed at 640°C
and 10"Li Torr. During the pyrolysis, 2 mL of dichloro-
methane-d, was deposited into the trap via a side arm. After
all of the dibenzoate %} had distilled out of the sample
compartment (heating from 86 to 140°C), the apparatus was
shut down under nitrogen. The product trap was then warmed

to ~78°C and 2 mL of CD Cl2 was used to rinse the materlal

2
on the walls of the trap to the bottom. Excess sulfur dioxide
(SO2) was slowly condensed into the trap and the resulting
yellow mixture, conﬁaining a large amount of insoluble, poly-
meric material, was maintained at -78°C for 1 h. After

removing most of the excess sulfur dioxide by distillation

toward a liquld-nitrogen-cooled trap, the product solution
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was placed into three, 5 mm NMR tubes, Attempts to record

'H NMR spectra of this product solution at -60°C were
unsuccessful because the concentration of products was too
small to obtain meaningful spectra. The cold product
solution was then added to 60 mL of pentane at room temper-
ature and a yellow, labile sold immediately precipitated.
Collection of the solid by suction filtration under nitrogen
yielded diadduct 17: IR (CHCl3) 1330, 1110 em™t; *H NMR
(acetone-g6) § 4.42 (m, 4H), 4.32 (m, 4H). Polymeric material
was the major product and under no conditions used was the
diadduct formed in greater than 10% yield. No 1H.NMR evidence
for the formation of either [4+2] dimer 12 or a monoadduct

(gg or g}) of furanoradialene (§) with SO2 was observed., The
large amount of polymer formed in each experiment may be
partially due to decomposition of lg, gg, or %} under the
reaction conditions. Attempts to separate the products by
liquid chromatography (TLC and column) resulted in complete

decomposition of the product mixtures.,
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SECTION VI. SYNTHETIC APPROACHES TOWARD [2,1(2,3,4,5)-
FURANOPHANE
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INTRODUCTION

The synthesis and study of the chemical and physical
properties of bridged aromatic compounds, called cyclo-
phanes,l has been an intensively investigated research area
in recent years.2_1o Cyclophanes are rigid molecules of
known geometry which have been of interest because of the
strain energy, bonding situation and transannular interactions
which result from having two closely situated m-electron
syetems.

The cyclophane nomenclature, first introduced by Cram
and Steinberg1 and later extended by Vogtle and Neumann,11
defines a cyclophane as a molecule having at least one bridged
aromatic ring. The numbér of bridging atoms is given in
brackets and is followed by parentheses containing designa-
tions for the positions of attachment on the aromatic ring.
After the parentheses, the name of the aromatic ring is
listed, followed by the suffix "-ophane". The parent term,
cyclophane, refers to bridged benzene rings. Bridged hetero-
aromatic rings are called heterophanes. Thus, structure }
is named [2.2](1,4)cyclophane, while structure 2 1is named
[2.2.2]1(2,3,5)furanophane. In naming multibridged cyclophanes
in which all of the bridges contain the same number of atoms,
the numbering can be simplified by using a subscript number

to refer to the number of bridges.11
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The availability of multibridged [2n]cyclophanes has
been dramatically increased in recent years by the work of
Boekelheide, which has shown that two bridges at a time can
be introduced into a cyclophane molecule by the reaction of
properly situated ortho-xylylene moieties.2 For example,
pyrolysis of 3 at 700°C gave a mixture of ﬂ and
[2u](l,2,4,5)cyclophane (§). Pyrolysis of E under the same
conditlons also leads to the formation of 5.12 The basis for
this work was the observation by Cava and Deana13 that the
pyrolysis of sulfone § produced [2.2]1(1,2)cyclophane (7) in
good yield, presumably via the intermediacy of ortho-xy-
lylene (§). Since the concerted dimerization of § to give T
is "symmetry forbidden", according to the rules governing
the conservation of orbital symmetry,lu a diradical mechanism
was proposed for the formation of 7. Boekelheide utilized

~

reactions involving pyrolytic eliminations of hydrogen
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chloride from suitably substituted, ortho-methylbenzyl

chloridesls"22

or pyrolytic, ring openings of substituted
benzocyclobutenes23 to generate the nécessary ortho-xylylene
intermediates. This synthetic strategy was successfully

employed in preparations of [23](1,2,M)cyclophane,2u’25

[23](1,2,3)cyclophane,2 [2u](1,2,4,5)cyclophane,12
[24](1,2,3,M)cyclophane,26’27 [25](1,2,3,11,5)cyclophane,28
and [26](1,2,3,”,5,6)cyclophane which has also been referred
to by the trivial name superphane.26’29
Recently we reported that the flash vacuum pyrolysis
(FVP) of 2-methyl-3-furylmethyl benzoate (g) gives good
yields of 2,3-dimethylene-2,3-dihydrofuran (%9).30 Compound
39 readily undergoes dimerization at temperatures above
-30°C forming [2.2](2,3)furanophane (l}). Based on the
success of Boekelheide's syntheses of multibridged [2n]-
cyclophanes from ortho-xylylene intermediates and the facile,
analogous'dimerization of 2,3-dimethylene-2,3-dihydrofuran
(10), a program aimed at the synthesis of multibridged

[2n]furanophanes was initiated.
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The first reported synthesis of a furanophane utilized

a 1,6-elimination reaction from (5-methylfurfuryl)tri-

methylammonium hydroxide (12), forming 2,5-dimethylene-2,5-di-

hydrofuran (%é).3l Warming 13 in the presence of poly-

merization inhibitors led to dimerization, forming [2.2]-

(2,5)furanophane (14) in high yield. The authors also

reported that the liquid-phase pyrolysis of (2-methyl-3-furyl-

+ .
/A NMe. ~om —=29°C, =
12 13
—Z o D
| 7>
0
14 (72%)

methyl) trimethylammonium hydroxide (15) formed either [2.2]-

(2,3)furanophane (%}) or [2.2](2,3)(3',2')furanophane (%é)

in 53% yield.
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The synthesis of several other [2.2]heterophanes using
the Hoffman elimination approach have been reported.32'u6
In addition to these reports, Boekelhelde synthesized two
tetra-bridged pyridinophanes using pyrolytic eliminatilons
of hydrogen chloride to generate the necessary ortho-quino-
dimethane intermediates.”7

The synthetic strategy devised for the preparation of
[2u](2,3,u,5)furanophane (17) involved the generation of a
molecule (39) containing two suitably positioned, 2,3-di-
methylene-2,3-dihydrofuran units. The initial target
molecule in the synthesis of 17 was a [2.2](2,3)furanophane

molecule 19 containing functional groups necessary for the

conversion of 19 into 18.
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RESULTS

The emphasis of the initial experiments directed toward
the total synthesis of [2u](2,3,u,5)furanophane (%Z) was
placed on developing an efficient route for the preparation
of an initial target molecule with general structure %2.
Since the pyrolytic elimination ofvbenzoic acid from
2-methyl-3-furylmethyl benzoate is the best method currently
available for the production of 2,3-dimethylene-2,3-di-
hydrofuran (%9),30 thé preparation and study of the
pyrolysis chemistry of l-carbomethoxy-2,5-dimethyl-3-furyl-
methyl benzoate (gg) was undertaken. Exposure of a sample
of dimethyl 2,5-dimethylfuran-3,U4-dicarboxylate (E&) in
ether to an amount of 1lithium aluminum hydride (LiAlHu)
equal to two hydride ions per molecule of g}, resulted in
the formation of Ud-carbomethoxy-2,5-dimethyl-3-furylmethyl
alcohol (gg) and 3,4-bis(hydroxymethyl)-2,5-dimethylfuran
(§§)s in addition to the recovery of unreacted starting
material EE. After the three major components of the
product mixture were separated by column chromatography,

22 was converted to benzoate gg by reaction with benzoyl

~nn

chloride in the presence of triethylamine.
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The FVP of gg at temperatures ranging from 550 to 610°C
and a pressure of approximately 10'“ Torr produced a white
product band in the liquid-nitrogen-cooled trap. The
product mixtures were dissolved in carbon disulfide at -78°C
and then slowly warmed to 0°C. Under all pyrolysis and
workup conditions, the major product isolated was a colorless,
transparent polymer. In addition to the polymeric material,
smaller amounts of [4+2] dimers gﬂ and 22 and head-to-head,
[4+4] dimer gg of 2,3-bis(methylene)-4-carbomethoxy-2,3-di-

hydro-4-methylfuran (27) were 1solated.
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Evidence showing that 27 is the primary pyrolysis

product, which later forms 24, 25, and 26, was obtained by

recordlng 1H and 13

1

C NMR spectra of 27 at -60°C. 1In Figure
1, "H NMR spectra of the pyrolysis products of gg, recorded
at -60 and 35°C, are presented. The 1H NMR spectrum of gz
included one-proton singlets at § 5.67 and 5.41 for the
methylene group at the three position, one-proton doublets
(J = 3 Hz) at 6 4.91 and 4.72 for the methylene group at
the two position, a three-proton singlet at § 3.82 for the
methyl ester group and a three-proton singlet at § 2.43

for the ring-methyl group. The 130 NMR spectrum of 27



Figure 1. 1H NMR spectra of the pyrolysis products of
l-carbomethoxy-2,5-dimethyl-3-furylmethyl
benzoate (20) recorded at -60°C (top) and

at 35°C (bottom)

Top : 2,3-bis(methylene)=-l-carbomethoxy-2,3-di-

hydro-4-methylfuran (gz)

Bottom: A mixture consisting of [4+42] dimers
24 and 25 and [4+4] dimer 26. The
ratio of the sum of 24 and 25 to

[4+4] dimer gé is 1.24 to 1.



