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GENERAL INTRODUCTION 

The flash vacuum pyrolysls (FVP) of furfuryl benzoate 

(la) was reported several years ago to give a moderate 

yield of 4-methylenecyclobut-2-enone (2a), along with 

benzoic acid and some minor products.^ This unexpected 

transformation made available the parent compound of a 

2 
series of compounds which is not easily synthesized. 

Prior to that report, 4-methylenecyclobut-2-enone (2a) was 

3 one of the unknown cyclobutadlene derivatives and Is a 

potentially useful, synthetic intermediate since it has a 

highly functlonalized cyclobutane ring. 

(X 
CR_-0-C-Ph 

0 

la, R=H 

lb, R=D 

640°C 

-4 
10 Torr 

-PhCOOH 

40% 

2a, R=H 

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 pyrolysls chemistry of a series of substituted 

furfuryl esters was undertaken. A mechanism for the 
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conversion of ̂  to 2a was proposed on the basis of a 

deuterium-labeling experiment, 1^ to 2b, and on a study 

of the pyrolysis products formed from 5-niethylfurfuryl 

benzoate (3) 

H^C ° CHg-O-C-Ph 10 Torr 
iî T' > 

-PhCOOH , (1,3,,) 

The proposed mechanism for the formation of the 

pyrolysis products from 1 involved a 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 (8). 

Experiments involving samples of 8 which were labeled 

with deuterium on the a 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 
[3,3] 

Ph-C-0 " CHg 

1) a elimination 

a elimination 2) rearrangement [ 

H 

0 
II 

H-C-CH=CH-C=C-H 

E— and Z— 

5 6 

/r\ 
Ji % 
0 CHg 

2a 
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^0-^ CH-O-Cj-CH, 

Ph 0 

0 

H-C-CH=CH-C=C-Ph 

E- and Z-

9 10 

0 

E- and Z-

11 12 

Further support for the migration mechanism came from 

a preliminary study of the pyrolysis products formed from 
I 

3-methylfurfuryl benzoate (]^). Pyrolysls of 13 at 640°C 

and 10~^ Torr formed as major products 3-methyl-^-methylene-

cyclobut-2-enone (^) and the head-to-head, [4+4] dimer ̂  

of 2,3-bis(methylene)-2 ,3-dihydrofuran (^ 

Initially, there were several goals to this project. 

The first goal was to determine if the formation of [4+4] 

dimer ̂  occurred via the intermediacy of 2,3-dimethylene-

2,3-dihydrofuran (^) . The pyrolysis chemistry of a series 

of methyl-substituted, furfuryl esters was studied over a 

wide range of pyrolysis temperatures in order to provide 
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CH^ 

P 

CH2~0—C—Ph 
II 630°C 

Torr 

13 -PhCOOH 14 (15%) 

+ 

15 (20%) 

further experimental evidence for the migration mechanism 

proposed for the conversion of 1 to 2. A consideration of 

this mechanism suggested that the pyrolysis of 2-methyl-3-

furylmethyl benzoate (17) would generate 16 in the absence 

of l4. 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-

7 —X2 
gated group of reactive intermediates. 
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!H,.-0-C-Ph CH 2 

0^ 

17 

II 
0 

FVP 
•> 

CH 
16 

2 

A study of the pyrolysls 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 

In order to test the generality of the method for 

producing 2,3-dimethylene-2,3-dihydrofuran (^) by the 

pyrolysls of 2-methyl-3-furylmethyl benzoate (17), a 

synthesis of furanoradialene (19) was undertaken. The 

pyrolysis chemistry of diesters ̂  of 3,4-bis(hydroxy-

methyl)-2,5-dimethylfuran was studied as a means of obtaining 

^. The Diels-Alder reactions of ̂  and the chelatropic 

reaction of ̂  with sulfur dioxide were investigated in order 

to to study the chemical reactivity of 19. 

(la) . 

2 0  
19 
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The synthetic utility of the method for producing 

2,3-dimethylene-2j3-dihydrofuran (^) was tested by using 

this method in several approaches to the synthesis of 

[2.2.2.2](2,3,4,5) furanophane (21). 

21 

Description of the pyrolysls apparatus. The pyrolysis 

apparatus is pictured in Figure 1. The dimensions of the 

13 components have been previously reported and a commercially-

available version of the apparatus is available from Kontes 

Scientific Glassware. 

Explanation of dissertation format. This dissertation 

has been written using the alternate dissertation format and 

consists of six sections 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. 

All of the experimental results presented in Sections I 

through VI were contributed by the candidate. 
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Figure 1. Diagram of the pyrolysis apparatus 
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SECTION I. PREPARATION OF 2,3-DIMETHYLENE-2,3-DIHYDROFURANS 

BY THE FLASH VACUUM PYROLYSIS OF SUBSTITUTED 

FURYLMETHYL ESTERS 



www.manaraa.com

10 

INTRODUCTION 

Several years ago we reported that the flash vacuum 

pyrolysis (EVP) of furfuryl benzoate (la) gives a moderate 

yield (40%) of methylenecyclobutenone (2a) along with benzoic 

acid and some minor products.^ 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 undertaken. A mechanism for the conversion of (la) 

to (2a) was proposed on the basis of a deuterium-labeling 

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

1 a R=H 

b R=D 

640°C 
40% 

0 

+ Ph-COOH 

R 

R 

2 a R=H 

b R=D 

from the pyrolysis of 5-methylfurfuryl benzoate (3). 
lb 

CH. ^0 T 
PVP 

-PhCOOH 
HgC '0 CH, 

4 (43%) 
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As part of this study, the pyrolysls of 3-methylfurfuryl 

benzoate (5) was investigated because it was anticipated that 

pyrolysis of 5 would give 2,3-dlmethylene-2,3-dihydrofuran (6). 

Compound 6 is a furan analog of the ortho-quinodlmethanes, an 
q 

extensively investigated group of reactive intermediates. 
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RESULTS 

The FVP of 5 at 620-640°C and ca. 10"^ 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-4-methylenecyclobutenone (7) and 8, the head-to-head, 

[4+4] dimer of 2,3-dimethylene-2,3-dihydrofuran (6). These 

products were accompanied by the formation of benzoic acid and 

a substantial amount of a white polymer. 

FVP 

-PhCOOH 

7 

21% 

8 

24% 

The structure of 7 was indicated by its spectral 

properties. The NMR spectrum included a doublet for the 

methyl group at 6 2.34 (J = 1.5 Hz), multiplets for the 

methylene hydrogens at 6 4.70 and 6 5.02, and a multiplet for 

1 1 
the ring olefinic hydrogen at 6 6.86. The NMR spectrum 

consisted of six peaks with appropriate chemical shifts. The 

IR spectrum showed an intense absorption at 1779 cm~^ which 

agrees very well with the carbonyl absorption reported for 2 

(1783 cm'l) 
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The structure of dimer 8 was also determined by its 

spectral properties. The NMR spectrum exhibited four-

proton singlets at 6 2.78 and 3.04 and two-proton doublets for 

the furan hydrogens at 5 6.06 (J = 2 Hz) and 7.16 (J = 2 Hz). 

The -^C NMR spectrum showed six signals, as required by the 

symmetry of 8, 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. 

QH^ yCOOMe 

iX COOMe 

° 9 

A consideration of the mechanism proposed for the con

version of 1 to 2 suggested that the pyrolysis of 

2-methyl-3-furylmethyl benzoate (10) would generate 6 in the 

-il 
absence of 4. The pyrolysis of 10 at 640°C and 10" Torr gave 

a 51% yield of dimer 8, along with benzoic acid and a large 

amount of polymeric material. It was also observed that 6 

could be trapped with methyl acrylate to form the same 

Diels-Alder adducts (9) that were derived from the pyrolysis 

products of 5. 
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^CH 

FVP 

,CH 
2 

-PhCOOH 
» 8 

'CH 
2 

0 "CHg 

10 6 51% 

Further proof that 6 is a primary pyrolysls product of 5 

1 1 Q 
and 10 was obtained by recording the H and C NMR spectra of 

6 at -60°C. The ^H NMR spectrum of 6 can be recorded between 

-60°C and -100°C. At temperatures below -100°C, the solubility 

of 6 diminishes and dimerization occurs rapidly. The enhanced 

dimerization is probably caused by increased local concen-

pyrolysis products of 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 6. Apparently, the resonance energy of the furan 

ring in 11 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. 

trations of 6. In Figure 1, the ^H NMR spectra of the 

11 6 
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ri: 

•̂»v*»''T u il 

I : I CSg CDCI3 

-60°C 

u ̂#WWW*W%wWK 

^5°C 

M<f 

I ' _1_J I I • ' ' ' 

_j i. J—J I I —' I ' I I—L 

5 (PPM) 4 3 

Figure 1. NMR spectra of the pyrolysls products formed 

from 2-methyl-3-furylmethyl benzoate (^) recorded 

at -60°C (top) and at 35°C (bottom) In 1:1 

CSg/CDCl? (5 7.2 peak Is due to CHCl^) 
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The preparation and pyrolysls of 10-d^ was undertaken in 

order to assign the and NMR signals from 6 and 8. A 

mass spectral analysis of ^-d^ showed greater than 95% dg 

Incorporation. The and NMR spectra of G-d^ and 8-d^ 

CH3 

D. ̂  9 ,D 

10-d-
—d. 

6-d„ 
— d 8-di 

were recorded at -60°C and ^tO°C, respectively. The H NMR 

spectrum of 6-d^ Included a doublet at 6 6.73 (J = 1.5 Hz) and 

a multiplet at 6 5.78 for the ring protons and a doublet at 

5 4.85 (J = 1.5 Hz) and a multiplet at 5 4.65 for the 

1 1 
2-methylene protons. The -"C NMR spectrum of 6-d„ showed five 

~ —C. 

peaks including one at 6 85.22 for the methylene carbon at 

the 2-position. A signal at 6 102 for the methylene carbon 

at the three position was not observed. In Figure 2, the 

^H NMR spectra of the pyrolysls products formed from lO-d-, 

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

-60°C 

iiAi 1 

1:1 CSg /CDCI3 

ÏD-CD^ 35°C 

-V 

8 5 (PPM) 4 

Figure 2. H NMR spectra of the pyrolysls products formed 

from 2-methyl-3-furylmethyl-a,a'-d2 benzoate 

(^-dg) recorded at -60°C (top) and at 35°C 

(bottom) in 1:1 OS /CDCl^ 
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The high reactivity of 6 as a dlene 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 

3-methyl group on the furan ring,^ the pyrolysis of 

2,4-dimethyl-3-furylmethyl benzoate (^) was investigated. The 

pyrolysis of 12 at 640°C and 10~^ Torr gave a 43% isolated 

yield of the head-to-head, [4+4] dimer of along with 

benzoic acid and a large amount of an off-white polymer. The 

structures of 13 and l4 were indicated by their and NMR 

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

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

"3 
•CH 

FVP 

-PhCOOH "CH 
CVP > H 

-PhCOOH 0' 

12 14 13 (43%) 

When a large excess of methyl acrylate was added to the 

product trap, good yields of the Diels-Alder adducts (15 and 

l6) were obtained (64-75%) along with small amounts of dimer 

(13) (2-9%) and substantial amounts of polymer. 
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Figure 3. NMR spectra of the pyrolysls products formed 

from 2,4-dlmethyl-3-furylmethyl benzoate (12) in 

CSg and In the presence of a dlbromoethane internal 

standard 

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

Middle: Spectrum of a 2:1 mixture of 

4-methyl-2 J 3-dimethylene-dihydrofuran 

(l4) and [4+4] dimer 13 recorded at -15°C 

Bottom: Spectrum of l4 recorded at -60°C 
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The ratio of 15 to l6 was determined by analysis of the 

13 C NMR spectral data for mixtures of the two Isomers. Five 

of the signals from 15 were sufficiently separated from the 

corresponding signals of l6 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 l6 is 3.0 to 1. The NMR chemical shifts (CSg/CDCl^; 

6 from TMS) are presented below. 

"'ill 

118.7-^ 

136.9 

,116.7 

1 1 8 . 8  

_.OCH_ 50.8 136.9-> 

f  25 .6^1^73 .9  
148.0 0 

174.3 

bCH_ 50.8 

' 2 5 . 2  
148".9^ 

22.9 

15 16 

In order to determine the structures of 15 and l6 and to 

confirm the value for the isomer ratio, the carbomethoxy 

groups in 15 and l6 were converted to methyl groups. This 
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converted 15 to the commercially-available, natural product 

methofuran (17)» while l6 was converted to isomenthofuran (l8). 

Since the IR and the NMR spectra of 17 and l8 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 NMR chemical shifts (CS^/CDCl^; 6 from 

TMS) of 17 and l8 are presented below. 

117.5 

119.2 

136.8 

117.1 

19.9 

150.3 150.3 

29.5 

17 18 

The ratio of 17 to l8 was determined to be 3.3 to 1 by 

comparing the areas corresponding to carbon 4 of each isomer 

(5 19.9 and 22.8). Isomenthofuran (l8) was synthesized by an 

independent route for spectral comparison. 
C 

2-Isopropylidlne-4-methylcyclohexanone (^) was converted to 

the ô-sultone (20) by treatment with sulfuric acid in acetic 

anhydride.^ The 6-sultone was then pyrolyzed at 640°C and 10"^ 

Torr to eliminate sulfur dioxide and form ̂ . The NMR and 

IR spectra of 17, l8 and a mixture of 17 and l8 are presented 

in Figures 4 and 5 respectively. 
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1 
Figure 4. H NMR spectra of isomethofuran (l8) (top), a 3:1 

mixture of menthofuran (17) and isomenthofuran 

(^) (middle) j and menthofuran (17) (bottom) in 

CSg at 35°C 
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Figure 5. IR spectra of isomenthofuran (^) (top), a 3:1 

mixture of menthofuran (^) and isomenthofuran 

(^) (middle), and menthofuran (^) (bottom) 

recorded using thin films of neat liquid 
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DISCUSSION 

A migration mechanism was previously proposed for the 

conversion of furfuryl benzoate (^) to methylenecyclobutenone 

(2a).^ A set of pathways which account for the formation of 

the pyrolysis products from 5 is presented in Scheme I. 

Scheme I 

[3,3] 

5-ellm, 

V 

8 

CH. 

• Ph [3,3] 
^ 

3-elim. 

H 

\ 
lî 
C 

II 
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CH, 

/ 
• c  
II 
c  
II 
CH2 

21 

L 

CH, 

0 H 

Ph-y- 0^ ^ CH, 

a-ellm. 

,CH, 

CH, 
2 2  

-> 7 

Structure 6 may be formed either directly from 5 by a 

6 elimination of benzoic acid, or by a two-step mechanism 

involving a [3,3] sigmatropic shift followed by a 3 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 a elimination of benzoic acid and ring opening to 

form 3-niethylallenylketene (^)j which undergoes ring closure 

to form 7. Alternatively, product 7 may be formed by a direct 

ring contraction of carbene 22 to form 7 without Involving 

the Intermedlacy of 21. 

Further support for the migration mechanism was obtained 

from the study of the pyrolysis products formed from 

2-methyl-3-furylmethyl benzoate (10). The exclusive formation 

of 6, which dlmerized to 8 upon warming, can be explained by a 

direct 6 elimination of benzoic acid or by a two-step mechanism 

involving a [3,3] shift followed by a 3 elimination of benzoic 

acid. This 1,4-eliminatlon reaction has literature precedent 

7—11 12—l4 
in the pyrolysis chemistry of allylic and benzylic 

esters containing functional groups with 6 hydrogens. In the 

pyrolysis of several allylic systems, the initially formed 

[3,3] shift products have been isolated. 

10 
[3,3] 

B-elim. 
> 8 
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2,3-Dlmethylene-2,3-dihydrofuran (6) was previously 

postulated as an Intermediate In the liquid-phase pyrolysls 

of (2-methyl-3-furylmethyl) trlmethylammonlum hydroxide (23). 

This reaction was reported to give one dlmer of 6 possessing 

either structure 8 or 2H. 

21 

^-K(CH3)3 

tu 0' ̂ CH, 
-OH g 

23 24 

Compound (6) was also reported to be a product of the 

pyrolysls of 4,5j6,7-tetrahydrobenzofuran (25) at 920 to 

?? 
950°C. Although there was no mention of any dlmerlzatlon of 

6, the authors reported that several different Dlels-Alder 

adducts were obtained in yields ranging from 20 to 50%. The 

inability of these workers to obtain NMR spectra for 6 and 

l4, when samples were warmed above -120°C, might be explained 

by our observation that the solubility of 6 diminishes at 

temperatures below -100°C and dlmerlzatlon occurs rapidly. 

The enhanced dlmerlzatlon is probably caused by increased 

local concentrations of 6. 
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The exclusive formation of dlmer 8 from 6 is readily 

explained by a two-step mechanism involving a diradical 

intermediate. There are three possible diradical inter

mediates: 27 and 28. Intermediates 26 and 27 would lead 

to the formation of dimer 8, while 28 would lead to the head-

to-tail dlmer (24). Simple resonance considerations suggest 

that the radical center found in 26 is more stable than that 

found in 27. However, a stability difference of the two 

radical centers in favor of either center means that one of 

the symmetrical diradical intermediates (26 or 27) will be 

more stable than the unsymmetrical intermediate (28), which 

has one of each center. 

26 27 28 
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The mechanism of the dimerizatlons of 6 and l4 Is 

analogous to that proposed for the dlmerlzation of 

3f 23 
ortho-xylylene , trimethylenecyclobutane , and 

oil 
tetramethylenecyclobutane. 

The 1,^-elimination mode for the loss of benzoic acid in 

the pyrolysls of W was rigorously established by studying 

the pyrolysls products from W-d^. The deuterium content of 

G-dg and 8-d^, determined by NMR analysis for G-dg S'^d by 

both ^NMR analysis and GLC analysis for 8-d^, rules out the 

possibility of a mechanism involving an initial a-elimlnation 

of benzoic acid from ^-dg. The sample of [4+4] dimer 8-d^ 

consisted of greater than 95% of species having four deuterium 

atoms. The observation that only ca. 0.5% of the [4+4] dimer 

had less than three deuterium atoms makes the a-ellminatlon 

mechanism presented in Scheme II at best a minor reaction 

pathway. 
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Scheme II 

CD»—0—C—Ph 
a-ellm. 

-PhCOOD 

lO-d. 
d. 

D D 
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EXPERIMENTAL 

Methods and Materials. The pyrolysls apparatus has 

25 1 
been previously described. H NMR spectra were recorded 

on Varlan A-60, HA-100 or Hltachl-Perkln 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 (6) 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 Flnnlgan 4000 Instrument with an INCOS 2300 data 

system at 70 eV. GLC analyses were performed using a Hewlett 

Packard HP 5840A instrument with a 25 meter, methylsllicone-

coated capillary column. Melting points were determined with 

a Thomas-Hoover apparatus and are uncorrected. 

A 1.6 M solution of n-butylllthium in hexane, 

chloroacetoneJ diisopropylamlne, methyl acrylate and 

4-methylcyclohexanone were obtained from Aldrlch Chemical Co. 

Lithium aluminum hydride and lithium aluminum deuterlde were 

obtained from Alpha Products. Benzoyl chloride, menthofuran, 

methanesulfonyl chloride and trlethylamlne 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 alcohol^^ 

was prepared by the lithium aluminum hydride reduction of 

27 
methyl 3-methyl-2-furoate. 

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 mln period to a stirred solution containing 16.00 g 

of 3-methylfurfuryl alcohol (143 mmol)^^ and 11.29 g of 

pyridine (143 mmol) in 100 mL of ether. The mixture was then 

stirred at room temperature for 4 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 organic 

layer was dried, the solvent was removed yielding 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 (CCl^) 

1724, 1268, 1095 cm~^; NMR (CC1%) 6 8.25-7-9 (m, 2H) , 

7.7-7.1 (m, 4H), 6.17 (d, J=2 Hz, IH), 5.23 (s, 2H), 2.1 (s, 

3H) ; high resolution mass spectrum, calcd for 

216.0786, measured 216.0779. 
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Ethyl 2-Methyl-3-furoate.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 mln 

period. The red mixture was stirred at room temperature for 

4 h. After standing overnight, the layers were separated and 

the aqueous layer 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 (MgSO^) and removal of the solvent, the 

crude product (49 g; 0.32 mole; 64%) was purified by vacuum 

distillation, yielding 40.1 g (0.26 mole; 52%) of a colorless 

liquid: bp 69-71°C (12 mm) [lit.^l bp 80-85°C (l6 mm)]; IR 

(thin film) 1730, l6l8, 1530, 1310, 1242, 1195, 1105, 1045, 

953, 900, 788, 742 cm~^; NMR (0001^) 5 7.21 (d, J = 2 Hz, 

IH), 6.63 (d, J = 2 2 Hz, IH), 4.28 (q, J = 7 Hz, 2H), 2.56 

(s, 3H), 1.33 (t, J = 7 Hz, 3H). 

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

6.24 g (0.l64 mole) of lithium aluminum hydride (LIAIH^) in 

60 mL of dry ether (LiAlH^) 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 

2 8 
temperature, a standard workup yielded 8.96 g (O.O8 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^l; % NMR 

(CDC1_) 6 7.19 (d, J = 2 Hz, IH), 6.32 (d, J = 2 Hz, IH), 

4.34 (m, 2H), 3.75 (m, IH), 2.23 (s, 3H); high resolution 

mass spectrum, calcd for C^HgOg 112.05243, measured 112.05232. 

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

benzoyl chloride (80,7 mmol) In 50 mL of ether (dried over 

LIAIH^) was added dropwlse to a stirred solution of 

2-methyl-3-furylmethyl alcohol (8O.O mmol) and triethylamlne 

(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 bp 88°C (0.01 

mm); IR (thin film) 1720, 1625, I6OO, 1515, 1270, 925 cm"^; 

^H NMR (CDClg) 6 8.2-7-9 (m, 2H) , 7.7-7.3 (m, 3H), 7.25 (d, 

J = 2 Hz, IH), 6.41 (d, J = 2 Hz, IH), 5.16 (s, 2H), 2.35 

(s, 3H); high resolution mass spectrum calcd for C^^H^gOg 

216.0786, measured 216.0783. 

2-Methyl-3-furylmethyl-a,a-d„ Benzoate (10-du). To a 
d  C. 

stirred slurry of 1.498 g (35.7 mmol) of lithium aluminum 

deuterlde In 10 mL of dry ether (LIAIH^) at 0°C was slowly 

added a solution of 5.304 g (34.4 mmol) of ethyl 
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2-methyl-3-furoate In 15 mL of dry ether. The mixture was 

P R 
stirred at room temperature for 6 h and a standard workup 

gave 3.4? g (30.4 mmol; 88.4%) of 2-methyl-3-furylmethyl-a,a-d2 

alcohol: IR (thin film) 3330 (br.), 2260-2050, 1635, 1520, 

1415, 1228, 1075, 1025 cm~^; NMR (CDC1_) 6 7.16 (d, J = 2 

Hz, IH), 6.28 (d, J = 2 Hz, IH), 3.33 (s, IH), 2.21 (s, 3H); 

high resolution mass spectrum calcd for CgHgDgOg 114.06499, 

measured 114.06521. Without further purification 3.4l g 

(29.9 mmol) of the alcohol was converted to ^-dg using the 

procedure described for the synthesis of 10. 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 ̂ -dg: IR (thin film) 2280-2100, 1720, 1605, 1520, 

1175, 1025, 1010 cm"^; ^H NMR (CDCl^) 6 8.24-7.27 (m, 5H), 

7.21 (d, J = 2 Hz, IH), 6.37 (d, J = 2 Hz, IH), 2.35 (s, 3H) ; 

NMR (CDCl.) 6 166.53, 151.04, 140.58, 132.89, 130.34, 

129.64, 128.34, 114.52, 111.65, 11.65; high resolution mass 

spectrum, calcd for C^gH^gDgOg 218.09120, measured 218.0907I. 

Mass spectral analysis at 20 eV showed that the benzoate was 

>95% dg. 

Ethyl 2,4-Dlmethyl-3-furoate.Dry hydrogen chloride 

was bubbled into a mixture of ethyl acetoacetate (167.O 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 in a 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 aqueous 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 L). The organic layer was then washed successively with 

saturated sodium bicarbonate (5 x 100 mL) and saturated 

sodium chloride (3 x 100 mL). After the organic layer was 

dried (MgSO^), 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 

2,4-dimethyl-3-furoate: bp 49-55°C (1.2 mm) [lit.^^^ 

bp 52°C (0.8 mm)]; IR (CCl^) 1720, l6l5, 1565, 1272, 

1095, 1050, 937 cm-i; NMR (CC1%) 6.94 (d, J = 1.5 Hz, 

IH), 4.22 (q, J = 7 Hz, 2H), 2.47 (s, 3H), 2.08 (d, J = 1.5 

Hz, 3H), 1.32 (t, J = 7 Hz, 3H). 
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2 ,4-Dlme.thyl-3-furylmethyl Benzoate ( 12) . To a stirred 

slurry of 6.3 g (l66 mmol) of LiAlH^ in 120 mL of dry ether 

(LIAIH^) at 0°C was slowly added a solution of 28.10 g (16? 

mmol) of ethyl 2,4-dimethyl-3-furoate. The mixture was 

P R 
stirred at room temperature for 5 h and a standard workup 

gave 19.7 g (156 mmol; 94%) of 2,4-dimethyl-3-furylmethyl 

alcohol^°: IR (thin film) 3330 (br), 1635, 1565, 1275, 1115, 

900 cm"^; NMR (CDC1_) 6 6.98 (m, IH), 4.3 (s, 2H), 3.25 

(s, 2H), 2.2 (s, 3H), 1.95 (d, J = 1.5 Hz, 3H). Without 

further purification, the alcohol was converted to benzoate 

12 in 98% yield using the method previously described. 

