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GENERAL INTRODUCTION

For the last few years, Professor Trahanovsky’s research
group has been focusing on the chemistry of the flash vacuum
pyrolysis (FVP) of a varlety of heterocyclic aromatic
systems. The studles led to the most efficient synthesis of
2,3-dimethylene-2,3-dihydrofuran (1) and its derivatives as
well as to the discovery of the first evidence of the
thiophene analogue of 1 by the Isclation of its [4+2] dimer.
This dissertation contains four different sections. The
first sectlion involves the study of the chemistry of three
t-butyl gxo-methylenerubstltuted derivatives of 1 and one
of their thiophene analogues. In the second section, we
compared the behavior of several alkyl ring-substituted
derivatives of 1 in their dimerization. Section three looks
Into the mechanism of the Diels-Alder reaction of 1 with
gsome dienophiles. And finally, in the fourth section, a
convénlent gsynthesis of cyclooctadecane from the thliophene
trimer of 2,5-dimethylene-2,5-dihydro-thiophene is

presented.




EXPLANATION OF DISSERTATION FORMAT

This dissertation has been written using the alternate
dissertation format and consists of four sections as
complete papers in the style suitable for publication in
Journals published by the American Chemical Society. All of
the experimental results presented were contributed by the

candlidate.




SECTION I. GENERATION AND MECHANISTIC STUDY OF t-BUTYL
EXO-METHYLENE-SUBSTITUTED 2,3-DIMETHYLENE-2,3-
DIHYDROFURANS AND A THIOPHENE ANALOGUE




INTRODUCTION

In the past decade, flash vacuum pyrolysis (FVP) has
attained recognition as a method in generation of novel
intermediates that are useful both synthetically and
mechanistically as summarized in recent literature.1-5

One area in FVP which has recelved considerable
attention during the past twenty years for its mechanistic
significance and synthetic application is the generation and

chemistry of o-quinodimethane (1).6-8

@

During the past few years, our research group has been
actively studying the scope of the chemistry of 2,3-dimeth-
ylene-2,3-dihydrofuran (2>, the furan analogue of 1.
Compound 2, conveniently prepared by the flash vacuum
pyrolysis of 2-methyl-3-furylmethyl benzoate (3), dimerizes
rapidly in solution at temperatures above -30° C to form 4,

the head-to-head, [4+4] dimer of 2 in high yleld.9

0] :
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The exclusiveness of this 4+4 process is very unigue
since for most other members of the o-quinodimethanes
family, e.g., o-xylylene (1>1-5 and 2,3-dimethylene-2,3-
dihydrothiophene (5);10 their dimerization predominantly

proceeds via the 4+2 process, also known as the Diels-Alder

S

reaction.

On the basis of a secondary deuterium kinetic isotope
effect gtudy, this [4+4]1 dimerization of 2 is rationalized

to proceed through diradical 6.11
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In this mechanism, it was suggested that only the
3-methylene is directly ilnvolved in the rate determining
step to form 6, but the 2-methylene I8 involved in the
product forming step.

Subgstituent effects, which congsist of steric and elec-
tronic effects, are very useful for studying reaction mech-
anisms. Substituents that cause steric hindrance at the
transition state would retard the reaction. Thus we expec-
ted that a t-butyl group on the 2-methylene position of 2
would not affect the rate of dimerization but could affect
the type of products formed, and we also anticipated that a
t-butyl group on the 3-methylene position would retard the
rate of dimerization.

In this regearch, we like to report the results of a
study of a series of t-butyl exo-methylene-substituted
2,3-dimethylene-~2,3-dihydrofurans 7a, 7b, 7c and a thiophene
analogue of 7a, 8 prepared from the FVP of their
corresponding benzoates 9a-c and 10. Thelr behavior is
conslstent with our expectations and offers unambiguous

evidence for the proposed two-step mechanism.