210

1:1 CS, /CDCly -60°C

35°C

| L ] L | ; |
1§

! i

jl (PPM) 3 2

~J
(o) B
4]



211

included nine peaks with appropriate chemical shifts including
signals at 6 158.03 and 136.20 for ring carbons two and

three, respectively, and at § 103.74 and 85.32 for the
exocyclic-methylene carbons at the three and two positions,

14 and 13¢ NMR chemical shifts observed

respectively. The
for gz were assigned by comparing them with the chemical
shifts observed for 2,3—bis(methy1ene)—2,3—dihydrofuran
(39);30 2,3—bis(methy1ene)—2,3—d1hydro—u—methy1furan,30
2,3-bis(methylene)-2,3-dihydro-5-methylfuran and furano-
radialene. Warming the samples to room temperature resulted
in the dimerization of 27 into 24, 25 and 26.

The structures of the [4+2] dimers gﬂ and gé were
indicated by H and T3¢ NMR spectral data obtained for the
product mixtures after [4+4] dimer gé was removed by
selective crystallization. The lH NMR spectra observed
for mixtures of 35 and gé indicated the presence of only
one [U4+2] dimer of gz since the chemical shifts observed
for the corresponding hydrogens in %& and %2 were found to
be accidentally equivalent. The 1H NMR spectrum included
doublets at § 4.5 and 3.99 (J = 2.5 Hz) for the exocyclic-
methylene hydrogens, broad singlets at § 3.8 and 3.73 for
the carbomethoxy hydrogens, a broad multiplet from §
2.8'to 2.2 for the ring-methylene hydrogens on the carbons

adjacent to the furan ring, broad singlets at § 2.53 and 2.27
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for the ring-methyl groups, and a broad multiplet from §
1.85 to 1.05 for the remaining ring-methylene hydrogens.
The singlets observed at 8§ 5.67 and 5.41 for the methylene

1y nvR

group at the three position in gz were absent in the
spectrum observed for a mixture of gﬁ and 25. This
observation indicated that the exoecyclic double bond at

the three position acts as the dienophile in forming the
observed [4+2] dimers.

The 130 NMR spectrum obtained for a mixture of %ﬂ and
gé indicated that two [L+2] dimers were present in the
product mixture. The 130 NMR spectrum included signals at
§ 158.79 for the ring carbon attached to an exocyclic
methylene group at the two position of a dihydrofuran ring
and at § 85.87 for the corresponding exocyclic methylene
carbon. The signals observed in the 130 NMR spectrum of
%Z at § 136.20 for the ring carbon at the three positioh and
§ 103.74 for the exocyclic methylene carbon attached to the
three positlon were absent in the'l3C NMR spectrum of the
mixture of %ﬂ and gg. This observation provided further
evidence that the exocyclic double bond at the three position
acts as the dienophile in forming the observed [4+2] dimers.
Although the 130 NMR chemical shifts could not be rigorously
assigned to regioisomers %ﬁ and 3?, the areas of the peaks
for the ring-methyl groups were used to determine the isomer

ratio of the two [L+2] dimers. The ratio of the sum of the
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areas of the peaks at 6 14.52 and 14.03 for one isomer to
the sum of the areas at & 15.22 and 14.25 for the other
isomer is equal to 2.27 to 1. Although there are six
possible [4+42] dimers that can be formed from gz, only
[4+2] dimers gﬂ and 25 were identified in the NMR spectra
of the product mixtures. The 1H and 130 NMR chemical shifts
observed for [4+42] dimers gﬂ and gé were in agreement with
the chemical shifts observed for the comparable signals
of the_[u+2] dimer of furanoradialene.

The structure of head-to-head, [U4+U] dimer gé was also

indicated by its spectral properties. The 1

H NMR spectrum
of gg in benzene—g6 included a six-hydrogen singlet at

§ 3.43 for the methyl ester groups, four-hydrogen singlets
at § 3.26 and 2.77 for the ring-methylene groups and a
six-hydrogen singlet at § 2.35 for the ring-methyl groups.
The 1H NMR chemical shifts of the ring-methylene hydrogens
were observed to be accidentally equivalent for a sample of

§§ in deuterochloroform. The 1

H NMR spectra recorded for
benzene-d, and deuterochloroform solutions of gé are
presented in Figure 2. A similar observation was observed
in the 13C NMR spectrum of a deuterochloroform solution of

§§. The ring-methylene carbons of 26 were found to be



Figure'2. lH NMR spectra of [4+4] dimer gé, 4,4r-bis-
(carbomethoxy)-5,5"-dimethyl-[2,2]}(2,3)furan-
ophane, recorded in benzene-QG (top) and in

deuterochloroform (bottom)

MeOOC CO0OMe

Integration of the signals in the top'spectrum
gave an area ratio of 3:2:2:3, which is the
expected ratio for compound gé. Integration of
the signals in the bottom spectrum gave an area
ratio of 3:4:3 indicating that in deuterochloro--
form, the signals for the ring-methylene hydrogens

are accidentally equilvalent.
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accidentally equivalent and were observed at § 29.2. The
130 NMR spectrum of §§ in benzene-d, consisted of nine
peaks, as required by the symmetry of gé, with appropriate
chemical shifts.

Product yields of dimers gﬂ, 25, and gé were determined

lH NMR analysis using l,l,2,2-tetrachloro-

by quantitative
ethane as an internal standard. The ylelds of products
obtained at various pyrolysis temperatures are presented

in Table I. Several unsuccessful attempts were made at
converting mixtures of %ﬂ, 25, and §§ into higher amounts

of desired [4+4] dimer %9- Heating a chlorobenzene solution
of gﬂ, 25 and gé to 100°C in the probe of an NMR spectrom-
eter for 4 h resulted in a gradual decomposition of both-
the [4+2] dimers gﬂ and 25 and the [M+4] dimer %E- There
was no evidence obtained which indicated that gﬂ and 25
could be converted into [4+44] dimer §§. When the yield of
[4+4] dimer §§ from benzoate 39 could not be improved

above a maximum of approximately 15%, several alternative
syntheses of 1nitial target molecules with general structure

19 were attempted.



Table I. Products and yields formed from pyrolyses of Ul-carbomethoxy-2,5-di-
methyl-3-furylmethyl benzoate (29) at various temperatures

Pyrolysis a Recovered
Temperature (°C) Products and Yields (%) Starting a
Material (%)
[4+2] [4+4]
Dimers Dimer
24 + 25 - 26 20
550° 15.2 15.1 3.4
580° 17.8 12.6 —
610° 15.1 12.2 —

8yields were determined by lH NMR spectroscopy using 1,1,2,2-tetra-
chloroethane as an internal standard.

bUnder all pyrolysis and workup conditions, the major prbduct formed
was a colorless, cellophane-like polymer.

Lte
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MeOOC CH2——O-—C——Ph

|
/ \ :

0

20

19

Acetate g§ was prepared using a synthetic sequence
analogous to that used for the preparation of benzoate %2.
Pyrolyses of §§ using a variety of workup_conditions gave
yields of [4+41] dimer 39 that were lower in all cases than
the yields of gé formed from benzoate gg. The lower
product yields from acetate 3§ were caused by the partial
decomposition of the starting material in the sample
compartment and the extensive decomposition of the pyrolysis
products because of the presence of acetic acid. The
addition of solid sodium blcarbonate in the sample
compartment and triethylamine in the liquid-nitrogen-cooled
trap to neutralize the acetic acid did not significantly
improve the yields of either the [44+2] dimers Eﬂ and 25 or

the [4+4] dimer gé.



219

MeOOC CH2——O——C——CH

3
o [442] [4+4]
/ \ 0 632 C > Dimers + Dimer
o 107 Torr
28 24 + 25 26
13.5% 8.5%

Since pyrolytic eliminations of hydrogen chloride from

ortho-methylbenzyl chloridesl5_22

have been used extensively
in the preparation of ortho-xylylenes, the synthesis and
study of the pyrolysils chemistry of 4-carbomethoxy-3,5-di-
methylfurfuryl chloride (gg) was undertaken. Compound 29
was prepared by chloromethylation of methyl 2,4-dimethyl-
furan-3-carboxylate (39). Pyrolyses of 22 were carried

out at temperatures ranging from 660 to 800°C. At temper-
atures below 750°C, the only materials collected in the
product trap were starting material 32 and polymer. At
temperatures above 750°C, the total conversion of 32 into
polymeric and decomposed materials was observed. There was
no 1H NMR or gas chromatographic (GLC) evidence for the
formation of [4+2] dimers gﬂ and 25 or [4+4] dimer gé

under any pyrolysls or workup conditions. A low-temperature,
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1H NMR study of the pyrolysls products failed to give any
evidence for the formation of éither 2,3-bis(methylene)-
b-carbomethoxy-2,3-dihydro-5-methylfuran (27) or any

oligomers of 27.

COOMe COOMe

0 0

3 29

COOMe

FVP o [4+42] [4+4]
29 N> \ > Dimers + Dimer
~ 0

27 2he2s s

Due to the poor ylelds and extensive polymerization
observed with reactions forming gz as a precursor to [U4+U4]
dimer gf, syntheses of several alternative [4+4] dimers
with general structure lg were attempted. 2,5-Dimethyl-U-hy-
droxymethyl-3-furylmethyl acetate (g}) was prepared by
reacting dlol 23 with one equivalent of acetyl chloride in
the presence of triethylamine. The desired acetate product
§} was separated from unreacted starting material §§ and
diacetate gg by column chromatography on silica gel. The

total yield of isolated product was low because of the
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partial decomposition of diol 23 and acetate 2} under the
chromatography conditions. 'Pyrolysis of 3} at 590°C
resulted in total conversion of the starting material into a
complex product mixture. There was no evidence for the

formation of desired product 33.