Purification by chromatography on silica gel ether in 

hexanes) followed by distillation yielded 32.5 g (l4l mmol; 

85% isolated yield from ethyl 2,4-dlmethyl-3-furoate) of 

pure 12: IR (thin film) 1715, 1598, 1575, 1450, 1265, 1170, 

1020 cm"^; NMR (CDCl?) 6 8.2-7.9 (m, 2H), 7.7-7.2 (m, 3H), 

7.07 (m, IH), 5.15 (s, 2H), 2.31 (s, 3H), 2.02 (d, J = 1.5 Hz, 

3H); NMR (CDCl^/CSg) 6 166.2, 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 230.094298, measured 

230.09448. 

General Pyrolysls Procedure. The furnace was maintained 

at temperatures ranging between 6OO 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 cooled 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 (NagCO^), filtered and concentrated. 

Pyrolysis of 3-Methylfurfuryl Benzoate (5)« A 2.0 g 

(9.25 mmol) quantity of 3-methylfurfuryl benzoate (5) was 

pyrolyzed at 630°C in the normal manner. A quantitative NMR 

analysis of the pyrolysate using a dibromoethane standard 

showed the presence of 3-niethyl-4-methylenecyclobutenone (7) 

in 21% yield and dimer 8 in 24% yield. Thick layer chroma

tography on silica gel plates (2000 y) using two elutions 

with 20% ethyl acetate in hexanes afforded two major bands. 

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

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

(lit.54-55°C); IR (CHCl^) 16IO, 1500, 1436, 1040, 895 cm"^; 

NMR (CSg) 7.16 (d, J = 2 Hz, 2H), 6.O6 (d, J = 2 Hz, 2H), 

3.04 (s, 4h), 2.78 (s, 4h), high resolution mass spectrum 
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calcd for ^2.2^12*^2 188.08373, measured 188.08359. The lower 

band consisted of 3-inethyl-4-methylenecyclobutenone (7) 

(0.139 g; 1.48 mmol; l6%): IR (CSg) 1779 cm~^; NMR (CS.) 

Ô 6.86 (m, IH), 5.02 (m, IH), 4.70 (m, IH), 2.34 (d, J = 1.5 

Hz, 3H); NMR (CDC1_) 6 187.68, 186.I8, 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 (42.38), 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 (Xi3) • A 1.64 

g quantity (7.6 mmol) of W was pyrolyzed at 630°C in the 

normal manner. The pyrolysate was collected in carbon 

disulfide, dried (Na^CO^), and concentrated. GLC and NMR 

analyses of the crude product mixture indicated that dimer 8 

was the major product formed, along with benzoic acid. The 

oily 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-cycloocta[l,2-b:6,5-b']difuran (8), mp 53-53.5°C 

(lit.54-55°C); IR (CHCLG) l6l5, 1510, l440, 1045, 892 cm"^; 

NMR (CDC1_) 5 7.12 (d, J = 2 Hz, 2H), 6.05 (d, J = 2 Hz, 

2H), 3.00 (s, 4h), 2.74 (s, 4H); NMR (CDC1_) 6 (coupling 
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observed in gated decoupled spectrum), 149.85 (s), 139.72 (d, 

J  =  1 9 9 . 6  H z ) ,  1 1 7 . 9 4  ( s ) ,  1 1 3 . 4 4  ( d ,  J  =  1 7 2 . 1  H z ) ,  2 5 . 7 9  ( t ,  

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

spectrum calcd for ^^2^x2*^2 188-08373: measured I88.O8368. 

2,3-Dimethylene-2,3-dihydrofuran (6). A O.3837 g (1.77 

mmol) quantity of 2-methyl-3-furylmethyl benzoate (10) was 

pyrolyzed at 635°C in the normal manner. During the pyrolysis, 

2 mL of 1:1 CSg/CDClg was deposited onto the product trap. 

After the reaction was finished, the trap was warmed to -78°C 

and 2 mL of 1:1 CSg/CDCl^ at -78°C was used to rinse the walls 

of the trap. After transferring some of the product solution 

to NMR tubes at -78°C, the ̂ H and NMR spectra were 

recorded, indicating the presence of 6: ^H NMR (1:1 CSg/CDCl^, 

-60°C) 5 6.68 (m, IH), 5.73 (m, IH), 5.17 (m, IH), 4.90 (s, 

IH), 4.75 (d, J = 1.1 Hz, IH), 4.58 (m, IH); NMR (1:1 

CSg/CDClg, -60°C), 6 157.62 (s), 148.30 (d, J = 199.6 Hz), 

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 8. Quantitative NMR analysis using a dichloro-

ethane standard indicated that 98.5% of 6 was converted 

to 8 upon warming the sample to room temperature, GLC 

analysis Indicated that the product mixture consisted of 

93.8% of the [4+4] dimer 8 and 4.98% of two [4+2] dimers 

(3.2.:1 ratio; structure not determined). 
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Pyrolysls of 2-Methyl-3-furylmethyl-a,a-d2 Benzoate 

(10-d„). A 0.431 g (2.0 mmol) quantity of (lO-d?) was 

pyrolyzed in the normal manner. The pyrolysate was collected 

in 4 mL of 1:2 CSg/CDCl^ and NMR spectral data were recorded 

at low temperature for G-d^: NMR (1:2 CSg/CDCl^, -60°C) 6 

6.73 (d, J = 1.5 Hz, IH), 5.78 (m, IH), 4.85 (d, J = 1.5 Hz, 

IH), 4.65 (m, IH); NMR (1:2 CSg/CDCl.m -60°C) 6 157-86, 

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

temperature 6-^2 was converted to 8-d^: ^H NMR (1:2 CSg/CDCl^) 

6 7.05 (d, J = 2 Hz, 2H), 6.00 (d, J - 2 Hz, 2H), 3.00 (s, 4H): 

NMR (CDC1_) 5 149.9 (s), 139-7 (d, J = 200 Hz), 117-7 (s), 

113.4 (d, J = 172 Hz), 25.8 (t, J = 129-4 Hz); GLC/MS (12 eV) 

d^=95.44%, d3=4.07%, 3^=0.49%, d^=0.002%. 

Diels-Alder Reaction of ^ with Methyl Acrylate. A 0.2708 

g (1,25 mmol) quantity of W 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 pyrolysls. 

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 temperature, dried (NagCO^) and concentrated. Purifi— 

cation with a molecular-distillation apparatus yielded O.I670 g 

(0.93 mmol, 74.14%) of the Diels-Alder adducts 9 : IR (CHCl^), 
J 

1735, 1610, 1510, 1445, 1255, 1200, 1175, 1108, 860 cm"^; 
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NMR (CSg) 7.09 (d, J = 2 Hz, IH), 6.02 (d, J = 2 Hz, IH), 

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

spectrum calcd for C^^H^gOg 180.078648, measured I80.078683. 

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

A 3.01 g quantity (13.1 mmol) of ̂  was pyrolyzed at 620°C in 

the normal manner. The pyrolysate was collected in 25 ml of 

carbon disulfide, dried (NagCOg) 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,lOH-cycloocta p.,2-b :6,5-b •] dlfuran (^) : 

IR (CHC1_) 1630, 1565, 1440, 1382, 1132, 1077, 860 cm"^; ̂ H 

NMR (CDClg) 6 7.02 (m, 2H ), 3.07 (s, 4H), 2.73 (s, 4H), 1.92 

(d, J = 1.54 Hz, 6H); NMR (1:1 CSg/CDCl.) 150.06 (s), 

136.57 (d, 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 calcd for C^^H^gOg 216.11503, 

measured 216.11543. 

4-Methyl-2,3-dimethylene-2, 3-dlhydrofuran (Xjj) . A 0 . 4l 

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

pyrolysate was isolated using the procedure previously 

1 1 Q 
described for 6. The low temperature H and -^C NMR spectra 

indicated the presence of l4; ^H NMR (CSg, -60°C) 6 6.6I 
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(m, IH), 5.27 (m, IH), 4.84 (m, 2H), 4.65 (m, IH), 1.89 

(d, J = 1.5 Hz, 3H); NMR (1:1 CSg/CDCl^, -72°C) 6 158.41, 

144.38, 141.99, 115.12, 99.95, 85.00, 7.86. Upon warming 

above -30°C, ̂  dlmerlzes to ^3. 

Dlels-Alder Reaction of l4 with Methyl Acrylate. A 2.38 g 

quantity (10.3 mmol) of 2,4-dlmethyl-3-furylmethyl benzoate 

(12) 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 (NagCO^) and concentrated. Chromatography 

on silica gel (5% ether In hexanes) yielded 1.57 g (8.06 mmol; 

78%) of the Dlels-Alder adducts (^ and separated from 

0.04l4 g (0.19 mmol; 3.7%) of dlmer ̂ . For ̂  and ^: IR 

(thin film) 1735, 1635, 1568, II87, II60, 1035, 895 cm"^; 

NMR (CSg) 6 6.94 (m, IH), 3.62 (5, 3H), 2.8-1.5 (m, lOH); 

high resolution mass spectrum calcd for 194.094298, 

measured 194.09435. 

Preparation of a Mixture of Menthofuran ( 1J) and 

Isomenthofuran (I8). To a stirred slurry of LIAIH^ (0.2 g; 

5.3 mmol) in 10 ml of dry ether (LIAIH^) at 0°C, was added a 

solution of 1^ and I6 (1.00 g; 5.2 mmol) in 15 ml of dry ether. 

After stirring the mixture for five h at room temperature, a 

21 
standard workup 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 cm"^; NMR (CSg) 6 6.82 (m, IH), 3.92 

(s, IH), 3.40 (d, J = 5.5 Hz, 2H), 2.55-1.0 (m, lOH). 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 cm"^; NMR (GDC1_) 6 7.1 (m, IH), 4.2 (distorted 

d, j=5.5 Hz, 2H), 3.04 (s, 3H), 2.9-1.0 (m, lOH) . Due to 

their instability, the mesylates were immediately reduced 

without further purification. A solution of the mesylates in 

5 mL of dry THF (LiAlH^) was slowly added to a slurry of 

LiAlH^ (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 

2 8 
a standard workup 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 (^) and 

isomenthofuran (l8): bp 34-49°C (bath temp.) (0.05 mm); IR 

(thin film) 1645, 1565, l4l8, 1100, 1090, 1020, 900, 860, 

710, 695 cm~^; ̂ H NMR (GSg) 6 6.8 (m, IH), 3.0-0.8 (m, 7H) , 

1.93 (d, J=1.5 Hz, 3H), 1.05 (distorted d, J=5.5 Hz, 3H); 

high resolution mass spectrum calcd for C^gH^^O 150.10447, 

measured 150.10425. A NMR analysis of the product mixture 

Indicated that the ratio of 17 to l8 was 3.3 to 1 (average of 

2 runs) . 
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Menthofuran (IZ) (3,6-Dlmethyl-4,5»6,7-tetrahydro-

benzofuran). A commercial sample was purified by distillation 

to give an analytical sample of r?: bp 26-27°C (0.1 mm); 

IR (thin film) 1645, 1565, 1422, 1105, 1095, 1025, 905, 865, 

695 cm~^; NMR (CSg) 6 6.83 (m, IH), 3.0-0.8 (m, 7H), 1.84 

(d, J = 1.5 Hz, 2H), 1.0 (distorted d, J - 5.5 Hz, 3H); NMR 

(1:1 CSG/CDCLG) Ô 150.3 (s), 136.8 (d, 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 calcd for C^gH^j^O 150.10447, measured 

150.10404. 

2-Isopropylldene-4-methylcyclohexanone (19).^ To a 

stirred solution of dlisopropylamine (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-butylllthium in hexane (O.O832 

mole). The mixture was stirred at 0°C for 50 mln. 

4-Methylcyclohexanone (9.02 g; 0.084 mole) was added dropwlse 

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 codlstilled 
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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 mL), 

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 (MgSO^) 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-isoDroDylidene-4-methylcyclohexanone: bp 74-78°C (6 mm) 

[lit.32 70-71°C (1.2 mm)]; IR (thin film) 3500 (broad), 1685, 

1615, 1270, 1132, 1006 cm"^; NMR (CDCl.) 6 3.1-0.75 (m, 

16H) including 6 1.02 (distorted d, J = 5 Hz, 3H), 1.77 

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

Preparation of Isomenthofuran (18). 

(3,5-Dimethyl-4,5,6,7-tetrahydrobenzofuran)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-isopropylldene-4-methylcyclo-

hexanone (^). The 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'-methylcyclohexen-l'-yl)pro~ 

pen-l,2'-sultone (20): IR (CHCl^) I658, 158O, 1370, 1152 cm"^" ; 
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NMR (CDClg) 6 6.25 (m, IH), 2.8-0.8 (m, 13H). A 2.4? g 

(11.5 mmol) quantity of 20 was pyrolyzed at 640°C and 10"^ 

Torr In the normal manner by heating the sample chamber between 

70 and 120°C. The pyrolysate was dissolved In ether,,dried 

(NagCOg), and concentrated. A short path distillation gave 

1.31 g (8.7 mmol; 75%) of Isomenthofuran (l8): IR (thin film) 

1645, 1567, 1415, 1100, IO85, 898, 860, 707 cm"^; NMR (CSg) 

6 6.86 (m, IH), 2.95-0.75 (m, 7H), 1.82 (d, J = 1.5 Hz, 3H), 

1.02 (distorted d, J =5.3 Hz, 3H); NMR (1:1 CSg/CDCl.) 6 

150.3 (s), 136.8 (d, 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 (t, J = 127 Hz), 21.3 (q, J = 125 Hz), 7.9 (q, 

J = 127 Hz); high resolution mass spectrum calcd for C^gH^^O 

150.10447, measured 150.10424. 
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SECTION II. CHELATROPIC ADDITION OF SULFUR DIOXIDE TO 

2,3-BIS(METHYLENE)-2,3-DIHYDRO-4-METHYLFURAN 
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INTRODUCTION 

The high reactivity of 2,3-bls(methylene)-2,3-dlhydro-

furan (1) as a dlene suggested that the Dlels-Alder reactions 

of 1 would be a direct method for obtaining the furanocyclo-

1 2 
hexane ring skeleton. * Since a large number of sesquiter

penes contain a furanocyclohexane unit with a methyl group 

on the furan rlng,^ the Dlels-Alder reactions of 2,3-bls-

(methylene)-2,3-dlhydro-4-methylfuran (2) were Investigated.^ 

When a large excess of methyl acrylate was added to the 

product trap during the pyrolysls of 2,4-dlmethyl-3-furyl-

methyl benzoate (3), good yields of the Dlels-Alder adducts 

4 and 5 were obtained (64-75%) along with small amounts of 

[4+4] dlmer 6 (2-9%) and substantial amounts of a white. 

Insoluble polymer.^ The ratio of 4 to 5 was determined to 

be 3.0 to 1 using NMR techniques. 

Only reactive dlenophlles such as methyl acrylate, 

acrolein and methyl vinyl ketone were observed to react 

with 2 at temperatures low enough (-30°C) to minimize the 

dlmerlzatlon of 2.^ In order to Improve the reactions of 2 

with dlenophlles, a method of generating low concentrations 

of 2 at temperatures higher than -30"C In the presence of 

the dlenophlle was desired. One approach toward solving this 

problem Involves the use of a reversible addition of sulfur 
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¥-
CH^-O-C-Ph 

0 
640°C 

- k  
10 Torr 

( .COOCH-

COOMe 

COOMe 

dioxide to 2. Trlene 2 would be converted to sulfone 7 by 

adding a large excess of sulfur dioxide to a solution of 2 

at -78®C. Compound 2 would later be regenerated In low 

concentration by heating a solution of sulfone 7-



www.manaraa.com

57 

Many examples of thermal additions of sulfur dioxide 

4-9 
to 1,3-dienes have been reported. The reverse reaction, 

involving the preparation of 1,3-dienes by the elimination 

of sulfur dioxide from 2,5-dihydrothiophene-l,1-dioxides , 

has also been studied in detail. 
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RESULTS 

A solution of 2,3-bls(methylene)2,3-dlhydro-4-methy1-

furan 2 was prepared by pyrolyzlng 2,4-dlmethyl-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 

llquld-nltrogen-cooled trap. The volatile products, which 

were deposited into the llquld-nltrogen-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 

period. 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. 

3 S Z 

The structure of sulfone 7 was indicated by its 

spectral properties. The NMR spectrum of 7 included a 

one-hydrogen multiplet at 6 7.25 for the furan ring hydrogen, 

two-hydrogen multiplets at 6 i|.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 7 correlated well with the chemical shifts 

observed for the methylene hydrogens of the benzene analog 
O 

8 (6 4.37) and the methylene hydrogens of the bis(sulfone) 

9 (6 4.53).^^ The IR spectrum of 7 included sharp, intense 

— 1 
signals at 1322 and 1111 cm" for the asymmetric and symmetric 

8 

stretching frequencies characteristic of a sulfone. The 

observed IR signals correlated well with the corresponding 

signals reported for butadiene sulfone (10) at 1310 and 1130 

cm~^, respectively.^^ 

Although the reaction of sulfur dioxide with 

2,3-bis(methylene)-2,3-dihydro-4-methylfuran (2) could in 

principle form either one or both of the sulflnate esters 

11 or 12, in addition to the isolated sulfone 7, there was 

1 
no IR or H NMR spectral evidence indicating the presence of 

1 
11 or 12 in the product mixture. The H NMR spectrum of the 
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11 12 13 

benzene analog 13 of 11 and ̂  included an AB pattern at 

S 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 = l4 Hz) 

for the methylene group attached to the oxygen. The IR 

The utility of sulfone 7 as a precursor to 2,3-bis-

(methylene)-2,3-dihydro-4-methylfuran (2) was tested by 

heating solutions of 7 in the presence of an excess of methyl 

acrylate (l4). When a tetrahydrofuran (THF) solution of 7 

which also contained 2.6 equivalents of 14 was heated at 

its reflux temperature for 2.5 h, the only major products 

isolated were the Diels-Alder adducts 4 and 5- All of the 

starting sulfone 7 reacted under these conditions. Ex

periments varying the amount of methyl acrylate present in 

the reaction mixtures showed that in tetrahydrofuran, the 

presence of 2.5 equivalents of methyl acrylate was necessary 

to preclude formation of the [4+4] dimer 6. Under these 

spectrum of 13 included a signal at 1105 cm~^ (S=0).^ 



www.manaraa.com

6l 

4 

\ /s. ,COOMe gCr 
5 

reaction conditions, a 62.7% yield of the Diels-Alder 

adducts 4 and 5 was obtained. The ratio of 4 to 5 was 

1 Q 
determined to be 3-3 to 1 using the C NMR method previously 

reported.^ 

The use of dlenophiles 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 7 or the initially formed 

Diels-Alder adduct would act as a diene in a Diels-Alder 

reaction. When a THF solution of sulfone 7 containing 3-1 

equivalents of dimethyl acetylenedicarboxylate (15) was 

heated at its reflux temperature for 9 h, the only product 

isolated was bis(adduct) (16). There was no NMR 

.COOMe 

QJ'  + iT  ^  

y lij 2.5 h 

+ 
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COOMe 
COOMe 

C THF 
7 + III inr ^ 

reflux 
C 
I 
COOMe 

MeOOC 

COOMe 

COOMe 

15 16 (72.4%) 

evidence indicating that a Diels-Alder reaction between 7 

and ̂  had taken place before the extrusion of sulfur dioxide 

from 7. However, this observation does not rule out the 

possibility that an equilibrium takes place between sulfone 

7 and adduct ̂  under the reaction conditions. This 

equilibrium would result in the conversion of ̂  to 

dladduct ̂  via the Intermediacy of 7, 2 and l8. 

0 MeOOC 

0 2 

7 COOMe 

17 

2 
15 COOMe 

COOMe 

16 

18 
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DISCUSSION 

The reaction of sulfur dioxide with 1,3-butadlene can 

In principle form either 2,5-dlhydrothlophene-ljl-dloxlde 

(10) or 3j6-dlhydro-l,2-oxathlln-2-oxlde (19). Both the 

formation of 10 from butadiene and the reverse reaction 

il 22 
have been studied In detail. * 

0 sog I + sog 

0 

10  19  

In recent years, several reactions Involving the 

formation of cyclic sulflnate esters from 1,3-dlenes have 

5 8 
been reported. ' The facile reverse reaction has also been 

documented.^'® The reaction of ortho-xylylene (^) with 

sulfur dioxide at temperatures ranging from -20 to 20°C 

resulted In the formation of a mixture containing a 9:1 

vas 

8,9 

O 
ratio of sulflnate 13 to sulfone 8. The sulflnate 13 was 

reported to be stable for several days at room temperature. 

I II 

13 

OCL • OO': 
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The exclusive formation of sulfone 7 from the reaction 

of 2j3-bls(methylene)-2,3-dlhydro-4-methylfuran (2) with 

sulfur dioxide can be explained by a concerted mechanism 

Involving a chelatroplc addition of sulfur dioxide to 2. 

Although the chelatroplc addition of sulfur dioxide to 2 

may be favored over the Dlels-Alder reaction of sulfur 

dioxide with 2, the failure to detect the sulflnate esters 

^ and ̂  Is possibly due to the Instability of ̂  and ̂  

under the reaction conditions. 

SO 2 

2 7 

SO 
2 

+ 

11 12 
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The use of sulfone 7 as an alternative precursor to 

2 is limited due to the extremely facile dimerlzatlon of 2 

that occurs in solution under the conditions necessary to 

generate 2 from 7. For example, when a THF solution of 2 

and ten equivalents of cyclohex-2-enone (^) was heated to 

its reflux temperature for 12 h, the [4+4] dimer (6) was 

the major product (ca. 50%) while the desired Diels-Alder 

adducts were formed in less than 10% yield. The high 

reactivity of 2 toward dimerlzatlon 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 pyrolysls apparatus has 

2? 1 
been previously described. H NMR spectra were recorded 

using Varlan A-60, EM-360 or HA-100 spectrometers. NMR 

spectra were recorded using a JEOL PX-90Q spectrometer. 

Chemical shifts are reported In parts per million (6) from 

tetramethylsllane (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 2,4-dlmethyl-3-furylmethyl benzoate (3) was 

prepared using the method previously described.^ Sulfur 

dioxide was obtained from the Matheson Co. 

3-Methyl-4H,6H-thleno[3,4-b]furan-5,5-dloxlde (%). 

A 2.2234 g (0.0097 mole) sample of 2,4-dlmethyl-3-furylmethyl 

benzoate (3) was pyrolyzed at 640°C and 10'"^ Torr using the 

general method which was previously described.^ During the 

pyrolyslsJ 15 mL of dlchloromethane at -68°C was deposited 

Into the llquld-nltrogen-cooled trap. A condenser cooled 

to ca. -20°C was Inserted between the furance and the 

llquld-nltrogen-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*0 were used to 

rinse the materials on the walls of the trap to the bottom. 

A large excess of sulfur dioxide 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 sodium bicarbonate (2 x 50 mL) and saturated 

sodium chloride (2 x 25 mL). The organic layer was dried 

(MgSO^), filtered and concentrated yielding 1.339% g 

(0.00078 mole; 8o.5%) of a labile, yellowish-brown solid 7: 

IR (CHCl^) 1620, 1550, 1322, nil, 1010, 988, 638 cm'l; 

NMR (CDClg) 6 7.25 (m, IH), 4.22 (m, 2H), 4.l4 (m, 2H), 

1.98 (d, J = 1.5 Hz, 3H), high resolution mass spectrum 

calcd for C^HgO^S 172.01942, measured 172.01944. 

Solution Pyrolysis of Sulfone % in the Presence of 

Methyl Acrylate (l4). A mixture consisting of 0.1179 g 

(0.685 mmole) of 2, 0.1020 g (1.19 mmole) of methyl acrylate 

(^), 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 filtered, 

the solvent was removed yielding the crude product. 