a. Ry=t-Bu Rp=H  X=0
b. Ry =H Rp=1-Bu X =0
c. Ry=t-Bu  Ro=t-Bu X=0

F'
(/’%:ocph LN
S 8 S

10 8




RESULTS

2-Neopentyl-3-furylmethyl benzoate (9a) was prepared by
the cyclization of ethyl t-butylacetoacetate (11) and
chloroacetaldehyde to give ethyl 2-neopentyl-3-furocate (12)
followed by lithlum aluminum hydride reduction and
egterification of the resulting 2-neopentyl1-3-furylmethyl
alcohol (13> with benzoyl chloride. Ethyl t-butylaceto-
acetate (11) was prepared by treating ethyl acetate with a
base followed by the introduction of t-butylacetyl
chloride.12

l. Li.N( i'pl')( CG H” )
2. -BuCH,COC!

I

CHOCH,C CF Giam,

_CHOCHCI LiAHg 7
12 13
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The flash vacuum pyrolysis of 9a was performed using

the method previously reported at temperatures from 520-

6500C and ca. 10~° Torr.l2 A white band of the product was
procduced in the cold trap at -196°C. A 1 to 1 mixture of
carbon disulfide and deuterochloroform was distilled into
the trap through a side arm and the product mixture was
allowed to warm slowly to -78°C. The proton NMR spectrum of
the pyrolysate were recorded at -60°C (see Appendix, Flgure
1) indicating the presence of 3-methylene-2-t-butyl-
methylene-2,3~-dihydrofuran (7a). Quantitative proton NMR
analysis using dibromoethane as an internal standard
indicated that the ylield of 7a from the FVP of 9a was 50%.
The spectrum also revealed that the monomer 7a exists as a

single isomer, presumably the less crowded 2 form.

>Ph FVP
/ \ _—

%] 7a

Upon warming to room temperature, 7a dimerized giving
two sterecisomeric [4+2] dimers 14a and 14b in approximately
equal amount in addition to a small amount of the head to

head, [4+4] dimer 15.
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A mixture of the [4+2] dimers and the [(4+4] dimer was
separated by column chromatography. The constitution of the
[(4+2] dimers was determined by a 2-D proton NMR spectrum
(see Appendix, Figure 2) of the mixture and is consistent
with the [4+2]) dimer obtained from 2,3-dimethylene-2,3-dihy-
drothiophene (5).13,14 The [4+4] dimer (15) (see Appendix,
Figure 3) is presumed to be the trans isomer. The combined
vield of the dimers 14a, 14b, and 1S5 from the pyrolysis of
9a was 40%.

G — Ly AR
A
l4a 14b 15 |

It is worth noting that when the mixture of the two
[4+2] dimers 14a and 14b was pyrolyzed at S550°C, the major

product was the more thermodynamically stable [4+4] dimer

7 il > 7| I
550°C (
, -~

15.
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Measurement of the rate of disappearance of 7a (in 1:1

CS2/CDClg at -109C) by low temperature proton NMR
spectroscopy, using the method previously reported.11 gave
an average k = 1.6 x 10~3 L mol~! sec~! (see Appendix, Table
I>, which iIs comparable to that reported for the
dimerization of 2,3-dimethylene-2,3-dihydrofuran (2> (1:1
CSp/CDClg, -109C, k = 2.7 x 1073 L mo1~1 sec~1»>.1!
2-Methyl-3-furyl(t-butyldmethyl benzoate (9b) was
prepared by lithium aluminum hydride reduction of 2-methyl-
3-furyl t-butyl ketone (16> to alcohol 17 which was then
converted to the alkoxide with n-BuLi .fol lowed by
esterification with benzoyl chloride. 2-methyl-3-furoyl
t-butyl ketone (16) was prepared from the Grignard reaction
of t-butylmagnesium chloride and 2-methyl-3-furyl chloride

under the catalysis of copper iodide.l15,16

COCl t-BuMgCl . LiAH,
_— _—
@‘ Cul -
16
H . n-BuLi CPh
/ \ >
2. PhCOCl
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The flash vacuum pyrolysis of 9b was performed using
the general method at temperatures from 460 to 5100C and ca.
10-S Torr. The proton NMR spectrum (Appendix, Figure 4) of
the pyrolysate showed that 2-methylene-3-t-butyimeth-
vlene-2,3~-dihydrofuran (7b), presumably the less crowded E
Isomer as the major product (47%) along with the two
isomeric minor products 18 and 19. Compound 7b was so
unreactive that we were able to store it in solution for
weeks in the refrigerator. Attempts to allow 7b to dimerize
were undertaken by letting a solution of 7b in CSy (0.1M>
gstand at room temperature as well as at 35°9C under No untit
all the monomer was decomposed as indicated by GC analysis.