HO-CH}_CIE—OH HO-CH,, CH2-O—ﬁ—CH3
/o\ 1eq. AcCl | oo /Z/-:\Q 0

Et3N ~=
23 8.5% 31 (18%)

AcO—CH2 H2—OAC

+ /\

0
32 (21.3%)

590°C
1O'Ll Torr
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Since the hydroxy group in 31 was a possible cause
of the lack of formation of 33 from 31, the preparation
and pyrolyses of trimethylsilyl ether analogs §£ and §§,

of 31, were undertaken. Pyrolyses of either QE or 32 at

HO-CH,, CH,,~OAc Me ,51-0-CH,, CH,~OAc
Me.S1C1
l/_& For M
0 | 3 0
31 34 (90.4%)
HO-CH,, Ho0H 1) 1 eq. Phcocl
/) TUEtN
2) Me,SiCI >
Et N
23
MeyS1-0-CHy \  CHp=0-(-Ph Me,S1-0-CH, CH,-0-S1Me,
/ \ 0 + / \
0 0
35 (37.8%) 36 (5.3%)
Ph-(C-0-CH CH -O—F-Ph
;

l 2 2
3

37 (20.5%)
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temperatures ranging from 510 to 590°C resulted in total
conversion of the starting material into complex product

1

mixtures. There was no ~H NMR evidence for thg_groduction

of either [4+42] or [U+L4] dimers of 2,3-bis(methylene)-2,3-di-

hydro-5-methyl-4-(trimethylsiloxy)methylfuran (38).

TMS-O—CH2
FVP [4+2] [4+4]
34 or 35 N M or Dimers or Dimers
of 38 of 38

0]

38

s

Low-temperature, 1H NMR studies of the pyrolysis product
mixtures formed from acetate §5 and benzoate 35 also
failed to provide conclusive evidence for the production

1H NMR spectra in the region for the

of 38. Since the
trimethylsilyl groups (8 0.0 to 0.5) was converted from a
singlet in iﬂ and §§ to multiple peaks in the product

mixtures, the trimethylsilyl ether groups in iﬂ and §§ are
apparently unstable to the pyrolysis conditlons necessary

to form 38. This hypothesis was confirmed by pyrolyzing

bis(trimethylsilyl ether) 36. Pyrolysis of 36 at 570°C
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resulted in the formation of polymer and deprotected
alcohols 23 and 39, along wlth several unidentified
biproducts. There was no evidence for the formation of

either 38 or oligomers of 38 from pyrolyses of 36.

Me3S'i-O—CH2 CH2—O—SiMe3 HO-CH H.~0OH
N\, 2 2
/(/ \ 570°C ] \
O/ -4 >
10 Torr 0
38 23
HO-CHy ~ ,CH,-0-SiMe, |
\
+ /:?:;S:\ + §§ + polymer
39

~ns

In the absence of a better method of preparing either
(44471 dimer %f or an alternative initial target molecule
with general structure %2’ repetitive pyrolyses of
h-carbomethoxy-2,5-dimethyl-3-furylmethyl benzoate 29
were used to prepare adequate gquantities of §§ for an
attempted synthesis of [241(2,3,M,5)furanophane (%Z). A
total of 3.05 g (0.0106 mole) of benzoate 20 was pyrolyzed
over nine runs at a furnace temperature of 580°C and

4

pressures ranging from 10 to 10'6 Torr. In each run, the

pyrolysis products were dissolved in ca. 30 mL of carbon
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disulfide at -78°C and then were slowly warmed to room
temperature. After removal of the benzoic acid, polymeric
bypfoducts, and carbon disulfide solvent, the desired
[U+4] dimer gé was isolated by selective crystallization
from an ether solution of the pyrolysis products. A total
of 0.138 g (0.000415 mole; 7.9% of [4+4] dimer %é was

isolated.

[4+44] Dimer gé was converted in 87% isolated yield
into diol §§ by treatment of %é wlth an ethereal slurry
of 1lithium aluminum hydride. The resulting diol §§ was
then converted into diacetate 39 by treatment of §§ with
‘acetyl chloride in the presence of triethylamine. Using
this two-step sequence, 0.105 g of diacetate 59 was
isolated. Diacetate ig was fully characterized by IR,
lH NMR, 13C NMR and high-resolution, mass spectral analyses
and gave data which were consistent with its structure. The

lH NMR spectrum of 40, containing five singlets as reaquired

by the symmetry of 40, is presented in Figure 3.

Me00C COOMe CH,O0Ac CH,OAc
1) LiAlHu X / l
(87%)
2) CH coct,
26 Et_ N - ho

~— 3 ~—

(92%)
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Figure 3. 1H NMR spectrum of a CDCl, solution of 4,4'-bis(acetoxymethyl)-5,5"'-di-
methyl—[2,2](2,3)furanoph§ne (40) recorded at ambient temperature

9ce
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Pyrolyses of diacetate 59 at temperatures ranging from
560 to 610°C resulted in complete conversion of the starting

materials 1lnto complex product mixtures. 1

H NMR spectra
of the product mixtures indicated that furanophane %Z and
hexaene 5@ were at most minor products (<5% yield). The
region of the spectra between § 3.7 and 2.8 for all of
the product mixtures included small peaks which might be

assigned to the olefinic signals of the [4+2] dimer 41

of furanoradialene 42.

SN YR et
0
-0

42 41
= o=
0 . 0
BN —_
/4 7/ N\
0 0
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All attempts to isolate [2u](2,3,u,5)furanophane 17
from the product mixtures by thick layer chromatography
on silica gel and gas chromatography (GLC) were unsuccessful.
Extensive decomposition of the product mixtures occurred
on exposure to the separation conditions, resulting in
streaking of the product mixtures up the TLC plates with
all of the solvent systems tested and more than thirty
peaks being observed in the GLC chromatograms.

In order to investigate if furanoradialene ig is a
secondary pyrolysis product formed from hexaene %g, gas
chromatography/mass spectral (GLC/MS) analyses of diacetate
39 were obtained at ionization energies of 70 eV and 18 eV.
The major fragment ions and their relative percentages are
presented in Table II. At the higher ionization energy,
the base peak of the fragmentation pattern was observed at
m/e 120, corresponding to furanoradialene Eg. The fragment
at m/e 240, corresponding to [2u](2,3,u,5)furanophane ({Z)
or hexaene intermediate %9, was 14% of the base peak at
70 eV. These observations differ from those observed at
18 eV, in which the base peak of the fragmentation pattern
at m/e 240 corresponds with furanophane %Z or hexaene }g.

At the lower ionizatlon energy, the major fragment ions

are formed by losses of either one or two molecules of
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Table II. Gas chromatography/mass spectral analyses of
b 4'-bis(acetoxymethyl)-5,5"'-dimethyl-[2.2]1(2,3)~
furanophane (MO) at ionization energies of 70 eV

and 18 eV
70 eV 18 ev

Mass % of % of Fragment
Number Base Base

(m/e) Peak Peak Ion

360 2.78 71.94 Mt

300 3.42 58.72  (M") - CH,COOH

240 14.00 100.00 (M') - 2(CH,COOH)

180 9.93 b.72 m*y/2

120 100.00 13.10 (M%) - 2(CH4COOH) /2

acetic acid from 40 At the higher lonization energy, the
major fragment ion is due to cleavage into two furano-
radialene fragments ﬂg, after the loss of two molecules of
acetic acid from 59. These observations suggest that the
loss of two molecules of acetic acid from 39 to form either
furanophane %Z or hexaene £§, occurs more readily than the

cleavage which results in the formation of furanoradialene

h2.
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DISCUSSION

A migration mechanism was previously proposed for
the conversion of 2-methyl-3-furylmethyl benzoate (9)

y.3% A similar

into 2,3-dimethylene-2,3-dihydrofuran (%9
mechanistic scheme is proposed for the conversion of
l-carbomethoxy-2,5-dimethyl-3~furylmethyl benzoate (39)

into 2,3-bis(methyléne)—M-carbomethoxy-2,3-dihydro-5-methy1-
furan (27). The mechanism involves a 8 elimination

of benzolc acid from intermediate i; after a [3,3] shift

of the bengzoate group. This formal 1,4 elimination of

a carboxylic acid during an ester pyrolysis has literature

precedent in the pyrolysis chemistry of allylicu8_53 and

54-56

benzylic esters containing § hydrogens. In the

MeOOC CH2—O— -Ph MeOOC

/\ e——

0 0
20 43 3

~anns

iB elimination
MeOOC

T

27

e
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product mixtures formed from several allylic esters, the
intermediates formed by a [3,3] shift of a carboxylate

group have been isolated.51’52,57—63
The dimerization of 27 forming [4+2] dimers 24 and

25 and [4+47] dimer gé can involve eilther concerted or
diradical mechanisms or a combination of both. There are
three possible diradical intermediates which can be

formed from 27: iﬂ, ig, and ﬂé. Diradical ﬁf can form
one of the observed [U+2] dimers gﬁ in addition to the
observed [4+4] dimer gé. Diradical ﬂ? can form both the
observed [4+4] dimer gé and an unobserved [4+2] dimer ﬂz.
Diradical £§ can form the unobserved head-to-tail, [L+4]
dimer ig and the unobserved [4+2] dimer ﬂg, as well as the
observed [4+2] dimer gé.

Simple resonance considerations suggest that the type
of radical center found in ﬁﬂ is more stable than that
found in ig. However, if there 1s a stabllity difference
in the type of radical centers found in ﬂﬂ and 55, one of
the symmetrical, diradical intermediates (iﬂ or 55) would
be more stable than either the other symmetrical, diradical
intermediate or the unsymmetrical, diradical intermedilate ﬂé.
The diradical mechanism for the formation of [4+4] dimer gé
is analogous to that proposed for the dimerization of

ortho-xylylene (§),6Ll trimethylenecyclobutane,65

66

and

tetramethylenecyclobutane.
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A concerted (nus + w'a) mechanism for the dimerization

of 27 could result in the formation of either the observed,

head-to-head, [U4+4] dimer gé or the unobserved, head-to-tail
dimer ﬂg. The information obtained from a molecular orbital
calculation on structure gz would be necessary to Drédict
which [4+4] dimer (48 or 26) would be formed from a

concerted dimerization of 27.

anrs
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Me0OC MeQOC
/ nus + wua_> Y, 0
I | /
0 0
COOMe
27 .48
or 6

Anrs

A concerted mechanism is favored for the formation of
the [4+42] dimers from gz since diradical intermediates
44, 45 and 46 would be expected to produce some of the
unobserved [U+2] dimers ﬂz and ﬂg in addition to the observed
dimers gﬂ and gé. However, the possibility that some of
the total amount of [4+2] dimers gﬂ and gé may result from
a diradical pathway can not be ruled out. The formation of
[442] dimers gﬂ and 35 has literature precedent in the

64

formation of spirodimers from ortho-xylylene (8), imine

67 8

50 and U4,5-bis(methylene)cyclohepta-2,6~-dien-1l-one (51).6

@,
Q)
(>
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The poor yields of the desired [4+4] dimer 26 from

0

triene 27 can be attributed to several factors. The
uncontrolled polymerization of gz resulted in the formation
of a colorless, transparent polymer as the major product
under all pyrolysis and workup conditions. Also, for the
first time, formation of [4+2] dimers predominated over
formation of [4+4] dimers on warmup of a 2,3-bis(methylene)-
2,3=dihydrofuran species. Although the extensive poly-
merization observed in this system might explain the poor
yields of [4+4] dimer gé, the 17.8% yield of [4+2] dimers
%ﬂ and 25, formed on pyrolysis of benzoate 20 at 580°C,

is the highest yileld of [4+42] dimers formed to date from a
2,3-bis(methylene)-2,3-dihydrofuran species. The extent of
the formation of the [4+2] dimers from gz is unusual and

at this time we do not have a satisfactory explanation for

this observation.