Quantitative NMR analysis using 1,1,2,2-tetrachloroethane 

as an internal standard indicated that a 62.7% yield of the 

Diels-Alder adducts 4 and 5 was obtained. Analysis of the 
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13 
C NMR spectrum obtained for the product mixture, using the 

method previously described,^ Indicated that the ratio of 

4 to 5 was 3-3 to 1. The NMR, NMR and IR spectra 

obtained for the mixtures of 4 and 5 were Identical with the 

spectra previously reported for these compounds.^ 

Solution Pyrolysls of Sulfone % In the Presence of 

Dimethyl Acetylenedlcarboxylate (1^). A mixture consisting 

of 0.1152 g (0.669 mmole) of sulfone (7), 0.2023 g (1.42 

mmole) of dimethyl acetylenedlcarboxylate (15), 0.2246 g 

(2.12 mmole) of sodium carbonate and 1 mL of THF was heated 

at its reflux temperature for II h. The mixture was then 

cooled to room temperature and filtered. Removal of the 

solvent and excess dimethyl acetylenedlcarboxylate in a 

vacuum yielded 0.I9 g (0.484 mmole; 72.4%) of diadduct I6: 

IR (CHClg) 1710 cm"^; NMR (CDCl^) 6 5.33 (m, IH), 4.03-

3.66 (m, 12H), 3.6 (broad m, 2H), 3.25 (broad m, 2H), 1.9 

(m, 3H). Attempts to further purify 16 by thick layer 

chromatography resulted in decomposition of the product 

mixture. 



www.manaraa.com

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

69 

REFERENCES 

Trahanovsky, W. 8.; Cassady, T. J.; Woods, T. L. 
J. Chem. Soc. 1981, 103, 6691. 

Julllen J.; Pechlne, J. M.; Perez, P.; Piade, J. J. 
Tetrahedron Lett. 1979, 3079. 

Hiklno, H.; Konno, C. Heterocycles 1976, 4, 817. 

Turk, S. D.; Cobb, R. L. In "1,4-Cycloaddition 
Reactions"; Hamer, J., Ed.; Academic Press: New York, 
1967; Chapter 2. 

Heldeweg, R. P.; Hogeveen, H. J. Am. Chem. Soc. 1976, 
98, 2341. 

Jensen, P. R.; Coleman, W. E.; Berlin, A. J. Tetrahedron 
Lett. 1962, 15. 

Jensen, P. R.; Coleman, W. E. J. Am. Chem. Soc. 1958, 
80, 6149. 

Durst, T.; Tetreault-Ryan, L. Tetrahedron Lett. 1978, 
2353. 

Jung, P.; Molin, M.; Van Den Elzen, R.; Durst, T. J. 
Am. Chem. Soc. 1974, 96, 935. 

Durst, T.; Lancaster, M.; Smith, D. J. J. Chem. Soc. 
Perkln Trans. I 198I, 1846. 

Oppolzer, W.; Roberts, D. A. Helv. Chlm. Acta I98O, 
63, 1703. 

Vogtle, P.; Rossa, L. Arigew. Chem. Int. Ed. Engl• 1979, 
18, 515. 

Giovannlni, E.; Vuilleumler, H. Helv. Chlm. Acta 1977, 
60, 1452. 

Mock, W. L. J. Chem. Soc. 1966, 88, 2857. 

McGregor, S. D.; Lemal, D. M. J. Am. Chem. Soc. 1966, 
88, 2858. 



www.manaraa.com

70 

16. Cava, M. P.; Deana, A. A. J. Am. Chem. Soc. 1959, 
81, 4266. 

17. Oliver, J. A.; Ongley, P. A. Chem. and Ind. 1965, 1024. 

18. Cava, M. P.; Mitchell, M. J.; Deana, A. A. J. Org. Chem. 
i960, 25, 1481. 

19. Nicolaou, K. C.; Barnette, W. E.; Ma, P. J. Org. Chem. 
1980, 45, 1463. 

20. Mcintosh, J. M.; Sieler, R. A. Can. J. Chem. 1978, 
56, 226. 

21. Pouchert, C. J. "The Aldrich Library of Infrared 
Spectra", 3rd ed.; Aldrich Chemical Co: Milwaukee, 
I98I; Volume 3, p. 531G. 

22. Mock, W. L. J. Chem. Soc. 1975, 97, 3666. 

23. Trahanovsky, W. S.; Ong, C. C.; Pataky, J. G.; Weitl, 
P. L.; Mullen, P. W.; Clardy, J. C.; Hansen, R. S. 
J. Org. Chem. 1971, 36, 3575. 



www.manaraa.com

71 

SECTION III. PLASH VACUUM PYROLYSIS OP METHYL-SUBSTITUTED 

PURPURYL ESTERS 
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INTRODUCTION 

Several years ago It was reported that furfuryl benzoate 

(la), on pyrolysls at 640°C, gives methylenecyclobutenone (2a) 

In 40% yield along with benzoic acid and some minor products.^ 

This transformation provided a synthesis of the parent 

structure of a series of compounds that is not readily avail-

able. Methylenecyclobutenone (la) was one of the missing 

cyclobutadiene derivatives and is a potentially useful 

synthetic intermediate since it has a highly functionalized, 

i| 
cyclobutane ring. 

* R b o' \c--R 
- PhCOOH ^ 

1 a, R=H 2 (40%) 

b, R=D 

In order to determine the scope of the reaction and to 

achieve a better understanding of its mechanism, the pyrolysls 

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, lb to 2b, and a 

study of the products formed from the pyrolysls of 

5-methylfurfuryl benzoate (3) at 640°C.^ 
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HGC -^0 ̂^CHG-O-C-Ph 10^^~TÔrr HGC'̂ ô̂ CHG 

- PhCOOH 

43% 

The pyrolysis of a-phenylfurfuryl acetate (5) formed 

products arising both from direct a elimination of acetic 

acid from 5 and from a elimination following one or more [3,3] 

sigmatropic shifts of the acetate group around the furan 

rlng.^ 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 

7 ft 
provide a synthesis of the dimethylenedihydrofurans.'* 

These reactive trienes are the furan analogs of the ortho- and 

para-qulnodlmethanes, an actively Investigated group of re-

Q 
active intermediates. 
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RESULTS 

y 
3-Methylfurfuryl benzoate (6) was prepared by reducing 

methyl 3-methyl-2-furoate (7)^*^ with lithium aluminum hydride 

and then esterlfying the resulting 3-methylfurfuryl alcohol 

(8)^^ with benzoyl chloride in the presence of triethylamine. 

Compound 6 was pyrolyzed using the method previously reported 

at temperatures ranging from 450 to 750°C. The major products 

formed were 3-methyl-4-methylene-2-cyclobutenone (9) and the 

[4+4] dlmer ̂  and [4+2] dlmers ^a and ^b of 

7 
2,3-dlmethylene-2,3-dihydrofuran (12). There were also trace 

amounts of several minor products including one isomer of 

3-methylpent-2-en-4-ynal (13)- 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 11a, lib and ̂  were found to decompose 

readily in air or upon exposure to the TLC conditions. 

CH, 

cl CHg 0 650°C , 

O'^CHo-O-C-Ph ^ ^ 
' 2  

9 (18%) 10 (41%) 

[4 + 2] + H-C-CH=<^ ^ 

Dlmers 

na + nb 1^ (0. 

3.5% 
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The structure of compound 9 was indicated by its spectral 

properties. The NMR spectrum Included a doublet for the 

methyl group at S 2.3 (J = 1.5 Hz), multiplets for the 

methylene hydrogens at 6 4.7 and 5.0 and a multiplet for the 

ring olefinlc hydrogen at 6 6.8. The NMR spectrum 

consisted of 6 peaks with appropriate chemical shifts. The 

IR spectrum showed an Intense absorption at 1779 cm~^ which 

agrees very well with the carbonyl absorption reported for 

2 (1783 cm~^) 

The structure of dlmer 10 was also determined by its 

spectral properties. The NMR spectrum exhibited four-

proton singlets at 6 2.76 and 3.0 3 and two-proton doublets at 

6 6.0 (J = 2 Hz) and 6 7.09 (J = 2 Hz). The NMR spectrum 

showed six signals, as required by the symmetry of W, with 

appropriate chemical shifts. 

The complete structures of the [4+2] dimers ^a and lib 

were not determined due to the low yields of ^a and lib 

(0.6-3.6%) and their instability. There are six possible 

Dlels Alder dimers of 2,3-dlmethylene-2,3-dlhydrofuran (^). 

Each of the three double bonds In ̂  can act as a dlenophile 

and form two regloisomers. A GLC analysis indicated that only 

two [4+2] dimers were formed. The gas chromatography/mass 

spectral analysis (GLC/MS) indicated that the fragmentation 

patterns obtained for ̂ a and ^b were essentially super

imposable with each other and with the fragmentation pattern 
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obtained for the [4+4] dimer Although the GLC/MS data 

does not rule out the possibility that the structure of 

either ̂ a or ̂ b is the head-to-tail, [4+4] dimer, the 

1 1? 
absence of H and -^C NMR peaks corresponding to the head-to-

tail dimer makes it unlikely. The yields of ̂ a and ^b 

were determined by GLC. At 650°C, there was a 2:1 ratio of 

11a to lib formed in 3.5% yield. 

head-to-tail 

[4+4] dimer 

2,3-Dimethylene-2,3-dihydrofuran (^) was shown to be 

the primary pyrolysis product, which dimerizes to ̂ , ̂a and 

^b upon warming, by obtaining a GLC/MS analysis of a sample 

of the pyrolysate from 6 kept at temperatures below -70°C. The 

major component of this sample showed a parent ion corre

sponding to the molecular formula GgHgO. The GLC trace also 

indicated smaller peaks corresponding to 9 and IJ and a minor 

peak corresponding to [4+4] dimer ^. 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 [4+2] dlmers 11a and lib were also 

observed in the chromatogram of the sample at room temperature. 

In Figure 1, the gas chromatograms of the pyrolysls products 

of 6 recorded at -70 and 25°C are presented. There was no 

evidence for products resulting from a reaction between 9 and 

12 in either the GLC or the spectral analyses of the pyrolysls 

products from 6. The product yields from the pyrolysis of 6 

at various temperatures between 450 and 750°C were determined 

by a combination of NMR and GLC analyses and are presented 

in Table I. 

5-Methylfurfuryl benzoate (3)^ was prepared by reducing 

5-methylfurfural with lithium aluminum hydride and then 

esterifying the resulting 5-methylfurfuryl alcohol (l4)^^ 

with benzoyl chloride in the presence of triethylamine. 

7 Compound 3 was pyrolyzed using the method previously reported 

at temperatures ranging from 450 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 - m e t h y l e n e c y c l o p e n t - 2 - e n o n e  ( ^ )  ( 2 1 % )  a n d  p h e n o l  ( 5 % ) .  

These products were accompanied by the formation of benzene. 
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Figure 1. Gas chromâtograms of the pyrolysis product 

mixtures formed from 3-methylfurfuryl benzoate 

(6) recorded for a sample kept at temperatures 

below -70°C (top) and after warming the sample 

to room temperature (bottom) 

(A) 2,3-dimethylene-2,3-dlhydrofuran (12) 

(B) 3-methyl-%-methylene-2-cyclobutenone (9) 

(C) [4+2] dlmers 11a and lib 

CD) [4+4] dimer 10 
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Table I. Products and yields formed from pyrolyses of 3-methylfurfuryl benzoate 
(6) at temperatures between 450 and 750°C 

Pyrolysis 

Temp.,°C 
Products and Yields, % 

Recovered Ratio 
Starting 
Material, (10 + 

of 9 to 

11a + lib) 

3M-MCB®- ' ̂ [4+2]C 
Dimers 

[4+4]& 
Dimers 

9 11a + lib 10 6 

450 1.7 0.6 7.4 84.7 0.21 

550 18.1 3.6 40.2 7.3 0.42 

650 18.3 3.5 40.6 0.42 

750 5.3 1.5 15.1 — — 0.32 

a 1 
Yields were determined by H NMR spectroscopy using 1,2-dichloroethane as an 

internal standard. 

^3M-MCB = 3-methyl-4-methylene-2-cyclobutenone. 

^Yields were determined by GLC analysis and are absolute yields based on the 
absolute yield of 3^ determined by NMR. The FID response factors for ̂ , ̂a, 
and lib are assumed to be equivalent. 
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trace amounts {<!%) of hex-3-en-5-yn-2-one (l6), benzoic 

acid and substantial amounts of white, polymeric material. 

In addition to the major products, several unidentified 

products were formed at the higher pyrolysls temperatures 

(750 to 850°C). The product mixtures were easily separated 

using GLC techniques. 

Torr 

1 5  

0 . 8 %  0 . 2 %  

The structure of 4 was Indicated by its spectral prop

erties. The NMR spectrum included two-proton doublets at 

6 4.22 (J = 1.5 Hz) and 4.52 (J = 1.5 Hz) and a two-proton 

singlet at 6 6.42. The NMR spectrum consisted of three 

peaks, as required by the symmetry of 4, with appropriate 

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

the molecular formula CgHgO. 
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The structure of ̂  was also Indicated by its spectral 

properties. The NMR spectrum included a multiplet at 

6 2.95 for the ring methylene group, multiplets at 6 5.28 and 

5.39 for the exocyclic methylene group and doublets of 

multiplets at 6 6.28 (J = 6 Hz) and 6 7.7 (J = 6 Hz) for the 

ring oleflnlc hydrogens. These chemical shifts are consistent 

with those observed for 2-cyclopentenone [Ô 7.8 (m, IH), 6.25 

(m, IH), 2.72 (m, 2H), 2.35 (m, 2H)]^^ and for 

4-cyclopentene-l,3-dione [6 (1:1 CSg/CDClg) 7.25 (s, 2H), 

2.83 (s, 2H)]. The NMR spectrum included peaks at 

6 207.8 for the carbonyl carbon, at 6 160.2 and 135.1 for the 

ring oleflnlc carbons, at 6 143.8 for the ring carbon attached 

to the exocyclic methylene group, at 5 114.7 for the exocyclic 

methylene carbon and at 6 41.62 for the ring methylene carbon. 

These chemical shifts agree with those observed for 

4-cyclopentene-l,3-dlone [6 (1:1 CSg/CDClg) 200.2, 150.0, 

41.2] and for 2-cyclopentenone (6 208.1, 164.2, 132.9 for 

carbons 1,3 and 2 respectively).^^ The IR spectrum of 1^ 

showed a strong absorption at 1705 cm~^. This carbonyl band 

is consistent with that reported for 4-cyclopenten-l,3-dlone 

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

molecular formula CgHgO. 
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The presence of trace amounts (<1%) of one isomer of 

hex-3-en-5-yn-2-one (16) in the product mixture was determined 

by (U,C/Mo analysis. Prominent peaks In the fragmentation 

pattern included m/e $4 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 3 at various 

temperatures are presented in Table II. The maximum yield 

of 2,5-dimethylene-2j5-dihydrofuran (4) was obtained at a 

pyrolysis temperature of 650°C. 

3,5-Dimethylfurfuryl benzoate (17) was prepared by 

reducing methyl 3,5-dimethyl-2-furoate (iB)^^ with lithium 

aluminum hydride and then esterifying the resulting 

3,5-dimethylfurfuryl alcohol (19)^^ with benzoyl chloride in 

the presence of triethylamine. Compound (^) was pyrolyzed 

at temperatures ranging from 400 to 700°C. During the 

pyrolyses a 1:1 mixture of carbon disulfide in deutero-

chloroform was codeposlted 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 

1 TO 
by warming the trap to -78°C. H and C NMR spectra were 

recorded for the pyrolysates at temperatures below -60°C. 

The samples were then warmed to room temperature and NMR 

spectra were recorded. In each experiment, the product 

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

methylene-2,5-dihydrofuran (20) and 
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Table II. Products and yields formed from pyrolyses of 5-methylfurfuryl benzoate 
(3) at temperatures from 450 to 850°C 

Pyrolysis 

Temp.,° C 
Products and Yields, % 

Recovered 
Starting 
Material, 

HgC • 0 -

4 

0 

\ 
CH, 

15 

OH 

450 

550 

650 

750 

850 

45.1 

74.4 

77.2 

44.8 

0 . 8  

12.7 

21.3 

0 . 2  

2.9 

5.1 

53.9 

<2 

o "1 
Yields were determined by H NMR spectroscopy using 1,2-dichloroethane as an 

internal standard. 

^Yields were determined by GLC analysis and were calculated using the absolute 
yield of 4 determined by NMR analysis. 
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5-niethyl-2,3-dlinethylene-2,3-dlhydrofuran (21). When the 

samples were warmed to room temperature, the product mix

tures consisted mainly of 20 and 22, the head to head [4+4] 

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

two [4+2] dlmers of 21. 

CH, 

_600̂ , M  
CH? 

HgG •ÀX • 0  

17 

0 

CHg-O-C-Ph 

3 

•CH, 

71% 

H_G' 
ifS 

21 

22% 

CH. 

20 

65% 1S% 

The structure of 20 was indicated by spectral prop

erties obtained for a mixture of ̂  and ^. The ^H NMR 

spectrum showed a three-proton doublet at 6 1.95 (J = 1.0 Hz) 

for the methyl group, two-proton multiplets at 6 4.14 and 4.44 
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for the exocycllc, methylene hydrogens and a multiplet at 

1 ? 
Ô 6.10 for the ring, olefinic hydrogen. The C NMR spectrum 

consisted of seven peaks with appropriate chemical shifts. 

The structure of 21 was also indicated by spectral 

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

spectrum showed a three-proton singlet at 6 2.01 for the 

methyl group, multiplets at 6 4.55 (IH), 4.75 (2H) and 5.05 

(IH) for the exocyclic methylene hydrogens, and a broad sing

let at 6 5.44 for the ring olefinic hydrogen. These chemical 

shifts agree well with those reported for 2,3-di-

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

7 
methylene-2,3-dihydrofuran (23). The production of 21 in 

the absence of 20 was achieved by an independent route which 

is described below. 

The structure of 22 was also Indicated by its spectral 

properties. The NMR spectrum showed a six-proton singlet 

at 6 2.17 for the methyl groups, four-proton singlets at 5 

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 

13 
C NMR spectrum consisted of 7 peaks, as required by the 

symmetry of '22, with appropriate chemical shifts. 

In Figure 2, the NMR spectra of the pyrolysis products 

of 17 recorded at -60 and 35°C are presented. Product yields 

from runs at various temperatures are displayed in Table III. 
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Figure 2. NMR spectra of the pyrolysls products formed 

from 3,5-dimethyl-2-furfuryl benzoate (17) 

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

1:1 CSg/CDClg 

Top: A 3.2:1 mixture of 3-niethyl-2,5-di-

methylene-2,5-dihydrofuran (^) and 

5-methyl-2,3-dimethylene-2,3-dihydrofuran 

(^) 

Bottom: A 3-7:1 mixture of 20 and [4+4] dimer 22 



www.manaraa.com

CH CH es, 

CDCI, 

CH CH CH CH 

35°C CH CH 

CH 

CH CH 

6 5 4 <PPM) 3 2 



www.manaraa.com

Table III. Products and yields formed from pyrolyses of 3,5-dlmethylfurfuryl 
benzoate (17) at temperatures from 400 to 700°C 

Pyrolysis 

Temp.,°C 

Products and Yields 
Determined at Temps. 
Below -60°C, 

Products and Yields 
Determined at Room 
Temperature, 

Recovered 
Starting 
Material, %a 

Ratio of 

20 to 21 

20^ 21^ 20^ 22^ U 

400 74.3 11.9 69.0 5.5 4.8 6.3 

450 75.4 17.9 72.1 10.3 4.2 

500 
e e 

66.5 11.1 

600 70.6 22.1 64.7 17.7 — 3.2 

700 41.2 12.5 46.8 11.2 3.3 

^Yields were determined by NMR spectroscopy using 1,2-dlchloroethane as an 
internal standard. 

^20 = 3-methyl-2,5-dlmethylene-2,5-dlhydrofuran. 

*^21 = 5-methyl-2,3-dimethylene-2 j3-dlhydrofuran. 

*^22 = [4+4] dlmer. 

^Value not determined. 
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A maximum yield of 20 was obtained at a pyrolysis temperature 

of 450°Cj while maximum yields of 21 and 22 were obtained for 

a run at 600°C. In each experiment, there was no firm evidence 

for a reaction between 20 and 21 when the samples were warmed 

from -78°C to room temperature. The amounts of 20 and 21 

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 1 to 2 suggested that the pyrolysis of 2,5-di-

methyl-3-furylmethyl benzoate (24) would produce 21 in the 

absence of 20. Compound (24) was prepared by the lithium 

aluminum hydride reduction of ethyl 2,5-dimethyl-3-furoate 

(25)^^ followed by esterification of the resulting 

2,5-dimethyl-3-furylmethyl alcohol (26)^^ with benzoyl 

chloride in the presence of triethylamine. Compound 24 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 (21). When the samples were warmed 

to room temperature, 21 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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+ 24 

3% 

[4+2] 
Dimers 

27a + 27b 

k %  

In Figure 3, the 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 (28). The resonance energy of the 

furan ring in 21 is apparently insufficient to compensate for 

the strain energy of the four-membered ring. Thus, it appears 

that the triene 21 is more stable than 28. This spectral 

observation is consistent with that observed for 2,3-di-

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

methylene-2,3-dihydrofuran (23).^ 

0 

H_C 
II W 
0' 

24 

CHg-O-C-Ph 

CH, 

/CHg 

350°C , 

10" Torr ^3^ 

-PhCOOH 

CHg 

21 (72%) 
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CDCI3 
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CICHgCHgCI 

j  

35°C 

-̂w/V. 

6 5 4 (PPM) 3 2 1 
1 

Figure 3. H 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). 



www.manaraa.com



www.manaraa.com

94 

DISCUSSION 

A migration mechanism was previously proposed for the 

conversion of furfuryl benzoate (la) to methylenecyclobutenone 

pyrolysis products from 3-methylfurfuryl benzoate (6) is 

presented in Scheme I. The production of 13 can be explained 

by a direct a elimination of benzoic acid from 6 to form 

3-methylfurfurylidine (29) followed by ring opening to form 

13. This rearrangement is analogous to the production of 

cis- and trans-2-penten-4-ynal (^) from furfurylidine (31) 

generated by the pyrolysis of sodium furfuryl tosylhydrazone 

(2a).^ A mechanism which accounts for the formation of the 

(32). 
16 

Na 
+ 

300°c 
N-N-Ts -NaTs 

H 
H 

32 

0 
II 

H 

30 31 
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Scheme I 
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— 
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Structure 12 may be formed either directly from 6 by an 

6 elimination of benzoic acid or by a two-step mechanism 

involving a [3,3] sigmatropic shift of the benzoate group to 

form 33J followed by 3 elimination of benzoic acid. This 1,4 

elimination reaction has literature precedent in the pyrolysis 

of allylic^^ and benzylic^^ esters containing 6 hydrogens. For 
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example, in the pyrolysis of compounds 3^ and 35, the authors 

concluded that the formation of ̂  from ̂ , under conditions 

where 35 is stable, is indicative of a direct 6 elimination of 

acetic acid from 3^.^^^ However, an alternative explanation 

is that 34 is converted to 36 by a two-step mechanism involving 

a [3,3] sigmatroplc shift of the acetate group followed by 

6 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 g carbon which will be els to 

the acetate group. 

CI 
OAC CI 

359 °C 
Neat 

CI OAC 

34 

("Good Yield") 

No Reaction Neat 
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The pyrolysls of either cis- or trans-2,5-dlacetoxy-2^5-di-

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

17f 
ferent yields. Compound 38 may be formed from trans 37 

^ 480-500°C_ 
AcO' 0 OAc 10 mm 

-CH.COOH 

(X 
0 OAc 

cis or trans 

by either a S  elimination of acetic acid or by a two-step 

mechanism involving a [3,3] sigmatroplc shift of the acetate 

group followed by 3 elimination. The conversion of cis 37 to 

38 may involve an initial isomerization of cis 37 to trans 37. 

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 hemolytic cleavage of one of the 

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

ester formed by a [1,3] sigmatroplc shift of the acetate group 

in 37 was Isolated. In the pyrolysls of several allylic 
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systems, the initially formed [3,3] shift products have been 

isolated.For example, in the pyrolysis of 

cis-1,4-diacetoxy-2-butene (^) at ^95°C, a 20% yield of 

1,2-diacetoxy-3-butene (40) was isolated in addition to 

unreacted, starting material (39) (24%) and l-acetoxy-l,3-bu-

tadiene (^) (26%).^^^ 

/=\ 495°C> 39 + 
AcO / \ OAc Np flow iZ /f CHOAc 

39 24% 41 ( 2 6 % )  

'OAc 

OAc 

4^ (20%) 

In the pyrolysis of 1-cyano-l-methylallyl acetate (42), 

a 52% yield of 3-cyano-3-methylallyl acetate (^) was obtained 

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

o< 
CH 3 475° C 4cO 

NC OAc 
Ng flow 

42 

CN 

27.6% 
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The dlmerizatlon of 2,3-dimethylene-2,3-dlhydrofuran (12) 

to form predominately the [4+4] dlmer 10 has been reported. 