In both cases no dimers were detected.
Q
AL + m + w
b 7b 18 19

When a large excess of methyl acrylate was allowed to
react with 7b, a mixture of four Diels-Alder adducts in a
ratio of 5:3:1.5:1 were obtained. However, the spectrum of
the mixture is too complex to assign the adducts

individually.
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3-Methyl-2-thienyl(t-butyldmethyl benzoate (10) was
prepared by the Grignard reaction of 3-methyl-2-thiophene-
carboxaldehyde and t-butylmagnesium chloride to glve 3-meth-
yl-2-thienyl(t-butyl>methy! alcohol (20> which was converted
to the alkoxide with n-BuLi followed by esterification with

benzoyl chloride.

1-BuMqCl nBulli
Z/S\iCHO (/;&ow o %Ph
20 10

The FVP of 10 performed at 500-52009C afforded one
single [4+2]1 dimer 21 as the major product accompanied by a
substantial amount of polymer.

Purification of the crude pyrolysate by column
chromatography on silica gel (hexane) gave 21 (lH NMR

spectrum see Appendix, Figure S) iIn 25.8% vield.
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Evidently, dimer 21 was the result of the dimerization
of 8 upon warming. In an attempt to observe 8
spectroscopically, a proton NMR spectrum of the crude
pyrolysate was recorded at -650C; gignals for dimer and
polymers dominated the sgpectrum. No evidence for the
presence of monomer 8 at that temperature was detected.

2-Neopentyl-3-furyl(t-butyl)methyl! benzoate (9¢) was
prepared by lithium aluminum hydride reduction of 2-neopen-
tyl-3-furyl t-butyl ketone (22) to alcohol 23 which was then
converted to its alkoxide with n-BuLi followed by
esterification with benzoyl chloride.

Ketone 22 was prepared by the reaction of 2-neopen-
tyl-3-furyl chloride (24) with t-butylmagnesium chloride

catalyzed by copper iodide.15,16




15

ocl i ]
C t-BuMgCl . LiAlHg
Cul
24 22
H 1. n-BuLi 2
/ \ Rl
2. PhcOCl
23 Sc

The flash vacuum pyrolysis of 9c was performed under
the normal condition at S300Cc, GCMS and proton NMR spectrum
(see Appendix, Figure 6) of the pyrolysate showed that
2,3~di-t-butylmethylene~2,3-dihydrofuran (7¢) was the major
product along with the rearranged side product 25 in a 2 to
1 ratio. Compound 7c was found not surprisingly to be even
legss reactive than 2-methylene-3-t-butylmethylene-2,3-dihy-

drofuran (17b).

7cC 25




i6
DISCUSSION

A recent kinetic study of the dimerization of 2,3-di-
methylene-2,3-dihydrofuran (2) based on deuterium isotope
effectsl? has supported a stepwise mechanism involving 6 as
an intermediate.ll 1In this mechanism, only the 3-methylene
is directly involved in the rate determining step to form 6,
but the 2-methylene is involved in the product formation

step.

& — o — ao

2

Thus we expected that a t-butyl group on the
2-methylene position would not affect the rate of
dimerization but could affect the type of products formed
and we expected that a t-butyl group on the 3-methylene
position would retard the rate of dimerization.

The dimerization of 7a gave two stereoisomeric [4+2]
dimers 14a and 14b In addition to the head to head, [4+4]
dimer 15.
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l4a 14b 15

This observation Is consistent with the two-step
mechanism proposed for the dimerization of 2,3-dimethylene-
2,3-dlhydrofuran (2>. Compounds 14a, 14b and 15 can be
assumed to originate from the same diradical intermediate
26. The bulky t-butyl garoups retard the rate of formation
of the [4+4] dimer and consequently the [4+2]1 dimerization

becomes competitive.