236

The investigation of the pyrolysis chemistry of
4 L'-pis(acetoxymethyl)-5,5'-dimethyl-[2.2](2,3)furanophane
(40) showed that 40 was at best a poor precursor to

[2u](2,3,4,5)furanophane (17). A mechanistic scheme which
=1

FVP 0
’— L_i—g-

0

o 17

accounts for the formation of the pyrolysis products from

AcO-CH CH,-0OAc

2 2

59 is presented in Figure 4. The desired hexaene inter-
mediate £§ can be formed from diacetate Eg by undergoing
two B eliminations of acetic acid after [3,3] shifts of
the acetate groups into the furan rings.

The formation of [4+2] dimer i} of furanoradialene
(ﬂg) can be explained by retro [U4+4] reactions of either
hexaene intermediate %ﬁ or structures 52 and éé to form

oy

furanoradialene (ﬂg). Structures §3‘- EE and 39 would
also be expected to form §§ or §Z which would be converted
to 52 under the pyrolysis conditions. Furanoradialene
(ﬁg) then undergoes a Diels-Alder dimerization upon
workup, forming [4+42] dimer i&. The retro [U4+U4] reaction
observed in the pyrolysis of diacetate &Q is analogous

to the retro [6+6] reaction observed in [2.2]1(1,4)cyclophane

systems. A commercilal process developed by Union Carbide



Figure 4. Mechanistic scheme for the formation of furanoradialene (42) and

4,41, 5,5 —tetrakis(methylene)l, i’ ,5,5'-tetrahydro[2.2](2,3) furano~

phane (%§) from U4,4'-bis(acetoxymethyl)-5,5"'-dimethyl-{2.21(2,3)-
furanophane (40)



B elimination B elim.

56 52
[3,3] B elim.
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for the production of Parylene (§§), a family of linear
plastics based on the polymerization of p-xylylene

(Eg), involves the generation of §2 by a gas-phase
pyrolysis of [2.2](1,4)cyclophane (%) at 600 - 650°C.69’70
When deposited onto a substrate, p-xylylene (§2) instantly

polymerizes in a continuous film. A similar situation
<:> 600°C |
-_ —> 'lCHe CH

1 mm
% 59 58

~~ ~nns

resulted when cyclophane 60 was pyrolyzed at 900°C

in the gas phase, producing hexaradialene (61).71 A

60 61

~nrs ~rs

related reaction involves the production of furanoradialene
(42) from pyrolyses of 1,2,3,4,6,7,8,9-0octahydrodibenzo-
furan (62).72
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g20°cC

/ \ vacuum
0

62 42 70%
15%
The retro [U+U4] reaction observed during pyrolyses

v
+
BN

of diacetate 59 rendered 39 a poor precursor to [2“]-
(2,3,4,5)furanophane (%Z). The temperatures required

for generating 2,3-bis(methylene)-2,3-dihydrofuran species
from 59 are high enough for the undesirable retro [4+i]

reaction to occur.
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EXPERIMENTAL

Methods and Materials. The pyrolysis apparatus has
73 1

been previously described. H NMR spectra were recorded
using Varian EM-360, Varian HA-100, Hitachi-Perkin Elmer
R-20B or Bruker WM-300 spectrometers. 130 NMR spectra
were recorded using a JEOL FX-90Q or a_Bruker WM-300
spectrometer. Chemical shifts are reported in parts per
million (8) from tetramethylsilane (MeuSi). Infrared
spectra were measured wilth a Beckman 4250 spectrophotometer.
High resolution mass spectra were measured with an
Associated Electronics Industries MS-902 instrument at
70 eV. Gas Chromatography/mass spectral analyses (GLC/MS)
were performed using a Finnigan 4000 instrument, at lonization
energies of 10 to 70 eV, with an INCOS 2300 data system.
GLC analyses were performed using a Hewlett Packard 5840A
instrument equipped with a 25 meter, fused-silica, capillary
column coated with a methylsilicone liquid phase. Melting
points were determined with a Thomas-Hoover apparatus and
are uncorrected.

Chloroacetone and chlorotrimethylsilane were obtained
from Aldrich Chemical Co. Lithium aluminum hydride (lithium
tetrahydridoaluminate) was obtained from Alfa Products. A

50% dispersion of sodium hydride in mineral oil was obtained
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from J. T. Baker Chemicals. Acetyl chloride, benzoyl
chloride, methyl acetoacetate.and triethylamine were
supplied by Eastman Organic Chemicals. JTodine and para-
formaldehyde were obtained from Fisher Scierntific Co.
Gaseous hydrogen chloride was obtalined from Matheson Co.

Dimethyl 2,3-Diacetylsuccinate. The following

procedure was adapted from a literature synthesis of diethyl
2,3—diacetylsuccinate.7u’75 To a mechanically stirred
slurry of 12.46 g (0.519 mole) of sodium hydride (24.92 g

of a 50% dispersion in mineral oil which was washed four
times with 150 mL of Skelley B) in 1 L of dry ether (LiAlHu)
at 0°C, was slowly added a solution of 58.06 g (0.5 mole)

of freshly distilled methyl acetoacetate in 50 mL of dry
ether (dropwise addition over a 1 h period). Ether was
added when necessary to facilitate stirring (ca. 300 mL
total). The reaction mixture, consisting of a white soliad
suspended in ether, was stirred at 0°C for 1 h. A suspension
of 65.87 g (0.26 mole) of iodine in a total of ca. 500 mL
ether was added slowly over a 1.5 h period. The mixture

was then stirred vigorously as the temperature was allowed
to equilibrate from 5°C to room temperature over a 10 h
period. After the addition of 250 mL of distilled water,

the mixture was stirred for 1 h. The ether layer was
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concentrated to a volume of ca. 100 mL by heating the open
reaction flask. The white solids suspended between the

ether and aqueous layers were collected by suction filtration,
yielding 26.67 g (0.1158 mole; U6.34%) of a mixture of

meso- and g,l—dimethyl 2,3-dlacetylsuccinate: mp 138-139°C;
IR (CHC13) 1745, 1720, 1645, 1290-1245, 1165 cm‘¥; g NMR
(CDCl3) (major isomer) & U4.52 (s, 2H), 3.72 (s, 6H), 2.44

(s, 6H); 14 NMR (CDC13) (minor isomer) § 4.48 (s, 2H),

3.75 (s, 6H), 2.38 (s, 6H); high resolution mass spectrum
caled for C10H140¢ 230.07904, measured 230.07863. The

ether and aqueous filtrates were separated and the aqueous
layer was extracted with ethyl acetate (U4 x 50 mL). The
ether and ethyl acetate layers were combined and then washed
with saturated sodium chloride (3 x 50 mL), dried over

MgSOu and concentrated, yielding an additional 4.73 g

(0.021 mole; 8.2%) quantity of dimethyl 2,3-diacetylsuccinate.

Dimethyl 2,5-dimethyl-3,4-furandicarboxylate (21). An

adaptation of a literature synthesis of diethyl 2,5-dimethyl-

3,4-furandicarboxylate was used.75’76

Dimethyl 2,3-di-
acetylsuccinate (26.67 g; 0.116 mole) was dissolved in 200
mL of cold, concenﬁrated sulfuric acid. After stirring the
mixture for 4 h at 0°C, 1t was poured over cracked ice in

a 1 L beaker. After the ice had melted, 200 mL of ether was
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added and the layers were separated. The aqueoﬁs layer

was extracted with ether (6 x 100 mL). The ether layers
were combined and then washed with saturated sodium
bicarbonate (4 x 100 mL) and saturated sodium chloride

(3 x 100 mL). Aftgr the organic layer was dried (MgSOu),
the solvent was removed giving the crude product (23.07;
0.109 mole; 94%) which was purified by recrystallization
from Skelly B, yielding 18.22 g (0.086 mole; 74%) of color-
less, platelike crystals of 21: mp 63.5-64°C; IR (CHCl3)
2970, 1715, 1600, 1455, 1415, 1290, 1095, 865 cm™*; 'H NMR
(CDC1,) & 3.83 (s, 6H), 2.43 (s, 6H); 13¢ wmr (cDC15)

§ 164.0, 155.8, 113.6, 51.6, 13.1; high resolution mass

H

spectrum calcd for C 12O5 212.06848, measured 212.06830.

10
4—Carbomethoxy-2,5-dimethyl-3-furylmethyl Benzoate (20).