The mechanism proposed for the conversion of 12 to 10 Involves 

the initial formation of diradical 45 followed by closure to 

7 
give ̂ . This type of dlmerizatlon reaction has literature 

CH, 

45 

Of) 
precedent in the reactions of trimethylenecyclobutane (46) , 

21 Q f 
tetramethylenecyclobutane (^) and ortho-xylylene (48). 

Dimer 49 was the only dlmer isolated from 46^^ and its 

formation occurs presumedly via diradical intermediate 50. 
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CH, 

46 

H^G 

CH 

49 

The formation of 3-inethyl-4-methylene-2-cyclobutenone 

(9) from 6 can be explained by a multlstep mechanism 

Involving two [3,3] slgmatroplc shifts of the benzoate group 

around the furan ring, followed by an a elimination of 

benzoic acid to form carbene 51. Structure 51 then undergoes 

a ring contraction to form 9. The conversion of carbene 

Intermediate ̂  to 9 has literature precedent In the 

conversion of benzoyloxylactones 52 and 53 to dlones 54 and 

22 ^ respectively. 

0 

Ph—d—Q ,0 ^ 0 xrJ. n. 

5 6 0 ° C  ^  
0.01 mm 
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560°C 
0.01 mm 

33% 

An alternative mechanism for the formation of 9 involves 

a concerted elimination of benzoic acid from ̂  with concurrent, 

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

undergoes ring closure to form 9."^^ 

Ph 

CH^ 

-?• 

CH, 0 
><: ,CH. 

Ù 0 CH, 

56 57 

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

shifts has been well-documented The formation of 

compound 9 during the pyrolysis of 6 is remarkable in that 
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an a elimination of benzoic acid occurs in a system containing 

a site where 3 elimination can occur. a-Elimination reactions 

have occasionally been observed in the pyrolysis of esters 

which can not undergo a 6-elimination reaction. 

Substantial amounts of product 9 were formed during each of 

the pyrolysis experiments documented in Table I. As the 

pyrolysls temperature is increased from 4^0 to 650°C, the 

ratio of a elimination from the 5 position to g 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 33 

and 56 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 6 elimination occurs at a rate faster than the 

rate of allylic isomerizatlon,^^^'^^^'^^ but this is not a 

19 24 consistently observed phenomenon. ' 

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 (I6) can be explained by 

an a elimination of benzoic acid forming 5-methylfurfurylidine 

(58), followed by ring opening to form either l6a or l6b. 

The formation of ̂ a and l6b from a sample of 58 generated by 

an Independent route has been reported. 
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Scheme II 
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Na 
+ 

H3C 
-N-Ts 300°C 

-NaTs ^ 
H H 

59 

H,C-C-CH=CH-C5C-H 

cis + trans 

'  'i  

^a 

86 : 14 (43%) 

The production of 2,5-dlmethylene-2,5-dihydrofuran (4) 

can be explained by a multistep mechanism involving two [3,3] 

sigmatropic shifts of the benzoate group followed by 3 

elimination of benzoic acid. Compound 4 is the only product 

formed other than benzoic acid at pyrolysis temperatures 

between 450 and 550°C. At the higher pyrolysis temperatures, 

the initial product 4 is converted to a mixture consisting 

mainly of 4-methylene-2-cyclopentenone (15) and phenol. The 

conversion of 4 to 15 has literature precedent in the 

pyrolysis of protoanemonin (60). 
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/  V 1100°C J \ + H-CSC-CH 

^ 60% + H2C=C=CH2 

10% 

Further support for the migration mechanism was obtained 

from a study of the pyrolysis products of 3,5-dimethylfurfuryl 

benzoate (17). A set of pathways which account for these 

products is presented in Scheme III. Structure 21 is formed 

from 17 either by a direct 6 elimination of benzoic acid or 

by a two-step mechanism involving a [3,3] sigmatropic shift 

of the benzoate group followed by 3 elimination of benzoic 

acid. Product 20 can be explained by a multistep mechanism 

involving two [3,3] sigmatropic shifts of the benzoate group 

followed by g elimination of benzoic acid. The ratio of 20 

to 21 decreased as the pyrolysis 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 6l and 62 or a difference in the rates of their 

respective 3 eliminations of benzoic acid as the temperature 

is increased. 
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Scheme III 

[3 ,3 ] .  

J 
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[3,3]^ 
CH 
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3-ellm 

CH 

CH 
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20 

V 

[11+4] + [4+2] 

Dlmer Dlmers 

22 27a + 27b 

An interesting feature of Tables I, II and III is the 

d i f ference in the percent conversion for the benzoates 3, 6, 

and y for a given pyrolysis temperature. Complete conversion 

of ̂  is observed at 450°C while ^6% of 3 and 13% of 6 are 

converted under comparable conditions. A general trend 

observed in ester pyrolysis 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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po 26 27 
reaction. ' ' In the pyrolyses of 3, 6 and 17, the 

methyl groups serve as electron-donating groups that stabilize 

the carbonlum Ions resulting from alkyl-oxygen cleavage In the 

ester intermediates. 

A set of mechanistic pathways which account for the 

formation of the pyrolysls products from 24 are presented In 

Scheme IV. Compound 21 Is produced from 24 by either a 

direct 5 elimination of benzoic acid or by a two-step 

mechanism Involving a [3,3] slgmatroplc shift of the benzoate 

group, followed by g elimination of benzoic acid. The 

dimerizatlon of 21 forms predominately the [4+4] dlmer 22, 

along with minor amounts of two [4+2] dlmers 27a and 27b. 

The dimerizatlon products are analogous to those obtained 

from the dimerizatlon of 2,3-dlmethylene-2,3-dihydrofuran 

(12) . 
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Scheme IV 
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EXPERIMENTAL 

Methods and Materials. The pyrolysls apparatus has 

28 1 
been previously described. H NMR spectra were recorded on 

Varlan A-60, EM360, HA-100 or Hltachl-Perkln Elmer R-20B 

spectrometers. C NMR spectra were recorded on a JEOL PX-90Q 

spectrometer. Chemical shifts are recorded In parts per 

million (6) from tetramethylsllane (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 Plnnigan 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 obtained from Eastman Organic 

Chemicals. Ethylene glycol and 2,4-pentanedione were obtained 

from Fisher Scientific Company. 
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Methyl 3-Methyl-2-furoate (%). Compound % was prepared 

following the procedure of Burness^^ from 132 g (1.0 mole) of 

acetylacetaldehyde dimethylacetal, 174 g (1.6 mole) of methyl 

chloroacetate, and 86 g (1.6 mole) of sodium methoxide 

in 800 mL of dry ether (LiAlH^) at -5°C. After workup, the 

crude methyl 5,5-dlmethoxy-3-methy1-2,3-epoxypentanoate was 

heated in a simple distillation apparatus until methanol 

ceased to distil from the reaction mixture at l60°C. The 

product was then purified by vacuum distillation yielding 

78.5 g (0.56 mole; 56%) of 7: mp 33-36°C (lit.^° mp 34.5-

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

1400, 1292, 1122, 1095, 882, 645 cm"^; NMR (CDCl?) 

6 7.54 (d, J = 1.5 Hz, IH), 6.42 (d, J = 1.5 Hz, IH), 3.89 

(s, 3H), 2.33 (s, 3H); high resolution mass spectrum, calcd 

for C-HgOg 140.04735, measured 140.04740. 

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

12.2 g (0.317 mole) of lithium aluminum hydride (LiAlH^) in 

150 mL dry ether (LiAlH^) at 0°C was slowly added a solution 

of 21.12 g (0.151 mole) of methyl 3-methyl-2-furoate (7) 

in 125 mL dry ether. The mixture was stirred for 1 h at room 

2Q 
temperature and then a standard workup gave 16.O g (0.143 

mole; 94.5%) of 8: IR (thin film) 3330, 15OO, 1145, 1095, 

985, 875 cm~^ % NMR (CDC1_) & 7.2 (d, J = 1.5 Hz, IH), 
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6.13 (d, J = 1.5 Hz, IH), 4.46 (distorted d, J = 5 Hz, 2H), 

2.74 (distorted t, J = 5 Hz, IH), 2.01 (s, 3H); high 

resolution mass spectrum, calcd for CgHgO^ 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 (LIAIH^) 

was added over a 15 mln period to a stirred solution con

taining 3.73 g (0.033 mole) of 8 and 4.94 g (0.049 mole) of 

triethylamlne 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 (NagCOg), 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 film) 

1722, 1602, 1583, 1504, l4l0, 1265, 1097, 1024, 740 cm~^; 

^H NMR (CDC1_) 6 8.22-7.75 (m, 2H) , 7.68-7.14 (m, 4H), 6.19 

(d, J = 2 Hz, IH), 5.28 (s, 2H), 2.13 (s, 3H); high resolution 

mass spectrum, calcd for C^^H^gOg 2l6.07'865j measured 

216.07803. 
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5-Methylfurfuryl Alcohol (iM)T o  a  s t i r r e d  s l u r r y  

of 2.83 g (0.075 mole) of LIAIH^ in 100 mL of dry ether 

(LiAlH^) at 0°C was slowly added a solution of I6.OO g 

(0.1^5 mole) of 5-methylfurfural in 100 mL dry ether. The 

mixture was stirred at room temperature for 3 h. A standard 

workup^^ gave 15.78 g (0.l4 mole; 91%) of IR (thin film) 

3350, 1572 ,  1225, 1065, 1010, 790 ,  748  cm"^; NMR (CDC1_)  

6 6.17 (d, J = 2.5 Hz, IH), 5.92 (m, IH), 4.51 (s, 2H), 

2.96 (broad s, IH), 2.28 (s, 3H); high resolution mass 

spectrum, calcd for CgHgOg 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 

(LiAlH^) was added dropwise over a 20 minute period to a 

stirred mixture of 15.78 g (0.l4l mole) of ̂  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 (MgSO^), the solvent was 

removed giving the crude product. The crude product 
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(30.93 g; quantitative yield) was purified by vacuum dis

tillation to yield 29.75 g (0.138 mole; 98%) of 3 : bp 97-

104°C (0.005 mm); IR (thin film) 1732, l6l5, 1595, 1572, 1500, 

1275, 1110, 1035, 798 cm"^; NMR (CDC1_) 6 8.28-7.9 (m, 2H), 

7.72-7.18 (m, 3H), 6.36 (d, J = 3 Hz, IH), 5.95 (m, IH), 

5.25 (s, 2H), 2.27 (8, 3H); high resolution mass spectrum, 

calcd for 216.07865, measured 216.07824. 

Methyl 3,5-Dlmethyl-2-furoate (l8). A mixture consisting 

of 24l g (2.4l 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 aqueous layers were extracted with ether 

(5 X 100 mL). The combined ether and benzene layers were 

dried (MgSO^) 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-pentanedlone 

monoethylene ketal: bp 90-91°C (20 mm) [lit.^^ 31% yield; 
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bp 49-52°C (3 mm)]; NMR (CC1%)  5 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 and 143.2 g 

(1.32 mole) of methyl chloroacetate in 8OO mL of ether was 

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 15O 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 15O 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.^^ 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). After the organic 

layer was dried (MgSO^), the solvent was removed giving the 

crude product which was purified by distillation to give 

34.0 g (0.221 mole; 27%) of 18: bp 103-105°C (15 mm) [lit.^^ 

bp 100-110°C (12 mm)]; IR (thin film) 1720, 1615, 15^5, l402, 

1302, 1195, 1165, 1100, 810, 765, 730 cm~^; NMR (CDCl^) 6 

5.95 (s, IH), 3.81 (s, 3H), 2.25 (s, 6H); NMR (benzene) 6 

5.53 (s, IH), 3.50 (s, 3H), 2.24 (s, 3H), 1.85 (s, 3H), 

NMR (CDCl? )  6 159.92, 155.53, 138.80, 132.78, 111.92, 

51.25, 13.76, 11.54; high resolution mass spectrum, calcd for 

^8^10*^3 154.06299, measured 154.06248. 

3,5-Dimethylfurfuryl Alcohol (19)T o  a  s t i r r e d  

slurry of 4.45 g (0.1173 mole) of LIAIH^ in 200 mL of dry 

ether (LiAlH^) at 0°C was added dropwise a solution of 17.94 g 

(0.116 mole) of 18 in 100 mL of dry ether. The mixture was 

2Q 
stirred at room temperature for 4 h and a standard workup 

gave 13.51 g (0.107 mole; 92%) of IR (thin film) 3360, 

1645, 1580 ,  1400, 1275, 1155, 1115, 995, 915, 795 cm"^; NMR 

(CDClg) 6 5.78 (s, IH), 4.46 (s, 2H), 2.53 (broad s, IH), 

2.21 (s, 3H), 1.97 (s, 3H) . 
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3,5-Diniethylfurfuryl Benzoate (IJJ. A solution of 

11.77 g (0.084 mole) of benzoyl chloride in 15 mL of dry ether 

(LiAlH^) was added dropwise to a stirred solution of 9-55 g 

(0.076 mole) of ̂  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), saturated s,odium bicarbonate (3 x 25 mL) and saturated 

sodium chloride (2 x 25 mL). After the organic layer was 

dried (MgSO^), the solvent was removed giving the crude 

product (15.72 g; 0.068 mole; 90%) which was purified by 

vacuum distillation yielding 15.I8 g (O.O66 mole; 87%) of 17: 

bp 95-101°C (0.005 mm); IR (thin film) 1720, I6OO, 1490, l400, 

1265, 1175, 1095, 1020, 920, 795, 710 cm~^; NMR (CDC1_) Ô 

8.3-8.0 (m, 2H), 7.7-7.2 (m, 3H), 5.84 (broad s with fine 

splitting, IH), 5.23 (s, 2H), 2.19 (s, 3H), 2.03 (s, 3H); 

NMR (CDClg )  6 166.48, 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, calcd for 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. Calcd. for C, 73-03; H, 6.13. Pound: 

C, 73.11; H, 6.11. 

Ethyl 2,5-Dimethyl-3-furoate (2^). 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 ethoxlde. A stirred mixture 

consisting of the sodium ethoxlde, 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 ethoxlde dissolved forming 

a clear, yellow liquid. After removal of the solvent, the 

yellow, crude product was washed with dllsopropyl ether 
on 

(10x100 mL) yielding the sodium salt of ethyl acetoacetate. 

Chloroacetone (50.0 g; 0.55 mole) was added dropwlse to a 

stirred soluclon 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 h. 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 (MgSO^). 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 24, which was further purified by a second 

distillation yielding 24.1 g (0.143 mole; 31.8%) of ̂ : 

bp 85-88°C (12 mm) [lit.^^ bp 100-105°C (12 mm)]; IR (thin 

film) 1715, 1625, 1595, l405, 1285, 1210, 1085, 1010, 930, 

780, cm"^; NMR (CDC1_) 6 6.26 (broad s, IH), 4.3 (q, 

J = 7Hz, 2H), 2.5 (s, 3H), 2.2 (s, 3H), 1.3 (t, J = 7Hz, 3H); 

high resolution mass spectrum, calcd for 168.O7865, 

measured I68.O78OI. 

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

slurry of 2.43 g (0.064 mole) of LiAlH^ in 100 mL of dry ether 

(LIAIH^) at 0°C was slowly added a solution of 10.8 g (0.064 

mole) of 25 in 100 mL dry ether. After the mixture was 

29 
stirred for 4 h at room temperature, a standard workup 

gave 7.57 g (0.060 mole; 94%) of 2,5-dimethyl-3-furylmethyl 

alcohol (26): IR (thin film) 3330, l635, 1525, 1275, 

1025 cm"^; NMR (CDCl^) 8 5.91 (broad s, IH), 4.32 (s, 2H), 

3.15 (s, IH), 2.19 (s, 6H). Without further purification, 

compound 26 was converted to benzoate ̂ . 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 (O.O6O 

mole) of 26 and 9.1 g (O.O9O mole) of triethylamine in 100 mL 
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dry ether. After stirring the mixture overnight at room 

temperature, 25 mL of distilled water was added and the 

mixture was stirred for 2 h. The layers were separated and 

the aqueous 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 dried (MgSO^), 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 112°C (0.8 mm); IR (thin 

film) 1725, 1645, 1590, 1495, l400, 1275, 1175, 1155, 1105, 

1030, 880 cm~^; NMR (CDC1_) 6 8.2-7.8 (m, 2H), 7.7-7.2 

(m, 3H), 5.98 (s, IH), 5.12 (s, 2H), 2.34 (s, 3H), 2.25 (s, 

3H); NMR (CDCl?) 6 166.3, 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 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 

-4 
compartment and the apparatus was evacuated to ca. 10 Torr. 

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

and deuterochloroform (CDCl^) 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 CSg and CDCl^ (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 (CSp -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 (6). 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 9 and 10, were determined by quantitative 

NMR analysis using known amounts of dlchloroethane as an 

Internal standard. Yields of the minor products 11a, lib and 

13 were determined by GLC analysis using a 25 m, methyl-

slllcone-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 pyrolysls products from 6 are presented In 

Table I. The products were Identified from the following 

data. 

3-Methyl-^-methylene-2-cyclobutenone Q): IR (1:1 

CSg/CDClg) 1780 cm~^; NMR (1:1 CS^/CDCl^) 6 6.8 (m, IH), 

5.02 (m, IH), 4.66 (m, IH), 2.3 (d, J = 1.5 Hz, 3H); NMR 

(CDClg) 6 187.68, 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[1,2-b:6,5-b']dlfuran (10): 

mp 52-53°C (llt.Gs mp 54-55°C); IR (1:1 CSg/CDCl?) I6OO, 1505, 

1425, 1040, 895, 735 cm"^; NMR (1:1 CSg/CDCl.) 6 7.09 

(d, J = 2 Hz, 2H), 6.0 (d, J = 2 Hz, 2H), 3.03 (s, 4H), 2.76 

(s, 4H); NMR (CDC1_) 6 149.9 (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) 19O.O8 

(0.33), 189.08 (3.74), 188.08 (29.19), 173.02 (11.21), 

159.08 (5.20), 146.06 (3.89), l45.04 (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 188.08373, 

measured 188.08359. 

[4+2] Dimers 11a and Hb; NMR (1:1 CSg/CDCl.) 

(small peaks observed in a spectrum of the product mixture) 

6 7.09 (2H), 6.0 (2H), 4.76 (m, IH), 4.47 (m, IH), 2.56-2.23 

(m, 4H), 1.9 (m, IH); GLC/MS (isomer a) m/e (relative 

intensity) 19O.O6 (0.06), 189.06 (2.15), 188.O6 (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.O6 (4.08), 

77.02 (5.40), 66.04 (13.84), 65.02 (9.29), 51.02 (7.41); 

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 11a or lib is the 
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head-to-tall, [4+4] dimer 63, the absence of NMR and NMR 

signals corresponding to 63 makes it unlikely. 

63 

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

(relative intensity) 97.00 (O.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, 65O, 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 3 and product 4 were determined 

by quantitative NMR analysis using a dichloroethane 

standard. The yields of products 15,^ and phenol were 

determined by GLC analysis (same temperature program as that 

used for analysis of the products from 6). Yields of the 

pyrolysis products from 3 are presented in Table II. The 

products were identified from the following data. 
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2,5-Diniethylene-2,5-dihydrofuran ( 4 ) ̂ NMR 

(1:1 CSg/CDClg) 6 6.42 (s, 2H), 4.52 (d, J = 1.5 Hz, 2H), 

4.22 (d, J = 1.5 Hz, 2H); NMR (1:1 CSg/CDCl^) 162.09, 

128.50, 84.35; GLC/MS m/e (relative Intensity) 96.06 (0.48), 

95.08 (6.95), 94.04 (100.00), 66.06 (22.98), 65.00 (29.84), 

54.94 (8.64), 52.06 (5.48), 51.04 (17.89), 50.02 (16.28), 

47.06 (10.59). 

4-Methylene-2-cyclopentenone (1^): IR (1:1 

CSg/CDClg) 1705 cm~^; NMR (1:1 CSg/CDCl.) 5 7.7 (d of m, 

J = 6 Hz, IH), 6.28 (d of m, J = 6 Hz, IH), 5.39 (m, IH), 

5.28 (m, IH), 2.95 (m, 2H); NMR (1:1 OSg/CDCl?) 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 l6b): 

GLC/MS m/e (relative intensity) 96.62 (0.21), 95.04 (I.90), 

94.04 (43.73), 8O.O6 (4.23), 78.98 (100.00), 66.12 (1.13), 

63 . 0 6  ( 1 . 0 6 ) ,  5 2 . 0 8  ( 2 . 8 9 ) ,  5 1 . 0 2  ( 6 4 . 7 2 ) ,  5 0 . 0 4 ,  ( 3 0 . 7 0 ) ,  

49.02 (5.63). 

Phenol; IR (1:1 CSg/CDCl.) 3330 cm~^; ̂ H NMR 

(1:1 CSg/CDClg) & 7.25-6.55 (m, 5H); ^^C NMR (1:1 CSg/CDCl.) 

6 129.41, 119.66, 114.97 (carbons 3,5; 4 and 2,6 respectively: 
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a peak for carbon-1 at 5 155.0 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, 6OO and 

700°C using the general procedure. Yields of products from 

17 were determined by quantitiative 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); 

NMR (1:1 CSg/CDClg) 6 6.18 (m, IH), 4.44 (m, 2H), 4.l4 

(m, 2H), 1.95 (distorted d with fine splitting, J = 1.0 Hz, 

3H); NMR (1:1 CSg/CDCl?) 5 163.3, I6I.0, 137.7, 125.1, 

82.6, 81.4, 11.0. 

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

NMR (1:1 CSg/CDCl.) 6 5.46 (m, IH), 5.07 (m, IH), 4.76 

(m, 2H), 4.57 (m, IH), 2.01 (broad s with fine splitting, 3H). 
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2,7-Diniethyl-4H,5H,9H,10H-cycloocta[l,2-b :6,5-b ' ] 

dlfuran (22); IR (thin film) 1610, 1575, 1065, 9^0, 885, 

790, 7^7 cm'l; NMR (1:1 CSg/CDCl.) S 5.60 (m, 2H), 2.9% 

(s, 4H), 2.66 (s, 4H), 2.15 (m, 6H); NMR (1:1 CSg/CDCl^) 

(S 149.03, 148.00, 118.64, 109.38, 25.95, 24.97, 13.33; an 

analytical sample of 22 was prepared by removal of the solvent 

and subliming the residue at a bath temperature of 60°C 

(0.05 mm): mp 6l-63°C; high resolution mass spectrum, calcd 

for 216.11503, measured 2l6.11486. 

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

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

using the general procedure. A NMR spectrum of the 

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

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

NMR (1:1 CSg/CDClg; -60°C) 6 5.44 (m, IH), 5.05 (m, IH), 

4.75 (m, 2H), 4.55 (m, IH), 2.01 (broad s with fine splitting, 

3H). Quantitative NMR analysis indicated that 0.930 mmol 

of 21 (68%) was present in the NMR tubes. Upon warming the 

samples to room temperature, 21 dimerized cleanly to a mixture 

consisting mainly of [4+4] dimer 22 along with smaller amounts 

of two [4+2] dimers 27a and 27b. NMR analysis using a 

dichloroethane 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 93.6% 

of [4+4] dimer ̂  and 5.4% of two [4+2] dimers 27a and 27b 

(8:1 ratio). In 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) 

quantity of 24 was pyrolyzed at 6lO°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 (NagCO^) 

and concentrated, yielding 1.3317 g (6.16 mmol; 87%), of a 

pale-yellow oil. Crystallization from freshly-distilled, 

Skelly B yielded 0.9685 g (4.5 mmol; 64%) of fluffy, white 

needles of 22: mp 64°C; IR (CHCl?) l605, 1570, 1062, 895, 

740 cm~̂ ; NMR (CDCl?) 6 5.67 (m, IH), 3.02 (s, 4H), 

2.73 (s, 4H), 2.17 (broad s with fine splitting, 6H); NMR 

(1:1 CSg/CDCl.) 6 148.7, 147.8, 118.6, 109.4, 26.0, 25.1, 

13.3; high resolution mass spectrum, calcd for 

216.11503, measured 216.11477. 
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SECTION IV. FORMATION OP VINYLACETYLENE AND METHYLENE-

CYCLOBUTENONE BY THE PLASH VACUUM PYROLYSIS 

OP 3-FURYLMETHYL BENZOATE 
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INTRODUCTION 

The flash vacuum pyrolysls (EVP) of furfuryl benzoate 

(la) gives a moderate yield of methylenecyclobutenone (2a) 

along with benzoic acid and some minor products.^ This 

reaction makes available the parent compound of a series of 

2 compounds which is not easily synthesized. Methylene

cyclobutenone (la) was, prior to that report, one of the 

missing cyclobutadiene derivatives and is a potentially 

useful synthetic intermediate since it has a highly func-

4 
tionalized, cyclobutane moiety. 