26

Further support of the constitution of the [(4+2] dimers
was obtained by pyrolyzing a mixture of these dimers; the
major product was the more thermodynamically stable [(4+4)

dimer, formed, evidently, via diradical 26.
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The behavior of 7b was also found to be consistent with
the proposed two-step mechanism.1l The pulky t-butyl group
would be expected to significantly retard the rate of
dimerization of 7b and indeed, it is stable at room
temperature;

In addition to 7b, the FVP of 9b also gave rise to two

minor isomers, 18 and 19.

Q
Ph
&%LQ{+/\ +(/'o‘\ﬁ\<
8 19

Sb 7b l
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The formation of 18 can be rationalized as the result
of a seven-membered cyclic transition state, in which
breaking of a C-H bond is synchronous with the migration of
C-C bond electrons, and separation of the leaving group,
benzoic acid. An excellent precedent for this kind of
pyrolytic rearrangement is the formation of camphene (27)
from the pyrolysis of lIsobornyl benzoate 28.18 At this time

it is not clear how 19 is formed.

He
ot
o —phooH
Yy, ——e—

w5

28 27

s

For all the furan monomers we have studied so far, the
open form 2 is always favored over the closed form 29 in

contrast to the benzene system.

Qi—x—>@ﬂ

29
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Apparentiy the resonance energy of the furan ring in 29
Is Ingufficient to compensate for the stralin energy of the
four membered ring. If we lntroduce t-butyl groups on both
methylenes, as in 2,3-di-t~buty1methyleﬁe-z,s—dlhy- drofuran
(7c), the steric interference between each bulky t-butyl
group and the ring might reduce the energy difference
between the open form and the closed form to shift the

equillibrium toward the closed form.

7cC

In the case of o-xylylene (1), bulky substitution
favoring ring closure due to non-planar configuration has
been reported.19,20

When 2-neopentyl-3-furyl(t-butyldmethyl benzoate (9¢c>
was prepared and pyrolyzed, it gave again the open form
2,3-di-t-butylmethylene-2,3-dihydrofuran (7c¢) as the major
product along with the rearranged product 25 in a 2 to 1
ratlo. Molecule 7c¢ is, not surprisingly, even less reactive

than 2-methylene-3-t-butylmethylene-2,3-dihydrofuran (7b).
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7cC 25

We belleve that 2-methylene-3-t-butylmethylene-2,3-di-
hydrofuran (7b) and 7c are the most unreactive o-quinodi-
methanes reported to date; they are the ldeal model systems
for further studles of the chemistry of o-qulinodimethanes.

A previous study by the author on the FVP of benzoates
30 and 31 has established that the primary product is the

[4+42] dimer 32 of the unisolated thiophene monomer 5.i0

| Q
(;\;*OCPh

30
FVP [i OONCERTED Aa
or S
5 32
(/—\SVOCPh I T
S 0 STEPWISE
3l | N /S |
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The dimerization of § can be rationalized by a stepwise
mechanism involving diradical intermediate 33, or
alternatively, a concerted [4+2] cycloaddition of two
monomers which leads directly to the [4+2] dimer. Since
stereospeclificity is the logical result of a concerted
cycloaddition, 3-methyl-2-thlenyl(t-butyldmethyl benzoate
(10> was prepared and pyrolyzed. A single isomeric [4+2])
dimer 21 (its stereochemistry is assumed via a model study>
with the same constitution as 32 was the major product.
This result suggests that the dimerization of 8 is a
concerted process. Also, no closed form of the monomer was
detected. Apparently, the resonance energy of thiophene is
still insufficient to compensate for the strain energy of

the four-membered ring.