To a stirred solution of 16.39 g (0.077 mole) of dimethyl
2,5-dimethyl-3,4-furandicarboxylate (21) in 300 mL of dry
ether (LiAlHu), was slowly added 1.6180 g (0.0426 mole) of
lithium aluminum hydride powder. After the addition was
completed, the mixture was stirred at room temperature for
L h. A standard workup77 yilelded 13.12 g of a mixture
containing starting material 21, U-carbomethoxy-2,5-di-
methyl-3-furylmethyl alcohol (gg) and 3,4-bis(hydroxy-

methyl)-2,5-dimethylfuran (23). Without purification, the
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hydroxy groups present 1in compounds gg and g§ were converted
to their benzoate derivatives. A solution of 12.9832 g
(0.0924 mole) of benzoyl chloride in 40 mL of dry ether

was added dropwise to a stirred solution containing 13.12 g
of the mixture of compounds %}, %2 and %3 and 13.1029 g
(0.1295 mole) of triethylamine in 150 mL of dry ether.
After the mixture was stirred for 24 h at room temperature,
50 mL of distilled water was added and the layers were
separated. The aqueous layer was extracted with ether

(3 x 25 mL). The ether layers were combined and then washed
with water (3 x 50 mL), 1 M hydrochloric acid (3 x 50 mL),
saturated sodium bicarbonate (3 x 50 mL) and saturated
sodium chloride (2 x 50 mL). After the organic layer was
dried (MgSOu), the solvent was removed giving 23.33 g of
crude product. The product mixture was purified initially
by selective crystallization from a concentrated ether
solution, yielding 4.5636 g (0.0125 mole; 16.22%) of clear
prisms of 3,4-bis(benzoyloxymethyl)-2,5-dimethylfuran (§Z):
mp 97-98°C; IR (CHCl3) 3100-2790, 1720, 1622, 1265, 1170,
1100, 1020, 915, 856, 705 em™t; 1 NMR (CDCl3) § 8.14-7.80
(m, 4H), 7.65-7.03 (m, 6H), 5.24 (s, 4H), 2.33 (s, 6H);
high resolution mass épectrum calculated for 022H2005

364.13108, measured 364.,13145. The remainder of the product
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mixture was separated by column chromatography on 180 g

of silica gel (Baker 40-140 mesh) using a 2:3 mixture of
methylene chloride in hexanes as the eluant. The material
eluting first from the column was a small amount of impure
dibenzoate §z. The second material eluting from the column
was 3.5851 g (0.0124 mole; 16.11%) of U-carbomethoxy-2,5-di-
methyl-3-furylmethyl benzoate (20): IR (thin film) 3110-
2800, 1715, 1705, 1585, 1445, 1295, 1265, 1205, 1130, 1095,
1075 cm"l; 14 NvR (CDCl3) § 8.35-8.0 (m, 2H), 7.75-7.25

(m, 3H), 5.46 (s, 2H), 3.85 (s, 3H), 2.58 (s, 3H), 2.38

(s, 3H); high resolution mass spectrum calcd for Cl6H1605
288.09978, measured 288.09937. The material eluting last
from the column was 4.8213 g (0.02272 mole; 29.43%) of

starting material 21.

General Pyrolysis Procedure. The pyrolyses were run at

temperatures from 550 to 750°C. A sample of the furylmethyl
ester in a Pyrex boat was placed into the sample compartment
and the compartment was heated to temperatures between 50
and 150°C. A condenser cooled to ca. -20°C was placed
between the furnace and the liguid-nitrogen-cooled trap to
collect any unreacted starting material and benzolc acid
formed as a byproduct in pyrolyses of benzoates 29 and §§.
During each pyrolysis, a solvent was transferred from a

flask into the product trap. After all of the starting



247

material had distilled out of the sample compartment,
nitrogen was introduced into the system and an internal
standard was added to the trap. The product mixture was
then warmed to -78°C and solvent at -78°C was used to rinse
any product remaining on the insert of the trap to the
bottom. The product solution was mixed by using it to rinse
the walls of the trap several times. For the low-temperature,
lH NMR experiments, the product solution was placed into

NMR tubes at ~78°C and NMR spectra were recorded at
temperatures below -60°C. After the tubes were warmed to
0°C, NMR spectra were again recorded. For preparative runs,
the product solution at -78°C was slowly warmed to room
temperature. The solution was then washed with 1 M sodium
bicarbonate, dried over magnesium sulfate and concentrated,
yielding the product residue.

Pyrolysis of U-Carbomethoxy-2,5-dimethyl-3-furylmethyl

Benzoate (2Q) (Yield Maximization). Samples of benzoate 20

(ca. 0.22 g) were pyrolyzed at temperatures of 550, 580 and
and 610°C and pressures of ca. 10“” Torr using the general
procedure. During a pyrolysis, 10 mL of carbon disulfide

at -78°C was deposited into the trap. After the apparatus
was shut down under nitrogen, the trap was warmed to -78°C
and 10 mL of carbon disulfide was used to rinse any material
on the insert of the trap to the bottom. After 30 min at

-78°C, the trap was warmed to 0°C and maintained at that
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temperature for 12 h. The product mixture was then warmed
to room temperature. After removal of the carbon disulfide
solvent, the product residue was dissolved in ether and
washed with water (2 x 10 mL), 1 M sodium bicarbonate

(3 x 10 mL) and saturated sodium chloride (2 x 10 mL).

After the organic layer was dried (MgSOu), the solvent was
removed giving the crude product mixture which was dissolved

in a CDC1l, solution containing a known amount of 1,1,2,2,-

3
tetrachloroethane as an internal standard. Yields were
determined by quantitative, 1H NMR experiments and are
presented in Table I.

Preparative Scale Pyrolyses of U-Carbomethoxy-2,5-di-

methyl-3-furylmethyl Benzoate (20). A total of 3.05 g

(0.0106 mole) of benzoate 20 was pyrolyzed using the

general procedure over nine runs at a furnace temperature

of 580°C and pressures ranging from 10‘“ to 10_6 Torr. During
a pyrolysis, 15 mL of carbon disulfide was distilled from a
flask into the product trap. After the apparatus was shut
down under nitrogen, the trap was warmed to -78°C and 15 mL

of carbon disulfide at -78°C was used to rinse the materials
on the walls of the trap to the bottom. After 15 min at
-78°C, the product solution was warmed to 0°C and maintained

at that temperature for 13 h. The solution was warmed to
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room temperature and after the solvent was removed, the
residue was dissolved in ether and washed with water

(2 x 10 mL), saturated sodium bicarbonate (3 x 10 mL) and
saturated sodium chloride (2 x 10 mL). After the solution
'was dried (MgSOu), the solvent was removed yielding the
crude product mixture. The crude product mixtures from

nine runs were combined and purified by selective crystalli-
zation from ether, yielding 0.138 g (0.000415 mole; 7.9%)

of white needles of U,4'-bis(carbomethoxy)-5,5"'~-dimethyl-

[2.2](2,3)furanophane (gé): mp 180-181.5°C, 1

H NMR (dg-
benzene) § 3.43 (s, 6H), 3.26 (s, UH), 2.77 (s, UH), 2.35
(s, 6H); “H NMR (cDC1y) 6 3.82 (s, 6H), 3.08 (broad s,

8H), 2.48 (s, 6H); 13C NMR (dg-benzene) & 164.64, 157.43,
148.49, 119.45, 114.47, 50.38, 25.79, 23.35, 14.19; “3c NMR
(CDC13) § 164.96, 157.97, 150.17, 118.32, 112.63, 50.86,
29.20, 14.19; high resolution mass spectrum calecd for
Cl8H2OO6 332.12599, measured 332.12654. After removing
most of furanophane (gé), the product mixture consisted

mainly of [4+2] dimers 24 and 25: 1

H NMR (1:1 CS,/CDCL,)

§ 4.5 (a8, J = 2.5 Hz, 2H), 3.99 (4, J = 2.5 Hz, 2H), 3.8
(s, 6H), 3.73 (s, 6H), 2.8-2.2 (broad m, 8H), 2.53 (s, 6H),
2.27 (s, 6H), 1.85-1.05 (broad m, UH); 13C NMR (cpc1y) &
166.69, 165.83, 165.23, 164.85, 158.79, 148.28, 147.03,
116.75, 116.58, 112.47, 110.95, 85.87, 50.92, 50.76, L7.94,

32.23, 30.28, 17.44, 15.22, 14.52, 14.25, 14.03. The ratio
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of one [L4+2] dimer to the other is estimated to be 2.27 : 1
based on the ratio of the areas for the ring methyl groups
present in each regiolsomer.

2,3-Bis(methylene)-lU-carbomethoxy-2,3-dihydro-5-methyl-

furan (27). A 0.3998 g (0.001387 mole) quantity of 20 was

pyrolyzed at 610°C and 107°

Torr using the general procedure.
The pyrolysis products were dissolved in a total of 4 mL

of al : 1 mixture of carbon disulfide and deuterochloroform.
After the product solution was placed into three 5 mm, NMR

1H and 130 NMR spectra were

tubes contalning Me,Si at -78°C,
recorded at temperatures below -60°C which indicated the
presence of 2,3-bis(methylene)-U-carbomethoxy-2,3-di-

hydro-5-methylfuran (27): 1

H NMR (1:1 CS2/CD013) 8§ 5.67

(s, 1H), 5.41 (s, 1H), 4.91 (d, J = 3 Hz, 1H), 4.72 (d,

J =3 Hz, 1H), 3.82 (s, 3H), 2.43 (s, 38); L3¢ NMR (1:1
CS,/CDCl;) & 170.16, 164.09, 158.03, 136.20, 107.43, 103.74,
85.32, 51.03, 14.68. Upon warming the samples to 0°C, all of
the monomer 27 was converted into [442] dimers aﬂ and %E;

[4+4] dimer 26 and polymer.

L-Carbomethoxy-2,5-dimethyl-3-furylmethyl Alcohol (22).