R R 

Ph 
640°C 
-4 

10 Torr 
Ô CR. 

-PhCOOH 

la, R=H 

lb, R=D 

2a, R=H 

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 undertaken. 

A mechanism for the conversion of la to 2a was proposed on 

the basis of a deuterium-labeling experiment, lb to 2b and 

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

furfuryl benzoate (3).^ 
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640°c 

Torr HgC 0 CH 
2 

-PhCOOH 

3 4 (43%) 

The favored mechanism explaining the formation of the 

pyrolysis products from 1 is thought to involve a 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 by studying the pyrolysis products 

formed from or-phenylfurfuryl acetate (5) 

0 
OAc 

-4 
6oo°n 

-CH=CH-C=C-Ph 

10 Torr 
Ph 

5 
-ch.cooh E- and Z-3 — — 

6a 6b 

14% 11% 

+ 

CHPh 

E— and Z— 

7a 7b 

12% 9% 
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Experiments involving deuterium-labeling on the & 

carbon of 5 were performed in order to clarify the mechanisms 

for the formation of 6 and 7 from 5. Further support for 

the migration mechanism came from a study of the pyrolysls 

products formed from 3-methylfurfuryl benzoate (8) and 

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

0 

8 + 

24% 

9 51% 
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Consideration of the mechanism proposed for the 

formation of 2 from 1 suggested that the pyrolysis of 

3-furylmethyl benzoate (10) might lead to the formation of 

acetylene and methyleneketene (11) after initial formation 

of carbene intermediate 12. Although methyleneketene (11) 

has been observed as a transient intermediate, the chemistry 

of ̂  and its substituted derivatives has not been studied 

in detail.This paper describes the results of a study 

of the pyrolysis chemistry of 10 at several temperatures. 

0—c-fh 

10 

a-elim. 

H 

C 

III + 

CH 

C 
II 2 

C 

II 
H 0 

11 12 
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RESULTS 

3-Purylmethyl benzoate (W) was prepared by esterlfying 

3-furylmethyl alcohol with benzoyl chloride in the presence 

of triethylamine. Compound ̂  was pyrolyzed using the method 

previously reported at temperatures ranging from 600 to 

750°C. The major products formed were vinylacetylene (]^) 

and methylenecyclobutenone (2a). 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 

(l4 and 15). 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). 

i 
Torr 

13% 13 (77%) 
10 -PhCOOH 

+ 

+ 

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 

C^H^. The IR, NMR and NMR spectra were consistent 

1 1 —*1 
with previously reported spectral data. ~ 

The structure of 2a was also indicated by its spectral 

properties. GLC/MS analysis indicated a parent ion at m/e 

80 corresponding to a molecular formula of C^H^O. The NMR 

chemical shifts were consistent with those previously 

reported for 2a.^ The IR spectrum included a peak at 

1787 cm~^ which is consistent with the carbonyl absorption 

previously reported for 2a (I783 cm~^)The ̂^C NMR 

spectrum included peaks at 6 I88.7 for the carbonyl carbon, 

6 158.0 for the ring carbon attached to the exocyclic 

methylene group, 6 153.% and 172.5 for the ring carbons 

which are a and 3 to the carbonyl group and 5 98.13 for the 

exocyclic methylene carbon. 

The minor products were identified by GLC retention 

time and GLC/MS analyses. Products l4 and 15 were 

previously observed as minor products in the pyrolysis 

of furfuryl benzoate (la).^ 
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The product yields from the pyrolysls of 10 at temper

atures ranging from 600 to 750°C (50°C Intervals) were 

determined by NMR analysis, using benzyl ether as an 

internal standard, and are presented in Table I. As the 

pyrolysls temperature was increased from 600 to 750°C, the 

ratio of vlnylacetylene (13) to methylenecyclobutenone (2a) 

increased from 5.8 to 15.6. 
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Table I. Products and yields formed from 
at various temperatures 

pyrolyses of 3-furylmethyl benzoate (10) 

Pyrolysis 
Temp. (° C) Products and Yields (: 

Recovered 
Starting 
Material (%)& 

Ratio^ 

VA° MCB° BA° 

2a 

600 11.5 <2 15 85 5.75 

650^ 41 6 40 53 6,83 

700^ 76.8 7.3 87 12.6 10.52 

750^ 82.8 5.3 90 15.56 

^Yields were determined by NMR spectroscopy using benzyl ether as an internal 

standard. 

^Ratlo of the amount of vlnylacetylene (1^) to the amount of methylenecyclo-
butenone (2a) formed during the pyrolysis of ^. 

^VA = vlnylacetylene; MCB = methylenecyclobutenone; BA = benzoic acid. 

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

A migration mechanism was previously proposed for the 

conversion of furfuryl benzoate (la) to methylenecyclo-

butenone (2a).^ A mechanism which accounts for the formation 

of the pyrolysis products from 3-furylmethyl benzoate (^) 

is presented in Scheme I. The production of 2a can be 

explained by a multistep mechanism involving initially 

either a direct gamma elimination of benzoic acid from W. 

forming carbene intermediate 1^ or a two step mechanism 

involving a [3,3] sigmatropic shift of the benzoate group 

followed by alpha elimination of benzoic acid, producing ̂ . 

Since there is no literature precedent for this type of 

gamma elimination of a carboxylic acid, the two-step 

mechanism for the formation of ̂  considered the more likely 

mechanism. Carbene intermediate ̂  then undergoes a ring 

contraction to form 2a. 

The production of vinylacetylene (^) can be explained 

by the explusion of a molecule of carbon monoxide from ̂  

producing allenyl carbene (l6). Carbene l6 then undergoes 

rearrangement forming 13. Minor amounts of ̂  may be formed 

by an alternative mechanism involving initially a conrotatory 

ring opening of 2a producing allenylketene (^), which loses 

a molecule of carbon monoxide forming l6. Carbene l6 then 
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Scheme I 

^CHg—0 
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undergoes rearrangement yielding ̂ . The loss of carbon 

monoxide from 12 is analogous to the loss of carbon monoxide 

from carbene Intermediate which is a possible source of 

the vlnylacetylene (13) formed during the pyrolysls of 

furfuryl benzoate (la) at temperatures above 650°C.^^ An 

alternative explanation for the formation of vlnylacetylene 

(13) from furfuryl benzoate (la) Involves a conrotatory 

ring opening of the initially formed methylenecyclobutenone 

(2a)J followed by loss of a molecule of carbon monoxide to 

form allenylcarbene (^) • Intermediate formed in both 

mechanisms, rearranges to vlnylacetylene (^) . The failure 

to detect the presence of the dlmer ̂  of cyclopentadienone 

among the pyrolysls products of W indicates that the 

mechanism Involving conversion of 2a to ̂  is at best a 

minor reaction pathway, since 19 is a product of the pyrolysls 

of methylenecyclobutenone (2a), along with compounds 13, 

14, and 15.This conclusion is supported by the observation 

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

during the pyrolyses of 10. 
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..C%, 
-co H 

0^ -CH2 

18 

-> \ 
C=C = CH2 > 13 

A 
FVP 

H 
IS 

Î 
/FA 0 

0 ̂ CH, 

2a 

ii! 

+ 

15 

/ 
17 

4/ 

19 

The Isomerizatlon of allyllc esters via [3,3] slgmatropic 

shifts of a carboxylate group has been well documented^^"^^ 

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

products have been Isolated.a-Ellmlnation reactions 

have generally been observed in the pyrolysis of esters 

which can't undergo a 8-ellmlnation reaction. 

The formation of methylenecyclobutenone (2a) from carbene 

intermediate ̂  has literature precedent in the conversion 

of benzoyloxylactone 20 to dlone 21. 
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Ph-COOH 

21 (71%) 
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EXPERIMENTAL 

Methods and Materials. The pyrolysls apparatus has been 

•31 1 
previously described. H NMR spectra were recorded on 

Varlan A-60, HA-100 or Hltachl-Perkln Elmer R-20B spectro-

-| •? 
meters. C NMR spectra were recorded on a JEOL FX-90Q 

spectrometer. Chemical shifts are recorded in parts per 

million (6) 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 analyses (GLC/MS) were performed 

using a Pinnigan 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-Purylmethyl alcohol was obtained from Aldrich Chemical 

Co. (listed as 3-furanmethanol). Benzoyl chloride 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 

(LiAlH^) was added dropwise over a 15 minute period to a 

stirred solution of 3.5312 g (O.O36O mole) of 3-furylmethyl 
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alcohol and 5.29 g (0.05 mole) of trlethylamlne In 80 mL 

of dry ether. After stirring the mixture for 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 organic 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 (MgSO^), 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 cm~^; ^NMR (CDC1_) 5 8.25-7.8 (m, 2H), 7.7-7.15 (m, 5H), 

6.5 (m, IH), 5.23 (s, 2H); high resolution mass spectrum 

calcd for 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 the system was evacuated to ca. 10"^ 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 liquld-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 (CSg) and deutero-

chloroform (CDCl^) 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 CSg and CDCl^ was 

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 (CSg 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-Fur.ylmethyl 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 as well as products 2a and ̂  were 

determined by quantitative NMR analysis using benzyl 

ether as an internal standard. Yields of the minor products 

(benzene, ̂  and 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°e was reached). Yields of the pyrolysis products from 

10 are presented in Table I. The products were identified 

from the following data. 

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

700 cm"^, [lit.IR (ether) 3300, 2110, 1600 cmT^]; NMR 

(CSg) 6 5.8-5.34 (m, 3H), 2.76 (m, IH), [lit.^^ NMR 

(CC1%) 6 5.85-5.35 (m, 3H), 2.88 (broad s, IH)]; NMR 

(1:1 CSg/CDCl?) 5 127.58, 116.4, 82.25, 78.01, [lit.13 

NMR (acetone-dg) 6 129.2, 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 (CSg) 1707, 1690, 

815 cm'L, [llt.L IR (CDC1_) 1783, 1688, 823 cm"̂ ]; NMR 

(CSg) 6 8.59 (d, J = 2 Hz, IH), 7.02 (d, J = 2 Hz, IH), 5.04 

(m, IH), 4.75 (m, IH), [llt.^ ̂ H NMR (ethyl acetate) 6 

8.66 (m, IH), 7.16 (m, IH), 5.01 (m, IH), 4.78 (m, IH)]; 

GLC/MS m/e relative intensity) 8l.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; % NMR (CSU) <S 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. 

cls-2-Penten-4-ynal (l4): 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 ̂  prepared by the FVP of 

furfuryl benzoate (la).^'^ 

trans-2-Penten-4-ynal (^): GLC/MS m/e (relative 

intensity) 8l.O (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 15 prepared by 

the FVP of furfuryl benzoate (la).^*^ 
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SECTION V. CHEMISTRY OP PURANORADIALENE PREPARED BY THE 

PLASH VACUUM PYROLYSIS OP DIESTERS OP 

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

Recently we reported that the flash vacuum pyrolysis 

(PVP) of 2-methyl-3-furylmethyl benzoate (1) gives good 

yields of 2,3-dimethylene-2,3-dihydrofuran (2).^ Compound 

2 is an air-sensitive material which readily undergoes 

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

H^-O-g-Ph 

640°C 

10 Torr 

-PhCOOH 2 (ca. 

Polymer 

3 (51%) 

Although 2 has been previously postulated as an intermediate 

in the liquid-phase pyrolysis of (2-methyl-3-furylmethyl)-

trimethylammonium hydroxide (4) and the gas-phase pyrolysis 
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of tetrahydrobenzofuran (5),^ the FVP of methyl-substituted, 

furylmethyl esters is the best method currently available 

for generating solutions of dimethylenedihydrofurans.^ 

^3^3 

+ 
/—N(CH_) 

(X 
4 

3 or 

920-950°C . I 

H 
2 

"-CHg 
-> Polymer 

In order to test the generality of this method, a study 

of the pyrolysis reactions of diester derivatives 6 of 

3,4-bis(hydroxymethyl)-2,5-dimethylfuran (7) was undertaken. 

If the mechanism proposed for the conversion of 1 to 2^ is 

valid, the pyrolysis of 6 should produce furanoradialene (8) 

by the independent loss of two molecules of the corresponding 

carboxylic acid. 
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Furanoradialene (8) 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. The parent radialenes which 

have been synthesized and studied to date are [3] 

r a d i a l e n e , [ 4 ]  r a d i a l e n e , ^ ^ " ^ ^  [ 6 ]  r a d i a l e n e , ^ ^ " ^ ^  
ji p R 

naptharadialene, and furanoradialene (8). 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-Bls(hydroxymethyl)-2,5-dlmethylfuran (7) was 

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

methyl-3,^-furandicarboxylate (9)^^'^^ with lithium 

aluminum hydride. Diol 7 was converted to diacetate W 

by treatment with acetyl chloride in the presence of 

triethylamine. Diol 7 was converted to dibenzoate 11 by 

similar treatment with benzoyl chloride. 

EtOOC^ ^ COOEt 

AcO OAc 

HO"— — OH 

92% 

CH.COCl PhCOCl 

Ph-C-0 •O-C-Ph 

10 97% 11 89% 
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Diacetate ̂  was pyrolyzed at temperatures ranging from 

450 to 650°C. None of the starting ester 10 was recovered 

between 570 and 650°C. Incomplete conversion of the starting 

material ̂  was observed between 5OO and 550°C and at 

temperatures below 500°C, only 10 was recovered. The PVP of 

10 at each temperature produced a white product band in the 

liquid-nitrogen-cooled trap. During the pyrolyses, a 1:1 

mixture of carbon disulfide (CSg) and chloroform-d^ (CDCl^) 

was deposited into the trap through a side arm. After the 

trap contents were liquified by warming the trap to -78°C, 

1 1 Q 
H and C 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 (8) and 

polymer, along with trace amounts of one [4+2] dimer 

of 8, 12. When the samples were warmed to 0°C, the product 

mixtures consisted of polymer and [4+2] dimer ̂ . 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-dlmethylene portion of 8 

acting as the diene), and four possible [4+4] dimers, 

no evidence for any other dimer of 8 was obtained. This 

conclusion is supported by the observation that 91% of the 

furanoradialene (8) present in the NMR samples is converted 
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to [4+2] dlmer ̂  upon warming the samples to 0°C. The 

low yields of furanoradialene (8) obtained from "the 

pyrolyses of W were due to the extensive polymerization 

which occurred in each experiment. 

AcO—, y—OAc 

xK 
10 

* Zt 
8 (13.13%) 

A to 0°C 

Polymer + 12 (12% from 10) 

91.31% (from 8) 

1) 570°C . 

10~^ Torr 

2) A to -60° 

12 (ca. 1%) 
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The structure of 8 was Indicated by its spectral proper

ties. The NMR spectrum included two-proton singlets 

at 6 5.55 and 5-52 for the exocyclic, methylene hydrogens at 

the three and four positions and two-proton doublets at 

6 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 

P R 
furanoradialene (8) and are presented in Figure 1. The 

NMR spectrum of 8 included signals at 6 156.1 for ring 

carbons two and five, 6 135.8 for ring carbons three and 

four, 6 106.0 for the exocyclic, methylene carbons at ring 

positions three and four, and 8 81.9 for the exocyclic 

13 
methylene carbons at ring positions two and five. The C NMR 

chemical shifts observed for the ring carbons of 8 are 

consistent with those observed for ring carbons two and three 

in 2,3-dimethylene-2,3-dihydrofuran (2) [(1:1 CSg/CDClg, -60° 

C) 6 157.62 and 139.63].^ The NMR chemical shifts differ 

slightly from those previously reported for 8 which were 

taken from a NMR spectrum of a complex mixture containing 

PR 
8 as a minor component. The chemical shifts were 

incorrectly assigned by the authors to signals at 6 l60.5 

for ring carbons two and five and 6 156.6 for ring carbons 

three and four. 
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H_ = 

= 

H. = 

H. = 

5.55 (s, 2H) 

5.52 (s, 2H) 

4.59 (d, J = 3 Hz, 2H) 

4.52 (d, J = 3 Hz, 2H) 

H ' 

12 

\ = 

= 

H = 

H. = 

«e = 

= 

«g = 

H, = 

5.5 (s, IH) 

4.92 (s, IH) 

4.54 (d, J = 2.5 Hz, IH) 

^d' ~ ^d'• ~ ̂ d ' ' ' 

4.46 (d, J = 2.5 Hz, 4H) 

Hg, = 4.09 (m, 2H) 

3.94 (d, J = 2.5 Hz, IH) 

Hg, = 2.55 - 2.27 (m, 4H) 

1.88 - 1.65 (m, 2H) 

Figure 1. NMR chemical shifts of furanoradialene (8) 

recorded at -60°C (top) and the [4+2] dlmer (^) 

of furanoradialene (8) recorded at room temperature 

(bottom) in 1:1 CSg/CDCl^ (6 from Me^Sl) 
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The structure of [4+2] dlmer 12 was also indicated by 

its spectral properties. The NMR chemical shifts of 12 

recorded at room temperature are presented in Figure 1. 

The NMR spectrum of 12 consisted of l6 peaks, with 

appropriate chemical shifts, including signals at 6 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 

13 
tetrahydrofuran rings. The C NMR spectrum also included a 

peak at 6 106.72 for an exocyclic, methylene carbon at either 

the three or the four position of a tetrahydrofuran ring. 

The only dimer of 8 with structural features consistent 

with the observed and NMR chemical shifts is [4+2] 

dimer 12. 

In order to improve the yield of furanoradialene (8), 

a study of the pyrolysis chemistry of 3,4-bis(benzoyloxy-

methyl)-2,5-dimethylfuran (11) was undertaken. The amount of 

polymer formed during the pyrolysis of ̂  was expected to 

be less than the amount formed from 10 because of greater 

control of the rate of material transfer into the hot zone 

with dibenzoate 11 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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llquid-nltrogen-cooled trap. The acetic acid formed from 

^ is deposited into the liquid-nitrogen-cooled trap along 

with furanoradialene (8) and may cause some of the observed 

polymerizat ion. 

The pyrolysls of 11 at 6l0-620°C and ca. 10"^ Torr was 

carried out using the procedure described for the pyrolysls 

of 10. The product mixtures kept below -60°C consisted of 

furanoradialene (8) and [4+2] dimer ̂ , along with benzoic 

acid and a substantial amount of white polymeric material. 

After warming the product solution to room temperature, a 

69% yield of [4+2] dimer ̂  was formed from starting 

dibenzoate ^. The and NMR chemical shifts for 

8 and 12, formed from 11, matched those of samples of 

8 and 12 formed from 10. The NMR spectra of the pyrolysls 

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

in Figure 2. 
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Ph-jj-O-CH, 

K 
CH^-O-C-Ph 
2 I I  

"0" 

11 

0 

1)6lO°C 

10" Torr 

2) A to 

-60°C 

0 

8  (30%)  

12 (35%) 

A to 

room 

temperature 
V 

12 (69% from 11) 
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% 
Figure 2. H NMR spectra of the pyrolysis products formed 

from 3 J4-bl5(benzoyloxymethy1)-2,5-dlmethylfuran 

(11) in 1:1 CSg/CDClg and in the presence of a 

1jl,2,2-tetrachloroethane internal standard 

Top: Spectrum of a mixture of furano-

radialene (8) and [4+2] dimer ̂  

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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The preparation and pyrolysls of ^-d,| was undertaken 

1 1? 
in order to assign the H and C NMR chemical shifts for 

8 and 12. A mass spectral analysis of ^-d,| indicated greater 

1 1 Q 
than 96% ̂  incorporation. The H and C NMR spectra of 

AcO-CD, CDp-OAc 

PVP 

DgC^ /CD 2 

-2 CH.COOH H, 

8-d^ and 12-^ were recorded at -60°C and at room temperature, 

respectively. The NMR spectrum of 8-^ consisted of two-

proton doublets (J = 2.5 Hz) at 6 4.61 and 4.52 for the 

exocycllc methylene hydrogens at the two and five positions. 

The NMR spectrum of 8-^ included signals at 6 156.08 for 
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ring carbons two and five, at 6 135.8 for ring carbons three 

and four and at 6 81.8 for the methylene carbons attached to 

ring positions two and five. Upon warming the sample to 

room temperature, 8-d^ dimerized, forming 12-dg. The NMR 

chemical shifts (1:1 CSg/CDCl^; 6 from Me^Si) of 12-dg are 

presented below. 

«C 

H. H 
I n /  =  4 . 5 3  (d, J = 2.5 Hz, IH) 

. . . .  
/ = 4.45 (d, J = 2.5 Hz., 4H) 

a 

Hx = H. , = H, „ = H, 

\ // 
y—Y-/ H = H , = 4.09 (m, 2H) 

d "f H^ = 3.92 (d, J = 2.5 Hz, IH) 

b̂ " b̂ 

Most of the attempts to trap furanoradialene (8) with 

dienophiles such as methyl acrylate (^) and dimethyl 

acetylenedlcarboxylate (^) resulted in the formation of 

[4+2] dimer 12. A sample of furanoradialene (8), kept for 

60 hours at temperatures below -70°C in the presence of ten 

equivalents of ̂  formed only [4+2] dimer ̂ . The relative 

amounts of furanoradialene (8), [4+2] dimer ̂  and dienophile 

l4 were determined by low-temperature, ̂ H NMR analyses at 

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 mixtures gave no indication 

of the presence of a Diels-Alder adduct of 8 with l4. Similar 

results were obtained using ca. ten equivalents of methyl 

acrylate (13) as the dienophile. 

When dilute solutions of 8 were mixed with ca. 100 

equivalents of methyl acrylate and maintained at temperatures 

below -72°C for 12 h, a diadduct (15) of 8 with methyl 

acrylate was formed along with [4+2] dimer 12 and trace 

amounts of a Diels-Alder adduct (l6) of 12 with methyl 

acrylate. NMR analysis of the product mixture after 

workup indicated that 15 was the major product formed, along 

with smaller amounts of 12 and l6. Attempts to isolate 15 

from the product mixtures by liquid chromatography (both TLC 

and column) on silica gel were unsuccessful due to 

decomposition of 12 and ̂  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 NMR spectra for the formation of a mono 

adduct of furanoradialene (8) with methyl acrylate (13). 
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COOMe COOMe MeOOC 

100 equiv 

MeOOC 

Several attempts to allow methylene chloride solutions 

of furanoradialene (8) to react at ca. -78°C with excess amounts 

of sulfur dioxide (SOg) resulted in the formation of small 

amounts (less than 10%) of a diadduct ̂  of furanoradialene 

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

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~^ 

which are consistent with the SO^ absorptions reported for 

2,5-dihydrothiophene-l ,1-dioxide (^) (1310 and 1130 cm~^)^^ 

and sulfone 19 (1322 and 1111 cm~^).^^ The NMR spectrum 
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Included four-proton multiplets at 6 4.42 and 4.32 which 

20 

80, 

0 0 

Polymer 

17 

are consistent with the methylene signals observed for sulfone 

19 (6 4.22 and 4.14).^^ There was no NMR evidence for 

the formation of either the [4+2] dimer ̂  of furanoradialene 

(8) or a monoadduct or 21) of 8 with SOg. Attempts to 

isolate the diadduct ̂  by liquid chromatography (TLC and 

column) resulted in complete decomposition of the product 

mixtures. 

JSO. 

18 19 
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DISCUSSION 

A migration mechanism was previously proposed for the 

conversion of 2-methyl-3-furylmethyl benzoate (1) to 

2,3-dimethylene-2,3-dihydrofuran (2).^ A set of mechanistic 

pathways which account for the formation of furanoradialene 

(8) from diesters (6) of 3,4-bis(hydroxymethyl)-2,5-diniethyl-

furan (7) are presented in Figure 3. Furanoradialene (8) may 

be formed either from dlacetate 10 or dlbenzoate 11 by two 

Independent 3 eliminations of the corresponding carboxyllc 

acid, after a [3,3] shift of the carboxylate group. This type 

of 1,4 elimination of a carboxyllc acid during ester pyrolysls 

has literature precedent in the pyrolysls of allylic^^"^^ and 

benzylic esters containing 6 hydrogens. In the product 

mixtures from several allylic esters, the initially formed 

[3,3] shift products have been isolated. 

A less likely explanation for the formation of furano

radialene (8) from 6 involves direct 6 eliminations of two 

molecules of the corresponding carboxyllc acid from 6 to 

form 8. Although the 6-eliminatlon 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 

3 elimination of the carboxyllc acid, can not explain the 

experimental results. 
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Figure 3. Mechanistic scheme for the formation of furanoradialene (8) from 

diesters (6) of 3,^-bis(hydroxymethyl)-2,5-dimethylfuran (7) 
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The exclusive formation of [4+2] dimer ̂  can be 

explained by a concerted, Dlels-Alder dlmerlzatlon of 

furanoradlalene (8). An alternative dlradlcal pathway 

for the dlmerlzatlon of 8 should lead to the formation of 

one or more of the possible [4+4] dlmers (22-25) In addition 

to [4+2] dlmer 12. 