7 CONCERTED ?
S
8
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EXPERIMENTAL
Methods and Equipment

The pyrolysis apparatus has been previously

described,13 and its detalled diagram is presented in the
Appendix, Flgure 7. 14 and 13c NMR gpectra were recorded on
JOEL FX-90Q or Nicolet-300 spectrometers. Chemical shifts
are recorded in parts per million Qf) from tetramethylsilane
(TMS>. High resolution mass spectra were measured with an
Assoclated Electronics Industries MS-902 instrument. Gas
chromatograph/mass spectroscopy (GC/MS) was performed with a
Finnlgan 4000 instrument and an INCOS data system. GLC
analyses were performed with a Hewlett Packard HP 5840A

instrument.

2-Neopentyl-3-furylmethy! Benzoate (9)

A solution of 3.1 g (35 mmole) of ethyl acetate in 4 mL
of THF was added dropwise to a stirred solution containing
70 mmole of 1lithium N-isopropylcyclohexylamide in 60 mL of
THF at -789C. The mixture was allowed to stir for 10 min,
followed by the addition of 4.7 g (35 mmole) of t-butyi-
acetyl chloride. After stirring for an addlitional 20 min,
15 mL of 20% HCL was added to quench the reaction. After
the mixture reached room temperature the layers were

separated. The aqueous layer was extracted with ether (2 x
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i0ml)>. The combined organic layers was washed with NaHCOs
and brine. After drylng (MgSO,4> and removal of the solvent,
5.5 g (30 mmole, 85.7%) of ethyl t-butylacetoacetate (11)
was recovered: lH NMR (CDClg) & 4.15 (q, J = 7.5 Hz, 2H),
3.38 (s, 2H>, 2.40 (s, 2H>, 1.25 (t, J = 7.5 Hz, 3H), 1.10
(s, 9H). '

A quantity of 5.4 g (29 mmole) of ethyl t-butylaceto-
acetate (11> was converted using the procedure previously
described® for the synthesis of ethyl 2-methyl-3-furoate to
yield 3.3 g (15.7 mmole, 54%) of ethyl 2-neopentyl-3-fur-
oate (12): bp 45-7°C (0.3 mm)>; IR <(thin film) 1720, 1360,
1305, 1275, 1150 cm~-1; 1g NMR (CD013)<9 7.20 (d, J = 2 Hz,
iH>, 6.61 (d, J = 2 Hz, 1H), 4.20 (q, J = 8.0 Hz, 2H>, 2.82
(s, 2H>, 1.38 (t, J = 8.0 Hz, 3H>, 1.02 (s, 9H).

A solution of 3.0 g (14.3 mmole) of ethyl 2-neopentyl-
3-furoate (12> in 10 mL of ether was reduced with LiAlH,
using the procedure described? previously for the synthesis
of 2-methyl-3-furylmethyl! alcohol to give 2.3 g (13.7 mmole,
96%) of 2-neopentyl-3-furylmethyl alcohol ¢13>: 1H NMR
(CDC13> & 7.35 (d, J = 2 Hz, 1H), 6.40 (d, J = 2 Hz, 1H),
4.48 (s, 20>, 2.52 (s, 2H), 1.68 (br, 1H), 0.95 (s, 9H). A
solution of 2.3 g (13.7 mmole) of 2-neopentyl-3-fur-
yimethyl alcohol (13> and 2.1 g (20.5 mmole) of triethyl-

amine in 40 mL of ether was esterified with benzoy! chloride
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using the procedure previously described? for the synthesis
of 2-methyl-3-furylmethyl benzoate to yield 3.3 g (12.1
mmole, 88%) of 9a: IR (thin film)> 1720, 1460, 1365, 1268,
1105 em=1; 1y NMR <cﬁc13)6‘ 8.15-7.88 (m, 2H>, 7.56-7.32 (m,
3H>, 7.28 (d, J = 2 Hz, iH), 6.58 (d, J = 2 Hz, 1H), 5.18
(s, 2H), 2.58 (s, 2H), 0.99 (s, 9H>; high resolution mass

spectrum, calecd for Cq7Hpq05 272.14125, measured 272.14131.