To a stirred solution of 23.01 g (0.01084 mole) of dimethyl
2,5-dimethyl-3,4-furandicarboxylate (21) in 300 mL of dry
ether (LiAlHu) at 0°C, was slowly added 2.1487 g (0.0566

mole) of lithium aluminum hydride powder. After the addition
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was completed (ca. 40 min), the reaction mixture was stirred
at room temperature for 15 h. A standard workup77 yielded
15.37 g of crude product which was purified by column
chromatography on silica gel (Baker 40-140 mesh; 320 g in a
40 mm diameter by 600 mm column) using a 30% mixture of
ether in hexanes as the eluant. The first component of the
product mixture which eluted from the column was starting
material 21 (8.5963 g; 0.0406 mole; 37.5%). The second
component which eluted from the column was 4d-carbomethoxy-
2,5-dimethyl-3-furylmethyl alcohol (22) (3.67 g; 0.0199 mole;
18.4%): IR (thin film) 3460, 1715, 1640, 1590, 1450, 1302,
1130, 1005 em™+; TH NMR (0DC15) & 4.45 (m, 2H), 3.85 (s,
3H), 3.72 (broad s, 1H), 2.47 (s, 3H), 2.22 (s, 3H); high
resolution mass spectrum dalcd for C9H12Ou 184.07356,
measured 184.07309. Although there was 1H NMR evidence

for the presence of 3,4-bis(hydroxymethyl)-2,5-dimethylfuran
(gg) in the crude product mixture, §§ did not elute from the

column with the six liters of solvent that were used.

4-Carbomethoxy-2,5~-dimethyl-3-furylmethyl Acetate (28).

A solution of 1.1236 g (0.0143 mole) of acetyl chloride in
15 mL of dry ether (LiAlHu) was added dropwise to a stirred
solution of 2.3893 g (0.0130 mole) of alcohol 22 and 1.9846

g (0.0196 mole) of triethylamine in 40 mL of dry ether.
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After the mixture was stirred for 12 h at room temperature,
15.mL of water was added and stirring was continued for 1.5
h. The layers were separated and the aqueous layer was
extracted with ether (3 x 10 mL). The ether layers were
combined and then washed with water (3 x 25 mL), 1 M
hydrochloric acid (3 x 10 mL), saturated sodium bicarbonate
(3 x 25 mL) and saturated sodium chloride (2 x 25 mL).

After the organic layer was dried (MgSOu), the solvent was
removed giving the crude product mixture (2.7508 g; 0.01216
mole; 94%) which was purified by short-path distillation
yielding 2.4107 g (0.01066 mole; 82%) of a colorless, liquid
sample of §§= bp 75°C (0.01 mm); IR (thin film) 1745, 1725,
1600, 1450, 1235, 1140, 1090, 805, 785 em™'; *H NMR (cDC14)
§ 4.95 (s, 2H), 3.68 (s, 3H), 2.41 (s, 3H), 2.18 (s, 3H),
1.94 (s, 3H); high resolution mass spectrum calecd for
C11H1M05 226.08413, measured 226.08437.

Pyrolysis of U-Carbomethoxy-2,5-dimethyl-3-furylmethyl

Acetate (28). A 0.2311 g (0.00102 mole) quantity of g§ was
5

pyrolyzed at 630°C and 10 ° Torr using the general procedure.
During the pyrolysis, a solution of 1.0688 g (0.01056 mole)
of triethylamine in 20 mL of carbon disuifide was deposited
into the product trap. After the apparatus was shut down

under nitrogen, the trap was warmed to -78°C and 15 mL of



253

carbon disulfide at -78°C was used to rinse the trap
contents to the bottom. The temperature of the product
solution was slowly ralsed to -8°C over a 14 h period.
After warming the mixture to room temperature and removing
the solvent, the product residue was dissolved in ether and
washed with distilled water (2 x 25 mL), 1 M hydrochloric
acid (3 x 5 mL), 1 M sodium bicarbonate (3 x 25 mL) and
saturated sodium chloride (2 x 25 mL). After the organic
layer was dried (MgSOu), the solvent wasvremoved giving

the crude product mixture which was then dissolved in a
deuterochloroform solution containing 0.0170 g (0.1013
mole) of 1,1,2,2—tetrachloroethane as an internal standard.
Quantitative 1H NMR analysis indicated that the mixture
consisted of [4+42] dimers %ﬂ and 25 (0.0691 mole; 13.52%)
and [4+4] dimer 26 (0.04337 mole; 8.54%). The “H NMR
spectra of mixtures of 24, 25, and gé formed from acetate
§§ were identical to the spectra recorded for mixtures of

the same compounds formed from benzoate gg.

Methyl 2,4-Dimethyl-3-furoate (30). The procedure

used was based on a literature procedure for preparing ethyl
2,M-dimethyl—3—furoate.78 Dry hydrogen chloride was bubbled
intermittently into a mixture comprised of freshly distilled

samples of methyl acetoacetate (178.20 g; 1.535 mole) and
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chloroacetone (277.11 g; 2.995 mole) over a 24 h period

at temperatures from -5 to 5°C. The mixture was then poured
over one liter of cracked ice in a four liter beaker and

40 g of sodium carbonate were added in small portions to
neutralize the hydrochloric acid present. The layers were
separated and the aqueous layer was extracted with ether

(8 x 100 mL). The ether and organic layers were combined
and then washed with water (1 x 100 mL), saturated sodium
bicarbonate (8 x 100 mL) and saturated sodium chloride

(3 x 100 mL). After the organic layer was dried over
magnesium sulfate, the ether solution at 0°C was treated
with 428.20 g (4.23 mole) of triethylamine. A white
precipitate of triethylammonium chloride separated from
solution almost immediately after the addition was completed.
The mixture was stirred for 12 h at 0°C and then for 40 h
at room temperature. After the addition of 300 mL of
distilled water, the layers were separated and the aqueous
layer was‘extracted with ether (5 x 50 mL). The ether
layers were combined and then washed with enough 2 M hydro-
chloric acid to make the washings acidic (1500 mL total).
The organic layer was then washed with saturated sodium
bicarbonate (4 x 100 mL) and saturated sodium chloride

(3 x 100 mL). After the organic layer was dried (MgSOu),
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the solvent was removed giving the crude product mixture
which was purified by two distillations through a 25 cm

by 10 mm diameter column packed with glass helices, yielding
59.58 g (0.386 mole; 25.18%) of methyl 2,4-dimethyl-3-furoate
(30): bp 60-63°C (0.8 mm); IR (thin film) 1720, 1615, 1565,
1405, 1300, 1275, 1255, 1100, 995, 800, 780, 745 cm-lg

lH NMR (CDCl3) § 7.07 (m, 1H), 3.78 (s, 3H), 2.46 (s, 3H),
2.07 (4, J = 1.5 Hz, 3H).

i-Carbomethoxy-3,5-dimethylfurfuryl Chloride (29). Dry

hydrogen chloride was passed into a stirred mixture of
24,5134 g (0.159 mole) of methyl 2,4-dimethyl-3-furoate
(30), 4,98 g (0.166 mole) of paraformaldehyde and 150 mL

of methylene chloride at room temperature. The temperature
was maintained between 22 and 35°C by intermittent cooling.
The mixture was stirred at room temperature until all of
the paraformaldehyde had dissolved (ca. 45 min). The dark
reaction mixture was poured into ice water and after the
lce had melted, the layers were separated. The aqueous
layer was extracted with methylene chloride (3 x 25 mlL).
The methylene chloride layers were comblned and then washed
with water (3 x 25 mL) and saturated sodium chloride (3 x
25 mL). After the organic layer was dried (NaHCO3), the
solvent was removed giving the crude product (30.3186 g;
0.1496 mole; 94%) which was purified by sublimation at

45°Cc (0.01 mm) yielding %2: IR (CHCl3) 1730, 1650, 1595,
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1405, 1115, 660 em™t; 'H NMR (CDC1;) & 4.53 (s, 2H), 3.77
(s, 3H), 2.48 (s, 3H), 2.10 (s, 3H); "5C NMR (CDCl,) 8
164.69 (s), 160.03 (s), 144.54 (s), 120.75 (s), 11b4.47 (s),
51.09 (q, J = 146.92 Hz), 35.81 (t, J = 152.59 Hz), 14.36
(q, J = 129.8 Hz), 9.97 (g, J = 128.99 Hz); high resolution
mass spectrum calcd for 09H11C1O3 202.03968, measured
202.03975.

Pyrolysis of U4-Carbomethoxy-3,5-dimethylfurfuryl

chloride (29). Pyrolyses were carried out with ca. 0.2 g

of 29 at temperatures of 660, 670, 700, 750 and 800°C and
pressures of ca. 10_2 Torr using the general procedure.
Carbon disulfide (15 mL) at -78°C was deposited into the
trap during each pyrolysis. Solid sodium carbonate was
added to the sample compartment and the product trap to
neutralize the hydrochloric acid byproduct. After the
apparatus was shut down under nltrogen, 15 mL of carbon
disulfide at -78°C was used to wash the materials on the
trap insert to the bottom. After ca. 10 min at -78°C,

the product solution was maintained at 0°C for 10 h. After
the solution was warmed to room temperature and then dried
over sodium carbonate, the solvent was removed ylelding the
crude product mixture. Starting material was recovered at

pyrolysis temperatures up to 750°C. Under all pyrolysis
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conditions, decomposed starting material and polymer were
the major products formed. There was no evidence for the
formation of monomer gz, oligomers of gz, or 2,5-bis-
(methylene)-3-carbomethoxy-2,5-dihydro-4-methylfuran from
pyrolyses of gg.

3,4-Bis(hydroxymethyl)-2,5-dimethylfuran (23). To a

stirred slurry of 4.9208 g (0.1297 mole) of lithium aluminum
hydride in 150 mL of dry ether (LiAlHu) at 0°C was slowly
added a solution of 15.0557 g (0.0627 mole) of diethyl
2,5-dimethy1—3,M-furandicarboxylate7u'76 in 100 mL of dry
ether. After the addition was completed, the mixture was
stirred for 3 h at room temperature. A standard workup77
yielded 8.57 g (0.0549 mole; 88%) of diol 75: IR (CHC13)
3610, 3395, 3060-2800, 1612, 1163, 1095, 996 cm'l; 1y NMR
(CDCl3) § 4.38 (s, L4H), 3.89 (broad s, 2H), 2.20 (s, 6H);
13¢ g (cDC1,) & 146.67 (s), 118.77 (s), 54.96 (t, J =
142.83 Hz), 11.13 (q, J = 128.16 Hz).