22 23 

25 24 

There are three possible dlradlcal Intermediates from 8 : 

26, 27 and 28. Intermediate 26 Is the only dlradlcal Inter

mediate which can form the observed [4+2] dlmer 12 and would be 

expected to form one or more of the [4+4] dlmers (22, 23 or 

as minor products. Since [4+2] dlmer 12 Is the only dlmer 

1 19 
of 8 detected in the product mixture using H and C NMR 

techniques, the dlradlcal pathway is assumed to be less likely 

than the concerted pathway. 
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In the analogous dlmerlzatlon of [4] radialene 29, 

the only product Isolated was [4+4] dlmer 30 and a dlradlcal 

mechanism was proposed for Its formation. 

/y— 

29 30 
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The formation of [4+2] dlmer 12 has literature precedent 
*1 

In the formation of splrodlmers from ortho-xylylene (31), 

Imlne (32),^^ and 4,5-bls(methylene)cyclohepta-2,6-dlen-l-one 

(33). 
63 

a. 
I 
Me 

32 

N-Me 

II W 
V 
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EXPERIMENTAL 

Methods and Materials. The pyrolysls apparatus has been 

64 1 
previously described. H NMR spectra were recorded on 

Varlan EM-36o, Varian HA-100, Hitachi-Perkin Elmer R-20B, 

JEOL FX-90Q or Bruker WM-3oo spectrometers. NMR spectra 

were recorded using a JEOL PX-90Q spectrometer. Chemical 

shifts are recorded in parts per million (6) from tetramethyl-

silane (Me^Si). Infrared spectra were measured with a 

Beckman 4250 spectrophotometer. High resolution mass spectra 

were measured with an Associated Electronics Industries MS-90 2 

instrument at 70 eV. Gas chromatography (GLC) analyses were 

performed using a Hewlett Packard HP 5840A instrument with a 

25 meter, 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 Products. 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-Dlmethyl-3,^-furandlcarboxylate (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 (LiAlH^) 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 

65 42 
2,3-diacetylsuccinate * was isolated. Without purifi

cation, this material was converted to diethyl 2,5-di-

methyl-3,4-furandicarboxylate (9) using a literature 

method.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 and 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 (MgSO^) and removal of the solvent, the crude product 

(67.85 g; 0.282 mole; 88%) was purified by vacuum distillation 

yielding 50.277 g [0.209 mole; 65.2% (42% Isolated yield 

il p 
from ethyl acetoacetate)] of 9: bp 84-85°C (0.01 mm) [lit. 

bp 127-130°C (1.0 mm)]; IR (thin film) 1720, l640, 1590, 1420, 

1205, 1080, 1025, 775 cm"! [lit.^^ IR (thin film) 1724 cm'^]; 

NMR (CDClg) 6 4.28 (q, J = 7 Hz, 4H), 2.42 (s, 6H), 1.33 

(t, J = 7 Hz, 6H) [lit.1H NMR (CCL^) 6 4.28 (q, 4H), 

2.44 (s, 6H), 1.32 (t, 6H)]; NMR (CDC1_) 6 l63.l4, 155.07, 

113.68, 60.16, 13.90, 12.60; high resolution mass spectrum 

calcd for ^^2^16^5 240.09978, measured 240.09957. 

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

stirred slurry of 5.23 g (0.138 mole) of lithium aluminum 

hydride in 250 mL of dry ether (LiAlH^) at 0°C, was slowly 

added a solution of 16.139 g (O.O672 mole) of diethyl 

2,5-dimethyl-3,4-furandicarboxylate (9) in 100 mL of dry 

ether. After stirring the mixture for 4 h at room tem

perature, a standard workup^^ yielded 10.I8 g (O.O65I mole; 

97%) of crude product. Recrystallization from ether yielded 
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9.64 g (0.0617 mole; 92%) of 7: IR (CHC1_) 3610, 3395, 
~ j 

1612, 1163, 1095, 996 CM"̂ ; NMR (CDC1_) 6 4.38, (s, 4H) , 

3.89 (broad s, 2H), 2.20 (s, 6H); NMR (CDC1_) 6 146.67 

(s), 118.77 (s), 54.96 (t, J = 143 Hz), 11.13 (q, J = 128 Hz). 

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

solution of 2.36 g (0.03 mole) of acetyl chloride in 20 mL of 

dry ether (LIAIH^) was added dropwise to a stirred solution 

of 1.214 g (0.0078 mole) of 3,4-bis(hydroxymethyl)-2,5-d?'-

methylfuran (7) 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 aqueous layer was extracted with ether 

(5 X 10 mL). The combined ether layers were washed with IM 

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 crude product 

was purified by distillation yielding I.8I3 g (O.OO76 mole; 

97%) of 10: bp 94°C (0.05 mm); IR (thin film) 1740, 1606, 

1225, 1166, 1015, 954, 762 cm"l; ̂ H NMR (CDCl?) S 4.92 (s, 

4H), 2.28 (s, 6H), 2.06 (s, 6H); NMR (CDC1_) 5 170.70 

(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 calcd for 240.09978, measured 240.100439. 
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3,4-Bls(benzoyloxymethyl)-2,5-dlniethylfuran (11). A 

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

50 mL dry ether (LiAlH^) was added dropwise to a stirred 

solution of 15.47 g (0.0991 mole) of 3,4-bis(hydroxy-

methyl)-2,5-dimethylfuran (7) 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 (MgSO^) 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 ̂ : mp 97-. 

97.8°C; IR (CHClg) 1720, 1622, 1265, 1170, 1100, 1020, 915, 

865, 705 cm"^; NMR (CDC1_) 6 8.14-7.8 (m, 4h), 7.65-7.03 

(m, 6H), 5.24 (s, 4H), 2.33 (s, 6H); high resolution mass 

spectrum calcd for ^22^20*^5 364.13108, measured 364.13145. 

General Pyrolysis Procedure. The pyrolyses were run at 

temperatures from 450 to 650°C. A sample of the furylmethyl 

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 11. 

During each pyrolysis, 2 mL of a 1:1 mixture of carbon 

disulfide (CSg) and deuterochloroform (CDCl^) was deposited 

onto the trap through a side arm. After all of the starting 

material had distilled 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^ and CDCl^ (2 mL) was used 

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

The product solution was mixed by rinsing the walls of the 

trap with the solution ca. ten times using a cold pipette 

(CSp 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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Pyrolysls of 3,^-Bls(acetoxymethyl)-2,5-dlmethylfuran 

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

the general procedure. After the product solution was placed 

Into the NMR tubes at -78°C, and NMR spectra were 

recorded at temperatures below -70°C. The tubes were 

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

The yields of furanoradlalene (8) and [4+2] dlmer ̂  were 

determined by quantitative NMR analysis using known amounts 

of dlchloroethane as an Internal standard. In addition to 

products 8 and a large amount of alr-sensltive, cello

phane-like polymer was deposited In the area of the apparatus 

from the furnace to the llquld-nltrogen-cooled trap. At a 

pyrolysls temperature of 570°C, a 13% yield of furanoradlalene 

(8) was detected In the NMR tubes at temperatures below -70°C, 

along with ca. 1% of [4+2] dlmer ̂ . At 0°C, the product 

solution consisted of [4+2] dlmer ̂  (12% from 91.3% 

from 8) and a small amount of white. Insoluble, polymeric 

material. The products were identified from the following 

data. 
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Puranoradialene (8), (2,3,4,5-tetrakls-

(methylene)-2,3,4,5-tetrahydrofuran): NMR (1:1 OSg/CDCl^; 

-78°C) 6 5.55 (s, 2H), 5.52 (s, 2H), 4.59 (d, J = 3 Hz, 2H), 

4.52 (d, J = 3 Hz, 2H); NMR (1:1 CSg/CDCl.; -78°C) 6 

156.08 (s), 135.76 (s), 105.97 (t, J = l62 Hz), 81.86 (t, 

J = 162 Hz); [lit.28 IR NMR (CDC1_; -50°C) 6 5.59 (broad s, 
4H), 4.61 (AB quartet, J = 2.5 Hz, 4H); NMR (CDC1_; • 

-60°C) 5 160.5, 156.6, 106.2, 81.8]. 

[4+2] Dimer 12: % NMR (1:1 CSg/CDCl.) 6 5.5 (s, 

IH), 4.92 (s, IH), 4.54 (d, J = 2.5 Hz, IH), 4.46 (d, 

J = 2.5 Hz, 4H), 4.09 (m, 2H), 3.94 (d, J = 2.5 Hz, IH), 

2.55-2.27 (m, 4H), 1.88-1.65 (m, 2H); NMR (1:1 CSg/CDCl.) 

6 165.72, 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 ̂  was 

1 13 
pyrolyzed at 6lO°C using the general procedure. H and 

NMR analyses at -70°C indicated that furanoradialene (8) 

and [4+2] dimer 12 were the only major products formed from 

11, aside from benzoic acid and a substantial amount of white, 

polymeric material. Quantitative ^H NMR analysis at -78*0 
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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] dlmer 

^ (.35%)' The and NMR spectra of 8 formed from 

dlbenzoate 11 matched the spectra of 8 formed from dlacetate 

10. For furanoradialene (8): % NMR (1:1 CS_/CDC1_; -70°C) 

Ô 5.58 (s, 2H), 5.55 (s, 2H), 4.62 (d, J = 2.5 Hz, 2H), 

4.52 (d, J = 2.5 Hz, 2H); NMR (1:1 CSg/CDCl.; -70°C) 

5 155.97, 135.76, 105.86, 81.86. Upon warming the samples 

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

^H NMR (1:1 CSg/CDCl ; -30*0) Ô 5.51 (s, IH), 4.93 (s, IH), 

4.55 (d, J = 2.5 Hz, IH), 4.46 (d, J = 2.5 Hz, 4H), 4.12 

(m, 2H), 3.94 (d, J = 2.5 Hz, IH), 2.58-2.23 (m, 4H), 

1.86-1.64 (m, 2H),; NMR (1:1 CSg/CDCl?; -40°C) 6 165.02, 

160.36, 160.25, 156.40, 146.05, 134.52, 133.49, 106.72, 

82.56, 81.75, 81.32, 81.05, 44.59, 33.05, 29.69, 17.88. ^H 

NMR analysis using a 1,1,2,2-tetrachloroethane internal 

standard indicated that a quantitative yield of [4+2] dimer 

12 was formed from 8 (69% yield from dibenzoate ̂ ) . 

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

(7-d,| ). To a stirred slurry of lithium aluminum deuteride 

(3.41 g; 81.2 mmol) in 5 mL of dry ether (LiAlH^) at 0°C, 

was added dropwise a solution of 5.4892 g (22.8 mmol) of 

diethyl 2,5-dlmethyl-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 workup^^ yielded 2.88 g (17.98 mmol; 

79%) of 7-d^: IR (CHCl^) 3605, 3400, 2260-2050, l6l2, 1276, 

995, 860 cm"^; NMR (CDC1_) 6 4.75 (broad s, 2H), 2.l8 

(s, 6H). 

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

(10-^). 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 7-^ 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 (MgSO^) and removal 

of the solvent, the crude product (3.O676 g; 12.56 mmol; 

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

2.5291 g (10.35 mmol; 58% isolated yield) of ^-d,| ; bp 8O-

8l°C (0.005 mm); IR (thin film) 2280-2040, 1735, I6IO, 1255, 

1155, 1045, 1015, 925 cm"^; NMR (CDC1_) 6 2.26 (s, 6H3, 

2.05 (s, 6H); NMR (CDClg) 6 170.92, 149.63, 114.52, 
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20.97, 11.48; high resolution mass spectrum calcd for 

^12%2^4°5 244.12489, measured 244.12465. NMR spectral 

analysis of showed no evidence for any deuterated 

species other than 10-d,,. 
—H 

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

methylfuran (10-^). A 0.4216 g quantity of 10-^ was pyrol-

pyrolyzed at 600°C using the general procedure. The 

pyrolysate was collected in 4 mL of 1:1 CSg/CDCl- and NMR 

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

(methylene-d2)-2,5-dimethylene-2,3,4 j5-tetrahydrofuran (8-^) : 

NMR (1:1 CSg/CDClg; -60°C) 6 4.6l (d, J = 2.5 Hz, 2H), 4.52 

(d, J = 2.5 Hz, 2H); NMR (1:1 CSg/CDCl.; -60°C) 6 156.08, 

135.60, 81.80. Upon warming the samples to room temperature, 

8-dj| was cleanly converted to [4+2] dimer : ^H NMR 

(1:1 CSg/CDClg) 5 4.53 ( d ,  J = 2.5 Hz, IH), 4.45 (d, J = 2.5 

Hz, 4H), 4.09 (m, 2H), 3.92 (d, J = 2.5 Hz, IH); NMR 

(1:1 CSg/CDClg) 6 165.42, 160.64, I60.3I, 156.57, 146.53, 

134.65, 133.58, 82.51, 81.64, 81.21, 80.99, 44.89. The 

signals for the CDg carbons were not observed after 25,000 

scans (pulse width = 2.0 ys). NMR analysis of the pyrolysis 

product mixtures formed from showed no evidence for 

any deuterated species other than 8-^ and ^-dg. 
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Dlels-Alder Reaction of 8 with a Large Excess of Methyl 

Acrylate (1^). A 0.1368 g (0.5694 mmol) quantity of dlacetate 

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

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

of methyl acrylate In 10 mL of CS^ was deposited into the 

trap via a side arm. After the apparatus was shut down under 

nitrogen, the trap was warmed to -78°C (dry Ice/lsopropanol) 

and 10 mL of CS^ 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 (NagCO^) and removal of 

the solvent with a rotary evaporater, spectral analyses 

indicated that the product mixture consisted of a diadduct 

15 of furanoradialene (8) with methyl acrylate (13), along 

with smaller amounts of [4+2] dlmer ̂  and a Diels-Alder 

adduct 16 of 12 with methyl acrylate. Diadduct ̂  showed 

the following spectral data: IR (CHCl^) 1730, l6l2, 1450, 

1285, 1085, 1062 cm~^; NMR (CDCl^) <S 3.8-3.65 (overlapping 

singlets, 6H), 3.0-0.7 (m, 14H). The existence of the Diels-

Alder adduct ̂  of [4+2] dlmer ̂  and methyl acrylate ̂  was 

inferred from the integration of the NMR signals, which 
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Indicated that part of the 2,3-dlmethylene moiety In ̂  had 

reacted. Attempts to Isolate products ̂  and 16 by liquid 

chromatography (both TLC and column) were unsuccessful due to 

decomposition of 12 and 16 on the column and rapid elutlon of 

the decomposition products. 

Attempted Dlels-Alder Reaction of Furanoradlalene (8) 

with Dimethyl Acetylenedlcarboxylate (l4). A 0.4000 g 

(1.098 mmol) quantity of dlbenzoate 11 was pyrolyzed at 630°C 

_ i i  
and 10" Torr. During the pyrolysls, 1.48 g (10.4 mmol; 

9.5 equivalents) of dimethyl acetylenedlcarboxylate (^) 

and 1.5 mL of carbon disulfide were distilled into the product 

trap via a side arm. In order to distil the dlbenzoate (11) 

into the hot zone, the sample compartment was heated to ca. 

l40°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 CDCl^ and CS^ at -78°C was used 

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

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

-78°C and NMR spectra were recorded for each tube at -80°C. 

At -80°C, the product mixture consisted mainly of furano

radlalene (8) along with minor amounts of [4+2] dlmer 12. 
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One of the tubes was warmed first to -30°C and then to 0°C 

and a % NMR spectrum was recorded at each temperature. All 

of the furanoradialene (8) was converted into [4+2] dimer 

12. 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] 

dimer 12. There was no NMR evidence for the formation 

of either a Diels-Alder monoadduct or a diadduct of 

furanoradialene (8) with dimethyl acetylenedicarboxylate 

(y ). 

Attempted Chelatropic Reaction of 8 with Sulfur Dioxide. 

A 0.4128 g quantity of dibenzoate 3J. was pyrolyzed at 640°C 

and 10"^ Torr. During the pyrolysis, 2 mL of dichloro-

methane-dg was deposited into the trap via a side arm. After 

all of the dibenzoate 11 had distilled out of the sample 

compartment (heating from 86 to l40°C), the apparatus was 

shut down under nitrogen. The product trap was then warmed 

to -78°C and 2 mL of CDgClg was used to rinse the material 

on the walls of the trap to the bottom. Excess sulfur dioxide 

(SOg) was slowly condensed into the trap and the resulting 

yellow mixture, containing a large amount of insoluble, poly

meric material, was maintained at -78*0 for 1 h. After 

removing most of the excess sulfur dioxide by distillation 

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

NMR spectra of this product solution at -6o°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 (CHCl^) 1330, 1110 cm~^; NMR 

(acetone-dg) 6 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 NMR evidence 

for the formation of either [4+2] dimer 12 or a monoadduct 

(20 or 21) of furanoradialene (8) with SO^ was observed. The 

large amount of polymer formed in each experiment may be 

partially due to decomposition of 12, 20, or 21 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^](2,3,4,5)-

PURANOPHANE 
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INTRODUCTION 

The synthesis and study of the chemical and physical 

properties of bridged aromatic compounds, called cyclo

phanes,^ has been an intensively investigated research area 

2 — 10 in recent years, ~ 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 ir-electron 

systems. 

The cyclophane nomenclature, first introduced by Cram 

and Steinberg^ and later extended by Vogtle and Neumann, 

defines a cyclophane as a molecule having at least one bridged 

aromatic ring. The number 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 1 

is named [2.2](l,4)cyclophane, while structure 2 is named 

[2.2.2](2,3j5)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 

11 
to refer to the number of bridges. 
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The availability of multibridged [2^]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 

2 
properly situated ortho-xylylene moieties. For example, 

pyrolysis of 3 at 700*0 gave a mixture of 4 and 

[2|^] (1,2,4,5)cyclophane (5). Pyrolysis of 4 under the same 

12 
conditions also leads to the formation of 5. The basis for 

1^ 
this work was the observation by Cava and Deana that the 

pyrolysis of sulfone 6 produced [2.2](l,2)cyclophane (7) in 

good yield, presumably via the intermediacy of ortho-xy-

lylene (8), Since the concerted dlmerization of 8 to give 7 

is "symmetry forbidden", according to the rules governing 

14 
the conservation of orbital symmetry, a diradical mechanism 

was proposed for the formation of 7. Boekelheide utilized 

reactions involving pyrolytic eliminations of hydrogen 
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6 8 7  

chloride from suitably substituted, ortho-methylbenzyl 

1^-22 
chlorides • or pyrolytic, ring openings of substituted 

23 
benzocyclobutenes to generate the necessary ortho-xylylene 

intermediates. This synthetic strategy was successfully 

employed in preparations of [2^](l,2,4)cyclophane,^^'^^ 

[2^](l,2,3)cyclophane,^ [2^](l,2,4,5)cyclophane,^^ 

[2^](1,2,3,4)cyclophane[2^](1,2,3,4,5)cyclophane, 

and [2g](1,2,3,4,5,6)cyclophane which has also been referred 

26 29 
to by the trivial name superphane. ' 

Recently we reported that the flash vacuum pyrolysis 

(FVP) of 2-methyl-3-furylmethyl benzoate (9) gives good 

yields of 2,3-dlmethylene-2,3-dihydrofuran (^) . Compound 

^ readily undergoes dimerization at temperatures above 

-30°C forming [2.2](2,3)furanophane (^). Based on the 

success of Boekelheide's syntheses of multibridged [2^^-

cyclophanes from ortho-xylylene Intermediates and the facile, 

analogous dimerization of 2,3-dimethylene-2,3-dlhydrofuran 

(^), a program aimed at the synthesis of multibridged 

[2^]furanophanes was initiated. 
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y CHg—0—C—Ph 

«X. 0 

9 10 11 

The first reported synthesis of a furanophane utilized 

a 1,6-ellmlnatlon reaction from ( 5-inethyIfurfuryl)tri

me thy 1 ammonium hydroxide (12), forming 2,5-dlmethylene-2,5-dl-

hydrofuran (13). Warming ̂  In the presence of poly

merization Inhibitors led to dlmerlzatlon, forming [2.2]-

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

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

// V 
0 

12 

+ 
NMe, -OH 

3-4 mm 0 

13 

i 

^ (72%) 

methyl)trimethylammonlum hydroxide (15) formed either [2.2] 

(2,3) furanophane (^) or [2. 2] ( 2 ,3) ( 3 ' ,2 ' )furanophane (^) 

in 53% yield. 
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O ^Me, OH 
toluene 
reflux 11 or 

15 16 

The synthesis of several other [2.2]heterophanes using 

the Hoffman elimination approach have been reported. 

In addition to these reports, Boekelheide synthesized two 

tetra-bridged pyridinophanes using pyrolytic eliminations 

of hydrogen chloride to generate the necessary ortho-quino-

47 
dimethane intermediates. 

The synthetic strategy devised for the preparation of 

[2^](2,3,4,5)furanophane (^) involved the generation of a 

molecule (18) containing two suitably positioned, 2,3-di-

methylene-2,3-dihydrofuran units. The initial target 

molecule in the synthesis of was a [2.2](2,3)furanophane 

molecule 19 containing functional groups necessary for the 

conversion of 19 into 18. 

17 18 19 
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RESULTS 

The emphasis of the Initial experiments directed toward 

the total synthesis of [2^](2,3,4,5)furanophane (^) was 

placed on developing an efficient route for the preparation 

of an initial target molecule with general structure ̂ . 

Since the pyrolytlc elimination of benzoic acid from 

2-methyl-3-furylmethyl benzoate is the best method currently 

available for the production of 2,3-dimethylene-2,3-di-
on 

hydrofuran (10), the preparation and study of the 

pyrolysis chemistry of ^-carbomethoxy-2,5-dlmethyl-3-furyl-

methyl benzoate (20) was undertaken. Exposure of a sample 

of dimethyl 2,5-dimethylfuran-3j^-dicarboxylate (21) in 

ether to an amount of lithium aluminum hydride (LiAlH^) 

equal to two hydride ions per molecule of resulted in 

the formation of 4-carbomethoxy-2,5-dimethyl-3-furylmethyl 

alcohol (^) and 3 ,4-bis (hydroxymethyl)-2,5-dimethylfuran 

(^), in addition to the recovery of unreacted starting 

material 21. After the three major components of the 

product mixture were separated by column chromatography, 

22 was converted to benzoate 20 by reaction with benzoyl 

chloride in the presence of triethylamine. 
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MeOOC, OOMe 

0.5 equlv 
LiAlH), 

MeOOC 

'3 ' ̂ 0 

20 

MeOOC ^ CHg—0—j:j—Ph 

XL " 

pp PhCOCl ^ jt A 0 
Et^N 

The PVP of 20 at temperatures ranging from 550 to 6lO°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 ̂  and 25 and head-to-head, 

[4+4] dimer ̂  of 2,3-bis(methylene)-4-carbomethoxy-2,3-di-

hydro-4-methylfuran (27) were isolated. 
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COOMe COOMe MeOOC 

COOMe 

MeOOC 

COOMe 

COOMe 

24 25 

Evidence showing that 27 is the primary pyrolysis 

product, which later forms and ^, was obtained by 

recording and ^^C NMR spectra of 27 at -60°C. In Figure 

1, NMR spectra of the pyrolysis products of ̂ , recorded 

at -60 and 35°C, are presented. The NMR spectrum of ̂  

included one-proton singlets at 6 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 6 3.82 for the 

methyl ester group and a three-proton singlet at ô 2.43 
TO 

for the ring-methyl group. The C NMR spectrum of 27 
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Figure 1. NMR spectra of the pyrolysls products of 

4-carbomethoxy-2,5-dlmethyl-3-furyImethyl 

benzoate (^) recorded at -60°C (top) and 

at 35°C (bottom) 

Top : 2,3-bi8(methylene)-4-carbomethoxy-2,3-dl-

hydro-4-inethylfuran ( 27 ) 

Bottom: A mixture consisting of [4+2] dlmers 

24 and 25 and [4+4] dlmer ̂ . The 

ratio of the sum of 24 and 25 to 

[4+4] dlmer 26 Is 1.24 to 1. 
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1:1 CSg /CDCI3 -60°C 

35°C 

4—V Lav^V^ LJV 

J 1_ 

5 4 (PPM) 3 2 1 
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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 6 103.74 and 85.32 for the 

exocyclic-methylene carbons at the three and two positions, 

1 1^ 
respectively. The H and C NMR chemical shifts observed 

for 27 were assigned by comparing them with the chemical 

shifts observed for 2,3-bis(methylene)-2,3-dihydrofuran 

(10)2,3-bis(methylene)-2,3-dlhydro-4-methylfuran,30 

2,3-bis(methylene)-2,3-dihydro-5-niethylfuran and furano-

radialene. Warming the samples to room temperature resulted 

in the dimerization of ̂  into 24, 25 and 26. 

The structures of the [4+2] dimers ̂  and ̂  were 

1 IQ 
indicated by H and C NMR spectral data obtained for the 

product mixtures after [4+4] dimer ̂  was removed by 

selective crystallization. The NMR spectra observed 

for mixtures of 24 and ̂  indicated the presence of only 

one [4+2] dimer of 27 since the chemical shifts observed 

for the corresponding hydrogens in ̂  and ̂  were found to 

be accidentally equivalent. The NMR spectrum Included 

doublets at 6 4.5 and 3*99 (J = 2.5 Hz) for the exocyclic-

methylene hydrogens, broad singlets at 6 3.8 and 3.73 for 

the carbomethoxy hydrogens, a broad multiplet from 6 

2.8 to 2.2 for the ring-methylene hydrogens on the carbons 

adjacent to the furan ring, broad singlets at 6 2.53 and 2.27 
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for the ring-methyl groups, and a broad multiplet from 6 

1.85 to 1.05 for the remaining ring-methylene hydrogens. 

The singlets observed at 6 5-67 and 5.^1 for the methylene 

group at the three position in ̂  were absent in the NMR 

spectrum observed for a mixture of 24 and 25. This 

observation indicated that the exocyclic double bond at 

the three position acts as the dienophile in forming the 

observed [4+2] dimers. 

The NMR spectrum obtained for a mixture of 24 and 

^ indicated that two [4+2] dimers were present in the 

product mixture. The -^C NMR spectrum included signals at 

6 158.79 for the ring carbon attached to an exocyclic 

methylene group at the two position of a dihydrofuran ring 

and at 6 85.87 for the corresponding exocyclic methylene 

carbon. The signals observed in the C NMR spectrum of 

27 at 6 136.20 for the ring carbon at the three position and 

6 103.74 for the exocyclic methylene carbon attached to the 

11 
three position were absent in the -"C NMR spectrum of the 

mixture of 24 and 25. 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 -^C NMR chemical shifts could not be rigorously 

assigned to regioisomers ̂  and 25, the areas of the peaks 

for the ring-methyl groups were used to determine the isomer 

ratio of the two [4+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 6 15.22 and 14.25 for the other 

Isomer is equal to 2.27 to 1. Although there are six 

possible [4+2] dimers that can be formed from only 

[4+2] dimers ̂  and ̂  were identified in the NMR spectra 

of the product mixtures. The and NMR chemical shifts 

observed for [4+2] dimers ̂  and 25 were in agreement with 

the chemical shifts observed for the comparable signals 

of the [4+2] dimer of furanoradialene. 

The structure of head-to-head, [4+4] dimer ̂  was also 

indicated by its spectral properties. The NMR spectrum 

of 26 in benzene-dg included a six-hydrogen singlet at 

6 3.43 for the methyl ester groups, four-hydrogen singlets 

at 6 3.26 and 2.77 for the ring-methylene groups and a 

six-hydrogen singlet at 6 2.35 for the ring-methyl groups. 

The NMR chemical shifts of the ring-methylene hydrogens 

were observed to be accidentally equivalent for a sample of 

^ in deuterochloroform. The NMR spectra recorded for 

benzene-dr and deuterochloroform solutions of 26 are —b — 

presented in Figure 2. A similar observation was observed 

13 
in the C NMR spectrum of a deuterochloroform solution of 

26. The ring-methylene carbons of 26 were found to be 
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Figure 2. NMR spectra of [4+4] dimer 26, 4,4'-bis-

(carbomethoxy)-5 j 5'-dimethyl-[2,2](2,3)furan-

ophane, recorded in benzene-dg (top) and in 

deuterochloroform (bottom) 

MeOOC, COOMe 

Integration of the signals In the top spectrum 

gave an area ratio of 3:2:2:3, which is the 

expected ratio for compound 26. 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 equivalent. 
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accidentally equivalent and were observed at 6 29.2. The 

1? 
C NMR soectrum of 26 In benzene-d^ consisted of nine 

—D 

peaks, as required by the symmetry of 26, with appropriate 

chemical shifts. 

Product yields of dlmers ̂ , 25, and ̂  were determined 

1  
by quantitative H NMR analysis using 1,1,2,2-tetrachloro-

ethane as an Internal standard. The yields of products 

obtained at various pyrolysls temperatures are presented 

In Table I. Several unsuccessful attempts were made at 

converting mixtures of ̂ ^, and ̂  Into higher amounts 

of desired [4+4] dlmer ̂ . Heating a chlorobenzene solution 

of 24, 25 and ̂  to 100*C In the probe of an NMR spectrom

eter for 4 h resulted In a gradual decomposition of both 

the [4+2] dlmers ̂  and ̂  and the [4+4] dlmer 26. There 

was no evidence obtained which Indicated that ̂  and ̂  

could be converted Into [4+4] dlmer 26. When the yield of 

[4+4] dlmer 26 from benzoate 20 could not be Improved 

above a maximum of approximately 15%, several alternative 

syntheses of initial target molecules with general structure 

19 were attempted. 
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Table I. Products 
methyl-3-

and yields formed from pyrolyses of 
-furylmethyl benzoate (20) at various 

4-carbomethoxy-2,5-di-
temperatures 

Pyrolysis 
Temperature (°C) Products and Yields (%)^ 

Recovered 
Starting 
Material (%) 

[4+2] 
Dimers 

[4+4] 
Dimer 

24 + 25 26 20 

550^ 15.2 15.1 3.4 

580^ 17.8 12.6 

610^ 15.1 12.2 

Q 1 
Yields were determined by H NMR spectroscopy using 1,1,2,2-tetra-

chloroethane as an internal standard. 

^Under all pyrolysis and workup conditions, the major product formed 
was a colorless, cellophane-like polymer. 
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MeOOC COOMe MeOOC 

10 Torr 

Acetate ̂  was prepared using a synthetic sequence 

analogous to that used for the preparation of benzoate 20. 

Pyrolyses of 28 using a variety of workup conditions gave 

yields of l4+4 ] dimer 26 that were lower in all cases than 

the yields of 26 formed from benzoate 20. The lower 

product yields from acetate 28 were caused by the partial 

decomposition of the starting material in the sample 

compartment and the extensive decomposition of the pyrolysls 

products because of the presence of acetic acid. The 

addition of solid sodium bicarbonate 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 [4+2] dimers 24 and 25 or 

the [4+4] dimer 26. 
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MeOOC CHo—0—C—CH il 3 
0 —ni 

10 Torr 

[4+2] 
Dlmers 

[4+4] 
Dlmer 

2 8  2 4 + 2 5  • 2 6  

1 3 . 5 %  8.5% 

Since pyrolytlc eliminations of hydrogen chloride from 

In the preparation of ortho-xylylenes, the synthesis and 

study of the pyrolysls chemistry of 4-carbomethoxy-3,5-dl-

methylfurfuryl chloride (^) was undertaken. Compound ̂  

was prepared by chloromethylatlon of methyl 2,4-dimethyl-

furan-3-carboxylate (30). Pyrolyses of ̂  were carried 

out at temperatures ranging from 650 to BOO°C. At temper

atures below 750°C, the only materials collected In the 

product trap were starting material ̂  and polymer. At 

temperatures above 750°C, the total conversion of 29 Into 

polymeric and decomposed materials was observed. There was 

no NMR or gas chromatographic (GLC) evidence for the 

formation of [4+2] dlmers ̂  and ̂  or [4+4] dlmer ̂  

under any pyrolysls or workup conditions. A low-temperature. 

ortho-methylbenzyl chlorides 15-22 have been used extensively 
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NMR study of the pyrolysis products failed to give any 

evidence for the formation of either 2,3-bis(methylene)-

4-carboraethoxy-2,3-dihydro-5-niethylfuran (27) or any 

oligomers of ̂ . 

COOMe COOMe 

30 29 

COOMe 

[ l i + 2 ]  [4+4] 
29 —> J \\ > Dimers + Dimer 

27 24 + ̂  26 

Due to the poor yields and extensive polymerization 

observed with reactions forming 27 as a precursor to [4+4] 

dimer syntheses of several alternative [4+4] dimers 

with general structure ̂  were attempted. 2,5-Dimethyl-4-hy-

droxymethyl-3-furylmethyl acetate (31) was prepared by 

reacting diol ̂  with one equivalent of acetyl chloride in 

the presence of trlethylamine. The desired acetate product 

^ was separated from unreacted starting material 23 and 

dlacetate ̂  by column chromatography on silica gel. The 

total yield of isolated product was low because of the 
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partial decomposition of dlol 23 and acetate ̂  under the 

chromatography conditions. Pyrolysis of ̂  at 590°C 

resulted in total conversion of the starting material into 

complex product mixture. There was no evidence for the 

formation of desired product 33-

HO-CH 

1 eg. AcCl 

23 8.5% 31 (18%) 

+ 

32 (21.3%) 

HO-C" 

31 

10 

590°C 

Torr 

33 
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Since the hydroxy group in ̂  was a possible cause 

of the lack of formation of ̂  from the preparation 

and pyrolyses of trimethylsilyl ether analogs ̂  and ^, 

of 31J were undertaken. Pyrolyses of either 34 or 35 at 

HO-CH Me^Si-O-CH 

•> 

31 34 (90.4%) 

1) 1 eq. PhCOCl 
EtgN 

2) Me^SiCl 

EtgN 

Me_,Si-0-CH ,CH Me^Si-O-CH CH^-O-SiMe 

3 5  ( 3 7 . 8 % )  3 6  ( 5 . 3 % )  

Ph-C-O-CH CHn-O-C-Ph 

+ 

3 7  ( 2 0 . 5 % )  

HO-CH 

23 
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temperatures ranging from 510 to 590°C resulted In total 

conversion of the starting material Into complex product 

mixtures. There was no NMR evidence for the production 

of either [4+2] or [4+4] dlmers of 2,3-bls(methylene)-2,3-dl-

hydro-5-inethyl-4-(trlmethylslloxy)methylfuran (38) . 

PVP 
34 or 35 4\-> 

TMS-O-CHgi 

0 

[4+2] 
or Dlmers 

of 38 

[4+4] 
or Dlmers 

of 38 

38 

Low-temperature, NMR studies of the pyrolysls product 

mixtures formed from acetate ̂  and benzoate ̂  also 

failed to provide conclusive evidence for the production 

of ^. Since the NMR spectra In the region for the 

trlmethylsllyl groups (6 0.0 to 0.5) was converted from a 

singlet in ̂  and 35 to multiple peaks in the product 

mixtures, the trlmethylsllyl ether groups In ̂  and ̂  are 

apparently unstable to the pyrolysls conditions necessary 

to form ̂ . This hypothesis was confirmed by pyrolyzlng 

bis(trlmethylsllyl ether) 36. Pyrolysls of 36 at 570°C 
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resulted in the formation of polymer and deprotected 

alcohols ̂  and along with several unidentified 

blproducts. There was no evidence for the formation of 

either 38 or oligomers of 38 from pyrolyses of 36. 

Me^Si-O-CH ^^CHg-O-SlMeg HO-CH.t /H -OH 

HO-CHg CHg-O-SiMeg 

+ 36 + polymer 
0"'  

39 

In the absence of a better method of preparing either 

[4+4] dimer 26 or an alternative initial target molecule 

with general structure I9, repetitive pyrolyses of 

4-carbomethoxy-2,5-dimethyl-3-furylmethyl benzoate 20 

were used to prepare adequate quantities of 26 for an 

attempted synthesis of [2^](2,3,4,5)furanophane (^). A 

total of 3.05 g (0.0106 mole) of benzoate ̂  was pyrolyzed 

over nine runs at a furnace temperature of 580°C and 

pressures ranging from 10"^ to 10~^ 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 

byproducts, and carbon disulfide solvent, the desired 

[4+it] dimer 26 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 26 was 

isolated. 

[4+4] Dimer ̂  was converted in 87% isolated yield 

into diol 33 by treatment of ̂  with an ethereal slurry 

of lithium aluminum hydride. The resulting diol 33 was 

then converted into diacetate 40 by treatment of 33 with 

acetyl chloride in the presence of triethylamine. Using 

this two-step sequence, 0.105 g of diacetate ̂  was 

isolated. Diacetate 4o was fully characterized by IR, 

1 13 
H NMR, C NMR and high-resolution, mass spectral analyses 

and gave data which were consistent with its structure. The 

NMR spectrum of ^0, containing five singlets as required 

by the symmetry of ^0, is presented in Figure 3. 

MeOOC COOMe 

1) LiAlH 

2) C H _ C 0 C 1  

E t _ N  

( 9 2 % )  

26 
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Figure 3. NMR spectrum of a CDCl? solution of 4,4'-bis(acetoxymethyl)-5,5'-di-
methyl-[2,2](2,3)furanophane (40) recorded at ambient temperature 
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Pyrolyses of dlacetate ̂  at temperatures ranging from 

560 to 6lO°C resulted in complete conversion of the starting 

materials into complex product mixtures. NMR spectra 

of the product mixtures indicated that furanophane 17 and 

hexaene ̂  were at most minor products (<5% yield). The 

region of the spectra between 6 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 4l 

of furanoradialene 42. 

40 

- ̂  

42 41 

18 17 
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All attempts to Isolate [22^] (2,3,4,5)furanophane ̂  

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 furanoradlalene 42 is a 

secondary pyrolysis product formed from hexaene l8, gas 

chromatography/mass spectral (GLC/MS) analyses of diacetate 

40 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 furanoradlalene 42. The fragment 

at m/e 24o, corresponding to [2|^] (2,3,4,5)furanophane (17) 

or hexaene intermediate 18, was l4% of the base peak at 

70 eV. These observations differ from those observed at 

l8 eV, in which the base peak of the fragmentation pattern 

at m/e 24o corresponds with furanophane 17 or hexaene l8. 

At the lower ionization 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 
4,4'-bis(acetoxymethy1)-5,5'-dimethyl-[2.2](2,3)-
furanophane (4o) at ionization energies of 70 eV 
and l8 eV 

0
 

<
 

18 eV 

Mass % of ^ of Fragment 
Number Base Base 
(m/e) Peak Peak Ion 

360 2.78 71.94 M"*" 

300 3.42 58.72 (M+) - CH.COOH 

240 14.00 100 .00 (M*) - Z^CHgCOOH) 

180 9.93 4.72 (M+)/2 

120 100.00 13.10 [(M+) - 2(CH2C00H)]/2 

acetic acid from 40. At the higher ionization energy, the 

ma j or fragment ion is due to cleavage into two furano-

radlalene fragments after the loss of two molecules of 

acetic acid from ^. These observations suggest that the 

loss of two molecules of acetic acid from ̂  to form either 

furanophane y or hexaene ̂ , occurs more readily than the 

cleavage which results in the formation of furanoradlalene 

42. 
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DISCUSSION 

A migration mechanism was previously proposed for 

the conversion of 2-methyl-3-furylmethyl benzoate (9) 

mechanistic scheme is proposed for the conversion of 

4-carbomethoxy-2,5-dlmethyl-3-furylmethyl benzoate (^) 

into 2,3-bis(methylene)-4-carbomethoxy-2,3-dihydro-5-methyl-

furan (27). The mechanism Involves a 8 elimination 

of benzoic acid from intermediate ^ after a [3,3] shift 

of the benzoate group. This formal 1,4 elimination of 

a carboxylic acid during an ester pyrolysis has literature 

A 8 S ̂ 
precedent in the pyrolysis chemistry of allylic ~ and 

benzyllc^^"^^ esters containing 5 hydrogens. In the 

into 2,3-dimethylene-2,3-dihydrofuran (10).A similar 

MeOOC CHg—0—Ph 

0 [3.3]_ 

MeOOn 

20 
CH, 

43 3 

elimination 

MeOOr 
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product mixtures formed from several allyllc esters, the 

Intermediates formed by a [3,3] shift of a carboxylate 

group have been Isolated. 

The dlmerlzatlon of 27 forming [4+2] dimers 24 and 

25 and [4+4] dimer 26 can involve either concerted or 

diradical mechanisms or a combination of both. There are 

three possible diradical intermediates which can be 

formed from ^: M, 45, and ^. Diradical 44 can form 

one of the observed [4+2] dimers 24 in addition to the 

observed [4+4] dimer 26. Diradical 45 can form both the 

observed [4+4] dimer 26 and an unobserved [4+2] dimer 47. 

Diradical ̂  can form the unobserved head-to-tail, [4+4] 

dimer ̂  and the unobserved [4+2] dimer 49, as well as the 

observed [4+2] dimer 25. 

Simple resonance considerations suggest that the type 

of radical center found in M is more stable than that 

found in ^. However, if there is a stability difference 

in the type of radical centers found in 44 and 45, one of 

the symmetrical, diradical intermediates (44 or 45) would 

be more stable than either the other symmetrical, diradical 

intermediate or the unsymmetrical, diradical intermediate 46. 

The diradical mechanism for the formation of [4+4] dimer 26 

is analogous to that proposed for the dimerization of 

ortho-xylylene (8),^^ trimethylenecyclobutane,^^ and 

tetramethylenecyclobutane. 



www.manaraa.com

232 

MeOOC OOMe COOMe MeOOC 

COOMe 

MeOOC 

MeOOC COOMe 

45 

OOMe 
MeOOC 

IL 
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MeOOC COOMe 

COOMe COOMe 

MeOOC 

COOMe 

COOMe 

OOMe 

25 kg 

A concerted (ir^s + mechanism for the dlmerlzation 

of 27 could result In the formation of either the observed, 

head-to-head, [4+4] dlmer 26 or the unobserved, head-to-tall 

dlmer 48. The Information obtained from a molecular orbital 

calculation on structure ̂  would be necessary to predict 

which [4+4] dlmer or 26) would be formed from a 

concerted dlmerlzation of 27. 
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MeOO^ 
MeOOC 

IT s + ir a 

COOMe 
27 48 

or 

A concerted mechanism is favored for the formation of 

the [4+2] dlmers from 27 since diradlcal intermediates 

44, 45 and 46 would be expected to produce some of the 

unobserved [4+2] dlmers 47 and ̂  in addition to the observed 

dlmers ̂  and 25. However, the possibility that some of 

the total amount of [4+2] dlmers ̂  and ̂  may result from 

a diradlcal pathway can not be ruled out. The formation of 

[4+2] dlmers ̂  and 25 has literature precedent in the 

formation of spirodlmers from ortho-xylylene (8),^^ imine 

50^^ and 4,5-bls(methylene)cyclohepta-2,6-dlen-l-one (51).^^ 

8 
N-Me 

50 
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51 

0 

The poor yields of the desired [4+4] dlmer 26 from 

trlene 27 can be attributed to several factors. The 

uncontrolled polymerization of 27 resulted In the formation 

of a colorless, transparent polymer as the major product 

under all pyrolysls and workup conditions. Also, for the 

first time, formation of [4+2] dlmers predominated over 

formation of [4+4] dlmers on warmup of a 2,3-bls(methylene)-

2,3-dlhydrofuran species. Although the extensive poly

merization observed In this system might explain the poor 

yields of [4+4] dlmer 26, the 17.8% yield of [4+2] dlmers 

24 and 25, formed on pyrolysls of benzoate 20 at 580°C, 

Is the highest yield of [4+2] dlmers formed to date from a 

2,3-bls(methylene)-2,3-dlhydrofuran species. The extent of 

the formation of the [4+2] dlmers from 27 Is unusual and 

at this time we do not have a satisfactory explanation for 

this observation. 
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The investigation of the pyrolysis chemistry of 

4,4'-bis(acetoxymethyl)-5,5'-dimethyl-[2.2](2,3)furanophane 

(40) showed that was at best a poor precursor to 

[2^] (2,3,4,5)furanophane (^) . A mechanistic scheme which 

accounts for the formation of the pyrolysls products from 

40 is presented in Figure 4. The desired hexaene Inter

mediate 18 can be formed from dlacetate W by undergoing 

two g eliminations of acetic acid after [3,3] shifts of 

the acetate groups into the furan rings. 

The formation of [4+2] dlmer 4l of furanoradialene 

(42) can be explained by retro [4+4] reactions of either 

hexaene intermediate l8 or structures 52 and 53 to form 

furanoradialene (42). Structures 52 - 55 and 40 would 

also be expected to form 56 or 57 which would be converted 

to 42 under the pyrolysls conditions. Furanoradialene 

(42) then undergoes a Diels-Alder dimerization upon 

workup, forming [4+2] dimer ̂ . The retro [4+4] reaction 

observed in the pyrolysls of dlacetate is analogous 

to the retro [6+6] reaction observed in [2.2](l,4)cyclophane 

systems. A commercial process developed by Union Carbide 

AcO-C 

.17 



www.manaraa.com

Figure 4. Mechanistic scheme for the formation of furanoradialene (^) and 

4,4',5,5'-tetrakis(methylene)4,4',5,5'-tetrahydro[2.2](2,3)furano-

phane (l8) from 4,4'-bi8(acetoxymethyl)-5,5'-dimethyl-[2.2](2,3)-

furanophane (40) 
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for the production of Parylene (58), a family of linear 

plastics based on the polymerization of £-xylylene 

(59), involves the generation of 59 by a gas-phase 

pyrolysis of [2.2](l,4)cyclophane (1) at 600 - 650°C.^^*^^ 

When deposited onto a substrate, £-xylylene (^) instantly 

polymerizes in a continuous film. A similar situation 

6 0 0 ° C  
» 

1 mm 
^CH î-0-®2-

n 

59 58 

resulted when cyclophane 60 was pyrolyzed at 900°C 

i n  t h e  g a s  p h a s e ,  p r o d u c i n g  h e x a r a d i a l e n e  ( 6 1 ) . a  

60 61 

related reaction involves the production of furanoradlalene 

(42) from pyrolyses of 1,2,3,6,7,8,9-octahydrodibenzo-

furan (62). 72 
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vacuum 
+ 62 

6 2  42 70% 

15% 

The retro [4+4] reaction observed during pyrolyses 

of dlacetate 4o rendered 4o a poor precursor to [2^]-

(2,3J 4,5)furanophane (17)- The temperatures required 

for generating 2,3-bls(methylene)-2j3-dlhydrofuran species 

from ̂  are high enough for the undesirable retro [4+4] 

reaction to occur. 
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EXPERIMENTAL 

Methods and Materials. The pyrolysls apparatus has 

70 1 
been previously described. H NMR spectra were recorded 

using Varlan EM-36O, Varlan HA-100, Hltachl-Perkln Elmer 

1 ? 
R-20B or Bruker WM-300 spectrometers. C NMR spectra 

were recorded using a JEOL FX-90Q or a Bruker WM-300 

spectrometer. Chemical shifts are reported In parts per 

million (6) from tetramethylsllane (Me^Sl). 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 analyses (GLC/MS) 

were performed using a Plnnlgan 4000 Instrument, at Ionization 

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-slllca, capillary 

column coated with a methylslllcone liquid phase. Melting 

points were determined with a Thomas-Hoover apparatus and 

are uncorrected. 

Chloroacetone and chlorotrlmethylsllane were obtained 

from Aldrlch Chemical Co. Lithium aluminum hydride (lithium 

tetrahydrldoalumlnate) 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 trlethylamlne were 

supplied by Eastman Organic Chemicals. Iodine and para

formaldehyde were obtained from Fisher Scientific Co. 

Gaseous hydrogen chloride was obtained from Matheson Co. 

Dimethyl 2,3-Dlacetylsucclnate. The following 

procedure was adapted from a literature synthesis of diethyl 

2,3-dlacetylsucclnate. ' 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 (LIAIH^) 

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 (dropwlse 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 solid 

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 



www.manaraa.com

243 

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; 46.34%) of a mixture of 

meso- and d,l-dlmethyl 2,3-diacetylsuccinate: mp 138-139°C; 

IR (CHClg) 1745, 1720, 1645, 1290-1245, 1165 CM~^; NMR 

(CDCl.) (major isomer) 6 4.52 (s, 2H), 3.72 (s, 6H), 2.44 

(s, 6H); NMR (CDC1_) (minor Isomer) 6 4.48 (s, 2H), 

3.75 (s, 6H), 2.38 (s, 6H); high resolution mass spectrum 

calcd for 230.07904, measured 230.07863. The 

ether and aqueous filtrates were separated and the aqueous 

layer was extracted with ethyl acetate (4 x 50 mL). The 

ether and ethyl acetate layers were combined and then washed 

with saturated sodium chloride (3 x 50 mL), dried over 

MGSO^j 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.^^'^^ Dimethyl 2,3-dl-

acetylsuccinate (26.67 g; 0.II6 mole) was dissolved in 200 

mL of cold, concentrated sulfuric acid. After stirring the 

mixture for 4 h at 0*C, it 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 aqueous 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). After the organic layer was dried (MgSO^), 

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 (CHCl^) 

2970, 1715, 1600, 1455, 1415, 1290, 1095, 865 cm"^; NMR 

(CDClg) 8 3.83 (s, 6H), 2.43 (s, 6H); NMR (CDCl^) 

6 164.0, 155.8, 113.6, 51.6, 13.1; high resolution mass 

spectrum calcd for 212.06848, measured 212.06830. 