2,5-Dimethyl-U4-hydroxymethyl-3-furylmethyl Acetate

(31). A solution of 3.8804 g (0.0494 mole) of acetyl

o

chloride in 50 mL 6f dry ether (LiAlHu) was added dropwise

to a stirred solution of 7.72 g (0.0494 mole of diol 23
and 7.5196 g (0.0743 mole) of triethylamine in 75 mL of dry
ether. After stlirring the mixture for 5 h at room tem-

perature, 25 mL of distilled water was added and the layers
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were separated. The aqueous layer was extracted with ether
(3 X 25 mL). The ether layers were combined and washed
with distilled water (3 x 25 mL), 1 M hydrochloric acid

(3 x 25 mL), saturated sodium bicarbonate (3 x 25 mL)

and saturated sodium chloride (2 x 25 mL). After the
organic layer was dried (MgSOu), the solvént was removed
yielding the érudé product mixture which was purified

by column chromatography on silica gel using a 20%

mixture of ethyl acetate in hexanes as the eluant. The
first component which eluted from the column was 3,4-bis-
(acetoxymethyl)-2,5-dimethylfuran (ig) (2.5248 g3 0.01051
mole; 21.3%): bp S4°C (0.05 mm); IR (thin film) 1740,
1606, 1225, 1166, 1015, 954, 762 cm™; 'H NMR (cpely) ¢
4.92 (s, UH), 2.28 (s, 6H), 2.06 (s, 6H); T5C NMR (CDC1,)
§ 170.70 (s), 149.52 (s), 114.80 (s), 56.83 (t, J = 147.7
Hz), 20.86 (q, J = 129.4 Hz), 11.43 (g, J = 128.2 Hz);
high resolution mass spectrum caled for Cl2H1605 240.09978,
measured 240.100439. The second component which eluted
from the column was 2,5-dimethyl-4-hydroxymethyl-3~-furyl-
methyl acetate (§}) (1.7620 g3 0.00889 mole; 18%): IR
(thin film) 3430, 1740, 1605, 1280, 1238, 1164, 1020, 995,

960, 915, 822, 763 em™t; lH NMR (cpely) § 4.95 (s, 2H),
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b, 42 (s, 2H), 2.25 (s, 6H), 2.03 (s, 3H). The third
component which eluted from the column was starting diol
23 (0.656 g3 0.0042 mole; 8.5%).

2,5-Dimethyl-4-trimethylsiloxymethyl-3-furylmethyl

Acetate (34). A solution of 0.9692 g (0.00892 mole) of

chlorotrimethylsilane in 20 mL of dry ether (LiAlHu) was
added dropwise to a stirred solution of 1.3649 g (0.00689
mole) of 31 and 1.4707 g (0.0153 mole) of triethylamine in
25 mL of dry ether. After the mixture was stirred for 12 h
at room temperature, 10 mL of distilled water was added

and the layers were separated. The aqueous layer was
extracted with ether (3 x 10 mL). The ether layers were
combined and then washed with 1 M hydrochloric acid (3 x
5mL), 1 M sodium bicarbonate (2 x 5 mL) and saturated
sodium chloride (3 x 10 mL). After the organic layer was
dried (MgSOu), the solvent was removed giving the crude
product mixture which was purified by short-path distillation,
yielding 1.6848 g (0.0062 mole; 90%) of iﬂ: bp 62-63°C
(0.01 mm); IR (thin film) 1738, 1604, 1244, 1224, 1163,
1045, 1013, 866, 834, 740 cm‘l; 4 nMR (CDCl3) § 4.95

(s, 2H), 4.45 (s, 2H), 2.25 (s, 6H), 2.06 (s, 3H), 0.16

(s, 9H); 3¢ NMR (cpcl,y) 6 170.92, 149.36, 147.03, 118.59,
114.63, 57.15, 55.31, 20.96, 11.48, -0.54; high resolution
mass spectrum calcd for Cl3H22OuSi 270.12874, measured
270.12891.
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Pyrolysis of 2,5-Dimethyl-4-trimethylsiloxymethyl-

3-furylmethyl Acetate (34). Samples of éﬂ (ca. 0.22 g)

were pyrolyzed at temperatures of 510, 550 and 580°C and

at pressures of ca.,lo_u Torr using the general procedure.
The pyrolysis products were collected in 3 mL of a 1l : 1
mixture of carbon disulfide and deuterochloroform at -78°C.
1H NMR spectra of the product solutions were recorded at
-60°C and at ambient temperature. Under all pyrolysis and
workup conditions, the major products formed were polymeric
materials and decomposition products from 3&. There was

no evidence for the formation of either 2,3-bis(methylene)-
2,3-dihydro-5-methyl-4-trimethylsiloxymethylfuran (§§) or
oligomers of §§ under the pyrolysis conditions.

2,5-Dimethyl-U-trimethylsiloxymethyl-3-furylmethyl

benzoate (35). A solution of 8.8543 g of benzoyl chloride

in 50 mL of dry ether was added dropwise to a stirred mixture
of 9.64 g (0.0617 mole) of diol 23 and 9.0807 g (0.0897

mole) of triethylamine in 250 mL of dry ether. After the
mixture was stirred for 34 h at room temperature, 50 mL

of distilled water was added and the resulting mixture was
stirred for 1 h. The layers were separated and the

agqueous layer was extracted with ether (2 x 25 mL). The
ether layers were combined and then washed with distilled
water (2 x 50 mL), 1 M hydrochloric acid (3 x 30 mL),

saturated sodium bicarbonate (3 x 25 mL) and saturated
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sodium chloride (2 x 25 mL). After the organic layer was
dried (MgSOu), the solvent was removed yielding the crude
product mixture (14.7404 g) which was used without
purification in the next synthetic step. A solution of
7.8726 g (0.0725 mole) of chlorotrimethylsilane in 40 mL of
dry ether was added dropwise to a stirred solution of the
crude product mixture obtained above (14.7404 g), and 9.23 g
(0.0912 mole) of triethylamine in 250 mL of dry ether.
After the mixture was stirred for 11 h at room temperature,
25 mL of distilled water was added and the layers were
separated. The aqueous layer was extracted with ether (2 x
10 mL). The ether layers were combined and then washed
with distilled water (3 x 25 mL), 1 M hydrochloric acid

(3 x 30 mL), saturated sodium bicarbonate (2 x 25 mL) and
saturated sodium chloride (2 x 25 mL). After the organic
layer was dried (MgSOu), the solvent was removed giving

the crude product mixture which was initially purified by
selective crystallization of dibenzoate §Z from a concen-
trated ethereal solution. Recrystallization of the white
powder in ether yielded colorless prisms of QZ: mp 97-
97.5°C. The IR and lH NMR spectral data, as well as the
melting point, obtained for gz matched the data for a sample
of QZ obtained as a byproduct in the synthesis of 39. The

remainder of the crude product was purified by short-path
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distillation yielding four fractions. Fractions oﬁe and
two consisted of 3,U-bis(trimethylsiloxymethyl)-2,5-di-
methylfuran (36) (0.9847 g; 0.0033 mole; 5.3%): bp 56—
85°C (0.01 mm); IR (thin film) 1605, 1282, 1250, 1165, 1055,
870, 840, 745 em~Y; TH NMR (CDC13) & 4.4T (s, 4H), 2.2 (s,
6H), 0.14 (s, 18H). TFraction 3 consisted of 2,5-dimethyl-
b-trimethylsiloxymethyl-3-furylmethyl benzoate (ié) (7.7602
g; 0.0233 mole; 37.83%): bp 118—132°C (0.01 mm); IR (thin
film) 1715, 1600, 1265, 1245, 1170, 1100, 1155, 1020, 914,
866, 834, 74O, 705 em™t; H NMR (CDC1,) & 8.22-7.95 (m,
2H), 7.62-7.2 (m, 3H), 5.25 (s, 2H), 4.07 (s, 2H), 2.34 (s,
3H), 2.26 (s, 3H), 0.14 (s, 9H). The fourth fraction
consisted of dibenzoate §Z (1.5407 g). The total yield of
§Z obtalned from crystallization and distillation was

4.,6018 g (0.0126 mole; 20.47%).

Pyrolysis of 2,5-Dimethyl-4-trimethylsiloxymethyl-3-

furylmethyl Benzoate (35). A 0.03064 g quantity of 35 was
5

pyrolyzed at 580°C and 10 ° Torr using the general procedure.
During the pyrolysis, 25 mL of carbon disulfide at -78°C was
distilled into the product trap. After the apparatus was
shut down under nitrogen, the product trap was warmed to

-78°C and 10 mL of carbon disulfide was used to rinse the

trap contents to the bottom. After the mixture was stirred
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for 1 h at -78°C, its temperature was raised to room
temperature. The insert of the trap was lined with a

large amount of a colorless, polymeric film. The product
solution was dried over sodium carbonate and concentrated,
yielding the product residue. There was no NMR spectral
evidence for the presence of either 2,3-bis(methylene)-2,3-
dihydro-5-methyl-U-trimethylsiloxymethylfuran (§§) or any
oligomers of 38 in the product mixture. |

Pyrolysis of 3,4-Bis(trimethylsiloxymethyl-2,5-dimethyl-

furan (36). A 0.2185 g quantity of 36 was pyrolyzed at

570°C and 10_5 Torr using the general procedure. The
pyrolysis products were collected in 10 mL of carbon di--
sulfide and after the solution was stirred for 1 h at -78°C,
its temperature was slowly raised to room temperature. The
product trap contained a substantial amount of pink, polymeric
material. The product solution was dried over magnesium
sulfate and concentrated, giving the crude product mixture.

A 1H NMR spectrum of the mixture indicated that é substantial
amount of §§ was converted into diol %ﬁ and 2,5-dimethyl-

b-trimethylsiloxymethyl-3-furylmethyl alcohol (39).

b Lr'-Bis(acetoxymethyl)-5,5'=dimethyl-[2.2](2,3)fur-

anophane (40). To a stirred slurry of 0.0847 g (2.33 mmole)

of lithium aluminum hydride in 5 mL of dry tetrahydrofuran

(LiAlHu) at 0°C was slowly added a solution of 0.1296 g



264

(0.3899 mole) of 4,4'-bis(carbomethoxy)-5,5"'-dimethyl-[2.2]-
(2,3)furanophane (gg) in 10 mL of dry tetrahydrofuran (THF).
After the mixture was stirred for 5.5 h at room temperature,
a standard workup77 yielded 0.0934 g (0.338 mmole; 87%) of
33 as a white powder: mp 160-300°C (dec.). Without
purification, §§ was converted into its diacetate derivative
40. A solution of 0.0552 g (0.7032 mmole) of acetyl chloride
in 2 mL of dry THF was added dropwise to a stirred solution
of diol 33 (0.0934 g; 0.338 mmole) and 0.2473 g (2.44 mmole)
of triethylamine in 15 mL of dry THF. After the mixture was
heated to its reflux temperature for 11 h, 10 mL ether and

2 mL of distilled water were added and the layers were
separated. The aqueous layer was extracted with ether (3 x
10 mL). The ether layers were combined and then washed with
1 M hydrochloric acid (3 x 5 mL), 1 M sodium bicarbonate

(2 x 5 mL) and saturated sodium chloride (3 x 5 mL). After
the organic layer was dried (MgSOu), the solvent was removed
yielding 0.105 g of diacetate 59 (0.2913 mmole; 92%) which
was isolated as a white powder: IR (CHCl3) 1733, 1645,
1602, 1235, 1022, 955 cm T3 *H NMR (cDC1,) & 4.84 (s, bm),
3.02 (s, LH), 2.75 (s, UH), 2.22 (s, 6H), 2.04 (s, 6H);

13¢ nMR (cDC1,) & 170.92, 148.93, 148.11, 118.26, 115.39,
56.99, 25.73, 22.37, 21.02, 11.54; GLC/MS (70 eV) m/e
(relative intensity) 362.12 (0.07), 361.16 (0.59), 360.10
(2.78), 300.10 (3.42), 240.04 (14.00), 180.04 (9.93),
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121.06 (36.04), 120.04 (100.00), 91.02 (10.70), 60.00
(11.44); GLC/MS (18 eV) m/e (relative intensity) 362.10
(2.64), 361.12 (16.33), 360.10 (71.94), 301.10 (13.78),
300.00 (58.72), 258.06 (24.47), 257.04 (26.50), 241.06
(18.94), 240.06 (100.00), 180.04 (4.72), 120.04 (13.10),
60.00 (16.31); high resolution mass spectrum calculated
for CsoHsy 06 360.15730, measured 360.15772.

Pyrolysis of 4,4'-Bis(acetoxymethyl)-5,5"'-dimethyl-

[2.2](2.3)furanophane (40). A 0.0328 g (0.091 mmole) sample

of 59 was pyrolyzed at 580°C and 10—5 Torr using the general
procedure. During the pyrolysis, 2 mL of a 1 : 1 mixture

of carbon disulfide and deuterochloroform at -78°C was
distilled into the product trap. After the reaction was
stopped and the product mixture was warmed to -78°C, 2 mL of
the solvent mixture at -78°C were used to rinse the material
on the walls of the trap to the bottom. A substantial amount
of insoluble, polymeric material was present among the
pyrolysis products. lH NMR spectra were recorded at -65,
-50, -25, 0 and 25°C. At temperatures below -25°C, the
signals observed in the spectra were broad and poorly
resolved. The spectra obtained at -25 and 0°C included
signals which could be assigned to furanoradialene (ﬂg)

and the [U4+2] dimer E} of ﬂg. For furanoradialene (52):

1H NMR (1:1 CSz/CD01 0°C) 8§ 5.56 (broad s, 4H), 4.59

33
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(m, 2H), 4.52 (m, 2H) [11t.72 'H NMR (cDCl.; -50°C) & 5.59

35
(broad s, 4H), 4.61 (AB pattern, J = 2.5 Hz, U4H)]. For

1

[442] dimer 5}: H NMR (1:1 CSQ/CDCI 0°C) 8§ 5.56 (broad

35
s, 1H), 4.94 (s, 1H), 4.59 (m, 1H), 4.52 (m, 4H), 4.12 (m,
2H), 3.95 (m, 1H), 3.3-0.7 (broad region of overlapping

multiplets, 6H) [lit.79 1

H NMR (1:1 CSZ/CD013) § 5.5 (s, 1H),
4.92 (s, 1H), 4.54 (a4, J = 2.5 Hz, 1H), 4.46 (4, J = 2.5 Hz,
buy, 4.09 (m, 2H), 3.94 (m, 1H), 2.55-2.27 (m, 4H), 1.88-
1.65 (m, 2H). Warming the sample to room temperature
resulted in decreases in the areas of the signals at §

5.56 and 4.59, indicating a decrease in the concentration of
furanoradialene (ﬂg). A corresponding increase in the areas
of the signals at & 4.94, 4.12 and 3.95 indicated an increase
in the concentration of the [4+2] dimer E} of gg. The
limited amounts of diacetate ﬂg available were insufficient

to quantify the amounts of furanoradialene 42 and [4+2]

dimer 41 present in the product mixture.
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SUMMARY

The flash vacuum pyrolysis (FVP) chemistry of a series
of methyl-substituted, furfuryl benzoates and methyl-sub-
stituted, 3-furylmethyl benzoates has been investigated.
Pyrolysis of 3-methylfurfuryl benzoate gives 3-methyl-li-
methylenecyclobut-2-enone and the head-to-head, [4+4]
dimer of 2,3-bis(methylene)-2,3-dihydrofuran as the major
products. Pyrolysis of S5-methylfurfuryl benzoate produces
either 2,5-bis(methylene)-2,5-dihydrofuran or lU-methylene-
cyclopent-2-enone as major products, depending upon the
pyrolysis temperature. Pyrolysis of 3,5-dimethylfurfuryl
benzoate forms a product mixture which at -60°C consists
of 2,5-bis(methylene)-2,5-dihydro-3-methylfuran and
2,3-bis(methylene)-2,3-dihydro-5-methylfuran. Warming the
product mixture to room temperature resulted in the con-
version of 2,3-bis(methylene)-2,3-dihydro-5-methylfuran into
its head-to-head, [4+4] dimer. Mechanisms were proposed
for the formation of the pyrolysils products from the
methyl-substituted, furfuryl benzoates which involved
either o or B eliminations of benzoic acid after one or more
[3,3] shifts of the benzoate group.

The pyrolysls of 2-methyl-3-furylmethyl benzoate formed
the head-to-head, [4+U4] dimer of 2,3-bis(methylene)-2,3-di-

hydrofuran in the absence of 3-methyl-i-methylenecyclo-
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but-2-enone. The initial formation of 2,3-bis(methylene)-
2,3-dihydrofuran was established by trapping experiments
with methyl acrylate and by recording 1H and 130 NMR spectra
of a product solution at -60°C. A study of the pyrolysis
chemistry of 2-methyl-3-furyl(dideutero)methyl benzoate
established that a 1,4 elimination of benzoic acid from the
starting ester had taken place. A diradical mechanism was
proposed for the formation of the [4+4] dimer from 2,3-bis-
(methylene)-2,3~dihydrofuran. The addition of methyl
substituents to the furan ring resulted in the formation of
the corresponding methyl-substituted, 2,3-bis(methylene)-
2,3-dihydrofurans. A sample of 2,3-bis(methylene)-2,3-di-
hydro-U-methylfuran was converted into a mixture of the
natural product menthofuran and its isomer isomenthofuran.
The Diels-Alder reactions of 2,3-bis(methylene)-2,3-di-
hydrofurans thus serve as a direct method for obtaining the
furanocyclohexane, ring skeleton. The reversible,
chelatropic addition of sulfur dioxide to 2,3-bis(methylene)-
2,3-dihydro-4-methylfuran was studied as a method of
generating low concentrations of 2,3-bis(methylene)-2,3-di-
hydro-4-methylfuran in solution.

The pyrolysis chemistry of 3-furylmethyl benzoate was
Investigated in order to provide evidence supporting the

proposed mechanism for the formation of the pyrolysis
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products from fuffuryl benzoate.l’u Pyrolysis of 3-furyl-
methyl benzoate produced vinylacetylene and L-methyl-
enecyclobut-2-enone as the major products. A mechanism was
proposed for the formation of the pyrolysis products
involving an o elimination of benzoic acid after a [3,3]
sigmatropic shift of the benzoate group.

Pyrolysis of diesters of 3,4-bis(hydroxymethyl)-2,5-di-
methylfuran formed furanoradialene as the only major product.
Warming the product solution to room temperature resulted in
the conversion of furanoradialene into one [4+2] dimer.

The method of forming 2,3-bis(methylene)-2,3-dihydro-
furans by the pyrolysis of 2-methyl-3-furylmethyl benzoates
was used in several approaches toward the synthesis of
[2.2.2.2](2,3,4,5)furanophane. The pyrolysis of ld-carbo-
methoxy-2,5-dimethyl-3-furylmethyl benzoate at 550°C formed
2,3-bis(methylene)-U-carbomethoxy-2,3-dihydro-5-methylfuran
as the only major, nonpolymeric product. Warming the
product solutions to room temperature resulted in the
formation of two [U4+2] dimers and the head-to-head, [U4+U4]
dimer of 2,3-bis(methylene)-4-carbomethoxy-2,3-dihydro-5-
methylfuran. The [4+4] dimer was then converted into U,4'-

bis(acetoxymethyl)-5,5"'-dimethyl-[2.2](2,3) furanophane.
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Pyrolysis of 4,4'-bis(acetoxymethyl)-5,5'-dimethyl-[2.2]~
(2,3)furanophane under a varlety of conditions resulted in
the formation of complex product mixtures with furano-

radialene being the only nonpolymeric product identified.
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