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 (LiAlH^), was slowly added I.6180 g (0.0426 mole) of 

lithium aluminum hydride powder. After the addition was 

completed, the mixture was stirred at room temperature for 

77 
4 h. A standard workup yielded 13.12 g of a mixture 

containing starting material 21, 4-carbomethoxy-2,5-dl-

methyl-3-furylmethyl alcohol (^) and 3,4-bls(hydroxy-

methyl)-2,5-dimethylfuran (23). Without purification, the 
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hydroxy groups present In compounds 22 and ̂  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 dropwlse to a stirred solution containing 13.12 g 

of the mixture of compounds ^, 22 and 23 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 (MgSO^), 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 (37): 

mp 97-98°C; IR (CHC1_) 3100-2790, 1720, 1622, 1265, 1170, 

1100, 1020, 915, 856, 705 cm"^; NMR (CDC1_) 5 8.14-7.80 

(m, 4h), 7.65-7.03 (m, 6h), 5.24 (s, 4h), 2.33 (s, 6H); 

high resolution mass spectrum calculated for ^22^20^5 

364.13108, measured 364.13145. The remainder of the product 
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mixture was separated by column chromatography on l80 g 

of silica gel (Baker 40-l40 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 37. The second material eluting from the column 

was 3.5851 g (0.0124 mole; 16.11%) of 4-carbomethoxy-2,5-di-

methyl-3-furylmethyl benzoate (^0): IR (thin film) 3110-

2800, 1715, 1705, 1585, 1445, 1295, 1265, 1205, 1130, 1095, 

1075 cm'l; NMR (CDCl^) 5 8 . 3 5 - 8 . 0  (m, 2 H ) ,  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 

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 liauid-nitrogen-cooled trap to 

collect any unreacted starting material and benzoic acid 

formed as a byproduct in pyrolyses of benzoates ^ and 35. 

During each pyrolysis, a solvent was transferred from a 

flask into the product trap. After all of the starting 
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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, 

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. 

Pyrolysls of 4-Carbomethoxy-2,5-dlmethyl-3-furylmethyl 

Benzoate (20) (Yield Maximization). Samples of benzoate 20 

(ca. 0.22 g) were pyrolyzed at temperatures of 550, 580 and 

-4 
and 610*0 and pressures of ca. 10 Torr using the general 

procedure. During a pyrolysls, 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 mln 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 (MgSO^), the solvent was 

removed giving the crude product mixture which was dissolved 

in a CDClg solution containing a known amount of 1,1,2,2,-

tetrachloroethane as an internal standard. Yields were 

determined by quantitative, NMR experiments and are 

presented in Table I. 

Preparative Scale Pyrolyses of 4-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"^ 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 (MgSO^), 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; 1.9%) 

of white needles of 4,4'-bis(carbomethoxy)-5,5'-dimethyl-

[2.2](2,3)furanophane (26): mp l80-l8l.5°C, NMR (dg-

benzene) 5 3.43 (s, 6H), 3.26 (s, 4H), 2.77 (s, 4H), 2.35 

(s, 6H); NMR (CDCLG) 6 3.82 (s, 6H), 3.08 (broad s, 

8H), 2.48 (s, 6H); NMR (dg-benzene) 6 164.64, 157.43, 

148.49, 119.45, 114.47, 50.38, 25.79, 23.35, 14.19; NMR 

(CDC1_) 6 164.96, 157-97, 150.17, 118.32, 112.63, 50.86, 

29.20, 14.19; high resolution mass spectrum calcd for 

*^18^20^6 332.12599, measured 332.12654. After removing 

most of furanophane (26), the product mixture consisted 

mainly of [4+2] dimers 24 and NMR (1:1 CSg/CDCl.) 

6 4.5 (d, J = 2.5 Hz, 2H), 3.99 (d, 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, 4H); NMR (CDCl^) 6 

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, 47.94, 

32.23, 30.28, 17.44, 15.22, 14.52, 14.25, 14.03. The ratio 
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of one [4+2] dlmer 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 regioisomer. 

2,3-Bis (methylene)-4-carbomethoxy-2 ,3-dihydr.o-5-methyl-

furan (27). A 0.3998 g (0.001387 mole) quantity of ̂  was 

pyrolyzed at 6lO°C and 10"^ Torr using the general procedure. 

The pyrolysis products were dissolved in a total of 4 mL 

of a 1 : 1 mixture of carbon disulfide and deuterochloroform. 

After the product solution was placed into three 5 mm, NMR 

1 13 
tubes containing Me^Si at -78*0, H and C NMR spectra were 

recorded at temperatures below -60°C which indicated the 

presence of 2,3-bis(methylene)-4-carbomethoxy-2,3-di-

hydro-5-methylfuran (27): NMR (1:1 CSg/CDCl.) 6 5.67 

(s, IH), 5.41 (s, IH), 4.91 (d, J = 3 Hz, IH), 4.72 (d, 

J = 3 Hz, IH), 3.82 (s, 3H), 2.43 (s, 3H); NMR (1:1 

CSg/CDCl.) 6 170.16, 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 ̂  was converted into [4+2] dimers 24 and 25, 

[4+4] dimer ̂  and polymer. 

4-Carbomethoxy-2,5-dimethyl-3-furylmethyl Alcohol (22). 

To a stirred solution of 23.01 g (0.01084 mole) of dimethyl 

2,5-dlmethyl-3,4-furandicarboxylate (21) in 300 mL of dry 

ether (LiAlH^) at 0°C, was slowly added 2.1487 g (O.O566 

mole) of lithium aluminum hydride powder. After the addition 
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was completed (ca. 40 min), the reaction mixture was stirred 

77 
at room temperature for 15 h. A standard workup yielded 

15.37 g of crude product which was purified by column 

chromatography on silica gel (Baker 40-l40 mesh; 320 g in a 

40 mm diameter by 6OO 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 4-carbomethoxy-

2,5-dimethyl-3-furylmethyl alcohol (22) (3.67 g; 0.0199 mole; 

l8.ii%): IR (thin film) 3460, 1715, l640, 1590, 1450, 1302, 

1130, 1005 cm'l; NMR (CDCl?) 6 4.45 (m, 2H), 3.85 (s, 

3H), 3.72 (broad s, IH), 2.47 (s, 3H), 2.22 (s, 3H); high 

resolution mass spectrum calcd for 184.07356, 

measured 184.07309. Although there was NMR evidence 

for the presence of 3»4-bis(hydroxymethyl)-2,5-dlmethylfuran 

(^) in the crude product mixture, 23 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 (LiAlH^) was added dropwlse to a stirred 

solution of 2.3893 g (0.0130 mole) of alcohol ̂  and 1.9846 

g (0.0196 mole) of triethylamlne 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 (MgSO^), the solvent was 

removed giving the crude product mixture (2.7508 g; 0.01216 

mole; 9^%) which was purified by short-path distillation 

yielding 2.4107 g (0.01066 mole; 82%) of a colorless, liquid 

sample of 28: bp 75°C (0.01 mm); IR (thin film) 17^5, 1725, 

1600, 1450, 1235, 1140, 1090, 805, 785 cm"^; NMR (CDC1_) 

6 4.95 (s, 2H), 3.68 (s, 3H), 2.4l (s, 3H), 2.18 (s, 3H), 

1.94 (s, 3H); high resolution mass spectrum calcd for 

^11^14°5 226.08413, measured 226.08437. 

Pyrolysls of 4-Carbomethoxy-2,5-dimethyl-3-furylmethyl 

Acetate (28). A 0.2311 g (0.00102 mole) quantity of ^ was 

pyrolyzed at 630°C and 10~^ Torr using the general procedure. 

During the pyrolysls, a solution of I.O688 g (0.01056 mole) 

of trlethylamlne in 20 mL of carbon disulfide 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 
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carbon disulfide at -78°C was used to rinse the trap 

contents to the bottom. The temperature of the product 

solution was slowly raised to -8°C over a l4 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 (3x5 mL), 1 M sodium bicarbonate (3 x 25 mL) and 

saturated sodium chloride (2 x 25 mL). After the organic 

layer was dried (MgSO^), the solvent was removed 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 NMR analysis indicated that the mixture 

consisted of [4+2] dimers ̂  and 25 (O.O69I mole; 13.52%) 

and [4+4] dimer 26 (0.04337 mole; 8.54%). The NMR 

spectra of mixtures of and 26 formed from acetate 

28 were identical to the spectra recorded for mixtures of 

the same compounds formed from benzoate ^. 

Methyl 2,4-Dimethyl-3-furoate (30). The procedure 

used was based on a literature procedure for preparing ethyl 

2,4-dimethyl-3-furoate.7^ 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 trlethylamlne. A white 

precipitate of trlethylammonlum chloride separated from 

solution almost Immediately after the addition was completed. 

The mixture was stirred for 12 h at O^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 (MgSO^), 
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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, I615, 1565, 

1405, 1300, 1275, 1255, 1100, 995, 800, 780, 745 cm~^; 

NMR ( C D C l g )  Ô  7.07 (m, IH), 3.78 (s, 3H), 2.46 (s, 3H), 

2.07 (d, J = 1.5 Hz, 3H). 

4-Carbomethoxy-3,5-dimethylfurfuryl Chloride (2g). Dry 

hydrogen chloride was passed into a stirred mixture of 

24.5134 g (0.159 mole) of methyl 2,4-dimethyl-3-furoate 

(^), 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 

ice had melted, the layers were separated. The aqueous 

layer was extracted with methylene chloride (3 x 25 mL). 

The methylene chloride layers were combined and then washed 

with water (3 x 25 mL) and saturated sodium chloride (3 x 

25 mL). After the organic layer was dried (NaHCO^), the 

solvent was removed giving the crude product (30.3186 g; 

0.1496 mole; 94%) which was purified by sublimation at 

45°C (0.01 mm) yielding 29: IR (CHC1_) 1730, I650, 1595, 
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1405, 1115, 660 cra"^; NMR ( C D C l , )  6  4.53 ( s ,  2H), 3-77 

(s, 3H), 2.48 (s, 3H), 2.10 (s, 3H); NMR (CDC1_) 6 

164.69 (s), 160.03 (s), 144.54 (s), 120.75 (s), 114.47 (s), 

51.09 (q, J = 146.92 Hz), 35.81 (t, J = 152.59 Hz), 14.36 

(q, J = 129.8 Hz), 9.97 (q, J = 128.99 Hz); high resolution 

mass spectrum calcd for C^H^^CIO^ 202.03968, measured 

2 0 2 . 0 3 9 7 5 .  

Pyrolysis of 4-Carbomethoxy-3.5-dimethylfurfuryl 

chloride (2g). Pyrolyses were carried out with ca. 0.2 g 

of 29 at temperatures of 66O, 670, 700, 750 and 800°C and 

— 2 
pressures of ca. 10~ 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 nitrogen, 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 yielding 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 oligomers of 2?, or 2,5-bis-

(methylene)-3-carbomethoxy-2,5-dihydro-4-methylfuran from 

pyrolyses of ^. 

3.4-Bls(hydroxymethyl)-2,5-dlmethylfuran (23). To a 

stirred slurry of 4.9208 g (0.1297 mole) of lithium aluminum 

hydride in 150 mL of dry ether (LiAlH^) at O^C was slowly 

added a solution of 15.0557 g (0.0627 mole) of diethyl 

2,5-dimethyl-3,4-furandicarboxylate^^"76 100 mL of dry 

ether. After the addition was completed, the mixture was 

stirred for 3 h at room temperature. A standard workup^? 

yielded 8.57 g (0.0549 mole; 88%) of diol 75 : IR (CHCl^) 

3610, 3395, 3060-2800, 1612, 1163, 1095, 996 cm"^; NMR 

(CDClg) 6 4.38 (s, 4H), 3.89 (broad s, 2H), 2.20 (s, 6H); 

NMR (CDClg) 6 146.67 (S), 118.77 (s), 54.96 (t, J = 

142.83 Hz), 11.13 (q, J = 128.16 Hz). 

2.5-Dimethyl-4-hydroxymethyl-3-furylmethyl Acetate 

(^). A solution of 3.88O4 g (0.0494 mole) of acetyl 

chloride in 50 mL of dry ether (LiAlH^) was added dropwise 

to a stirred solution of 7.72 g (0.0494 mole of diol ^ 

and 7.5196 g (0.0743 mole) of triethylamine in 75 mL of dry 

ether. After stirring the mixture for 5 h at room tem

perature, 25 mL of distilled water was added and the layers 



www.manaraa.com

258 

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 (MgSO^), the solvent was removed 

yielding the crude 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,^-bls-

(acetoxymethyl)-2,5-dlmethylfuran (^) (2.5248 g; O.OIO5I 

mole; 21.3%): bp 94°C (0.05 mm); IR (thin film) 1740, 

1606, 1225, 1166, 1015, 954, 762 cm"^; NMR (CDC1_) 5 

4.92 (s, 4H), 2.28 (s, 6H), 2.06 (s, 6H); NMR (CDC1_) 

6 170.70 (s), 149.52 (s), 114.80 (s), 56.83 (t, J = 147.7 

Hz), 20.86 (q, J = 129.4 Hz), 11.43 (q, J = 128.2 Hz); 

high resolution mass spectrum calcd for 240.09978, 

measured 240.100439. The second component which eluted 

from the column was 2,5-dlmethyl-4-hydroxymethyl-3-furyl-

methyl acetate (^) (1.7620 g ; O.OO889 mole; l8%): IR 

(thin film) 3430, 1740, I605, 1280, 1238, 1164, 1020, 995, 

960, 915, 822, 763 cm"^; NMR (CDCl^) 6 4.95 (s, 2H), 
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4.42 ( s ,  2H), 2.25 (s, 6H), 2.03 ( s ,  3H). The third 

component which eluted from the column was starting diol 

23 (0.656 g; 0.0042 mole; 8.5%). 

2,5-Dimethyl-4-trimethylsiloxymethyl-3-furylmethyl 

Acetate (gjt). A solution of O.9692 g (O.OO892 mole) of 

chlorotrimethylsilane in 20 mL of dry ether (LiAlH^) was 

added dropwise to a stirred solution of 1.3649 g (O.OO689 

mole) of ̂  and 1.4707 g (0.0153 mole) of trlethylamlne 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 

5 mL), 1 M sodium bicarbonate (2x5 mL) and saturated 

sodium chloride (3 x 10 mL). After the organic layer was 

dried (MgSO^), the solvent was removed giving the crude 

product mixture which was purified by short-path distillation, 

yielding 1.6848 g (O.OO62 mole; 90%) of ^: bp 62-63°C 

(0.01 mm); IR (thin film) 1738, 1604, 1244, 1224, II63, 

1045, 1013, 866, 834, 740 cm~^; NMR (CDCl?) 6 4.95 

(s, 2H), 4.45 (s, 2H), 2.25 (s, 6H), 2.06 (s, 3H), O.I6 

(s, 9H); NMR (CDCl^) 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 C^^EggO^Sl 270.12874, measured 

270.12891. 
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Pyrolysls of 2,S-Dlmethyl-'^-trlmethylslloxymethyl-

3-furylmethyl Acetate (^4). Samples of ̂  (ca. 0.22 g) 

were pyrolyzed at temperatures of 510, 550 and 580°C and 

at pressures of ca. 10"^ Torr using the general procedure. 

The pyrolysis products were collected in 3 mL of a 1 : 1 

mixture of carbon disulfide and deuterochloroform at -78°C. 

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 ^. There was 

no evidence for the formation of either 2,3-bis(methylene)-

2,3-dlhydro-5-niethyl-'4-trimethylsiloxymethylfuran ( 3 8 )  o r  

oligomers of 38 under the pyrolysis conditions. 

2,5-Dimethyl-4-trimethylsiloxymethyl-3-furylmethyl 

benzoate (3^). A solution of 8.85^3 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 ̂  and 9.0807 g (0.0897 

mole) of triethylamine in 250 mL of dry ether. After the 

mixture was stirred for 3^ 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 

aqueous 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 



www.manaraa.com

261 

sodium chloride (2 x 25 mL). After the organic layer was 

dried (MgSO^), the solvent was removed yielding the crude 

product mixture (l4.7404 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 (14.7^0^ 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 (MgSO^), the solvent was removed giving 

the crude product mixture which was initially purified by 

selective crystallization of dlbenzoate ^ from a concen

trated ethereal solution. Recrystalllzatlon of the white 

powder in ether yielded colorless prisms of ^7: mp 97-

97.5°C. The IR and NMR spectral data, as well as the 

melting point, obtained for ^ matched the data for a sample 

of ^ obtained as a byproduct in the synthesis of ^. The 

remainder of the crude product was purified by short-path 
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distillation yielding four fractions. Fractions one and 

two consisted of 3 j^-'bls(triinethylsiloxymethyl)-2,5-di-

methylfuran (̂ ) (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 CM~^; NMR (CDCl?) 6 4.47 (s, 4H), 2.2 (s, 

6H), 0.L4 (s, 18H). Fraction 3 consisted of 2,5-dimethyl-

4-trlmethylsiloxymethyl-3-furylmethyl benzoate (̂ ) (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, 740, 705 CM"^; NMR ( C D C l ? )  6 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 ^ (1.5407 g). The total yield of 

37 obtained from crystallization and distillation was 

4.6018 g (0.0126 mole; 20.47%). 

Pyrolysls of 2,5-Dimethyl-4-trlmethylsiloxymethyl-3-

furylmethyl Benzoate (25). A 0.03064 g quantity of ^ was 

pyrolyzed at 580°C and 10~^ Torr using the general procedure. 

During the pyrolysls, 25 mL of carbon disulfide at -7d°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 j 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-4-trlmethylsiloxymethylfuran (^) or any 

oligomers of 38 in the product mixture. 

Pyrolysls of 3,^-Bls(trlmethylslloxymethyl-2,5-dimethyl-

furan (36). A O.2185 g quantity of 36 was pyrolyzed at 

570°C and 10 Torr using the general procedure. The 

pyrolysls products were collected in 10 mL of carbon di

sulfide and after the solution was stirred for 1 h at -78*0, 

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 NMR spectrum of the mixture indicated that a substantial 

amount of 36 was converted into diol ^ and 2,5-dlmethyl-

4-trlmethylsiloxymethyl-3-furylmethyl alcohol (39). 

4,4'-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 

(LIAIH^) at 0°C was slowly added a solution of 0.1296 g 
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(0.3899 mole) of 4,4'-bis(carbomethoxy)-5,5'-dimethyl-[2.2]-

(2,3)furanophane (26) in 10 mL of dry tetrahydrofuran (THF). 

After the mixture was stirred for 5-5 h at room temperature, 

77 
a standard workup yielded 0.0934 g (0.338 mraole; 87%) of 

33 as a white powder: mp 160-300°C (dec.). Without 

purification, ̂  was converted into its diacetate derivative 

^. 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 ̂  (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 (3x5 mL), 1 M sodium bicarbonate 

(2x5 mL) and saturated sodium chloride (3x5 mL). After 

the organic layer was dried (MgSO^), the solvent was removed 

yielding 0.105 g of diacetate 40 (0.2913 mmole; 92%) which 

was isolated as a white powder: IR (CHCLG) 1733, 1645, 

1602, 1235, 1022, 955 cm"L; ̂ H NMR (CDCl?) 6 4.84 (s, 4H), 

3.02 (s, 4H), 2.75 (s, 4H), 2.22 (s, 6H), 2.04 (s, 6H); 

NMR ( C D C 1 _ )  5 170.92, 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), l80.04 (9.93), 
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121.06 (36.04), 120.04 (100.00), 91.02 (10.70), 60.00 

(11.44); GLC/MS (L8 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), 24l.o6 

(18.94), 240.06 (100.00), 180.04 (4.72), 120.04 (13.10), 

60.00 (16.31); high resolution mass spectrum calculated 

for 360.15730, measured 360.15772. 

Pyrolysis of 4,4'-Bls(acetoxymethyl)-5,5'-dimethyl-

[2 . 2] (2. 3)furanophane (M) . A 0.0328 g (O.O9I mmole) sample 

of ̂  was pyrolyzed at 580°C and 10~^ 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. 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 O^C included 

signals which could be assigned to furanoradialene (^) 

and the [4+2] diraer ^ of ^. For furanoradialene (J^) : 

NMR (1:1 CSG/CDCLG; 0°C) 6 5.56 (broad s, 4H), 4.59 
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(m, 2H), 4.52 (m, 2H) [litNMR (CDCl?; -50°C) 6 5-59 

(broad s, 4H), 4.61 (AB pattern, J = 2.5 Hz, 4H)]. For 

[4+2] dlmer 41: NMR (1:1 CSg/CDCl?; 0°C) 6 5.56 (broad 

s, IH), 4.94 (s, IH), 4.59 (m, IH), 4.52 (m, 4H), 4.12 (m, 

2H)j 3.95 (m, IH), 3.3-0.7 (broad region of overlapping 

7Q 1 
multiplets, 6H) [lit. H NMR (1:1 CSg/CDCl?) 6 5.5 (s, IH), 

4.92 (s, IH), 4.54 (d, J = 2.5 Hz, IH), 4.46 (d, J = 2.5 Hz, 

4H), 4.09 (m, 2H), 3.94 (m, IH.), 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 6 

5.56 and 4.59, indicating a decrease in the concentration of 

furanoradialene (42). A corresponding increase in the areas 

of the signals at 6 4.9^, 4.12 and 3-95 indicated an increase 

in the concentration of the [4+2] dlmer 4^ of 42. The 

limited amounts of diacetate ^ available were insufficient 

to quantify the amounts of furanoradialene  ̂and [4+2] 

dimer 4l present in the product mixture. 
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SUMMARY 

The flash vacuum pyrolysls (EVP) chemistry of a series 

of methyl-substituted, furfuryl benzoates and methyl-sub

stituted, 3-furylmethyl benzoates has been investigated. 

Pyrolysls of 3-niethy 1 furfuryl benzoate gives 3-methyl-4-

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 5-methylfurfuryl benzoate produces 

either 2,5-bis(methylene)-2,5-dihydrofuran or 4-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-niethylfuran 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 pyrolysis products from the 

methyl-substituted, furfuryl benzoates which involved 

either a or g 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+4] dimer of 2,3-bis(methylene)-2,3-di

hydrofuran in the absence of 3-methyl-4-methylenecyclo-
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but-2-enone. The initial formation of 2,3-bls(methylene)-

2,3-dihydrofuran was established by trapping experiments 

1 13 
with methyl acrylate and by recording H and C 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 dlradlcal mechanism was 

proposed for the formation of the [4+4] dimer from 2,3-bls-

(methylene)-2,3-dihydrofuran. The addition of methyl 

substltuents to the furan ring resulted in the formation of 

the corresponding methyl-substituted, 2,3-bls(methylene)-

2,3-dihydrofurans. A sample of 2,3-bis(methylene)-2,3-di-

hydro-4-methylfuran was converted into a mixture of the 

natural product menthofuran and its isomer isomenthofuran. 

The Diels-Alder reactions of 2,3-bls(methylene)-2,3-dl-

hydrofurans thus serve as a direct method for obtaining the 

furanocyclohexane, ring skeleton. The reversible, 

chelatroplc addition of sulfur dioxide to 2,3-bls(methylene)-

2,3-dihydro-4-methylfuran was studied as a method of 

generating low concentrations of 2,3-bls(methylene)-2,3-dl-

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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1 4 
products from furfuryl benzoate. ' Pyrolysls of 3-furyl-

methyl benzoate produced vlnylacetylene and 4-methyl-

enecyclobut-2-enone as the major products. A mechanism was 

proposed for the formation of the pyrolysls products 

Involving an a elimination of benzoic acid after a [3,3] 

slgmatroplc shift of the benzoate group. 

Pyrolysls of dlesters of 3,4-bls(hydroxymethyl)-2,5-dl-

methylfuran formed furanoradlalene as the only major product. 

Warming the product solution to room temperature resulted In 

the conversion of furanoradlalene Into one [4+2] dlmer. 

The method of forming 2,3-bls(methylene)-2,3-dlhydro-

furans by the pyrolysls 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 pyrolysls of 4-carbo-

methoxy-2,5-dlmethyl-3-furylmethyl benzoate at 550°C formed 

2,3-bls(methylene)-4-carbomethoxy-2,3-dlhydro-5-methylfuran 

as the only major, nonpolymerlc product. Warming the 

product solutions to room temperature resulted in the 

formation of two [4+2] dlmers and the head-to-head, [4+4] 

dlmer of 2,3-bls(methylene)-4-carbomethoxy-2,3-dlhydro-5-

methylfuran. The [4+4] dlmer was then converted Into 4,4'-

bls(acetoxymethyl)-5,5'-dimethyl-[2.2](2,3)furanophane. 
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Pyrolysis of 4^'-bis(acetoxymethyl)-5,5'-dimethyl-[2.2]-

(2,3)furanophane under a variety of conditions resulted in 

the formation of complex product mixtures with furano-

radialene being the only nonpolymeric product Identified. 
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