2-Methyl1-3-furyl(t-butyl d)methy! Benzoate (9b)

A mixture of 50 g (0.36 mole) of methyl 2-methyl
furoate ip 200 mL of 20% sodium hydroxide was allowed to
reflux for 2 h. After the mixture had reached room
temperature, it was aclidified with 100 mL of concentrated
HCl with rapid stirring. A white solid formed which was
collected by suction filtration. The solid was dried under
vacuum tc give 43 g (0.34 mole, 95%) of 2-methyl-3-furocic
acid: mp 95-979c; lH NMR <cDC1z>$ 11.52 (br, 1H>, 2.30 «d,
J =2 Hz, 1D, 6.71 (d, J = 2 Hz, 1H>, 2.62 (s, 3H). A 10.6
g (84 mmole) quantity of 2-methyl-3-furoic acid was added to
49.0 g (410 mmole) of thlonyl chloride and the mixture was
stirred at 40bC for 24 h. The excess thionyl chloride was
removed by simple distillation and the remaining dark oll
was distilled under reduced pressure (65-67°9C, 20 mm) to
vield 10.6 g (73 mmole, 87.3%) of 2-methyl-3-furoyl

chloride: IR (thin fllm) 1760, 1560, 1525, 1270 1210 em~1;
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1y NMR <CDC]3)<$ 7.29 ¢d, J = 2 Hz, 1H>, 6.70 (d, J = 2 Hz,
iH>, 2.51 (s, BH). A quantity of 34.5 mL of
t-butyimagnesium chloride (69 mmole, 2M in ether) was added
dropwise to a susgpension of 2.0 g (62 mmole) of
2-methyl-3-furyl chloride and 17.7 g (93 mmole) of copper
lodide in 80 mL of ether at -789C, The stirring mixture was
allowed to reach room temperature overnight. The resulting
green suspension was poured into 50 mL of lce-cooled 2N HC!.
The layers were separated and the organic layer was washed
with 2N HC1, NaHCO3z and brine. After the organic layer was
dried and concentrated, 8.5 g (51 mmole, 82.5%) of
2-methyl-3-furyl t-butyl ketone (16) was recovered: lH NMR
(CDClgy) 6\7.20 (d, J = 2 Hz, 1H>, 6.78 (d, J = 2 Hz, i1H),
2.52 (s, 3, 1.27 (s, SHD.

An 8.5 g (51 mmole) quantity of 2-methyl-3-fury! t-buty!
ketone (16) was reduced with LiAlH4 using the procedurg
descr ibed prevlously9 to give 7.7 g (46 mmole, 90.2%) of
2-methyl-3-furylmethyl(t-butyl) alcohol ¢(17>: IR (thin
£i1m> 3400 (br), 1625, 1510, 1425, 1150, 985 cm~!; 1H NMR
(CDCl3) & 7.32 ¢d, J = 2 Hz, 1H), 6.43 (d, J = 2 Hz, 1H),
4.35 (br, 1H>, 2.28 (s, 3H>, 1.85 (br, 1H>, 0.95 (s, 9H).

To a solution of 4.0 g (24 mmole) of the alcohol in 80 mL of
dry THF (LlAlH4), 12.5 mL of n-BuLl (2 M in hexane) was

added via a syringe at 0°C. The mixture was stirred for 10
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min and 3.7 g (26 mmole) of benzoyl chloride was added
dropwise. The resulting red mixture was allowed to sit
overnight at room temperature. After the addition of 50 mL
of water, the aquecus layer was extracted with ether (S0 mL
x 2) and the combined organic layers was washed with water,
NaHCO3 and brine. Drying (MgSO4) and removal of the solvent
followed by purification with column chromatograéhy on
silica gel (5% ether In hexane) gave 4.1 g (15 mmole, 62.5%)
of 9b: IR (thin film)> 1710, 1309, 1260, 1095, 1112 cm~1; 1y
NMR (CDC13)¢5 8.12-7.90 ¢(m, 2H>, 7.57-7.35 (m, 3H>, 7.21 (d,
J =2 Hz, 1H)>, 6.32 (d, J = 2 Hz, 1H), 5.76 (s, 1H), 2.37
(s, 3H>, 1.08 (s, 9H); high resolution mass spectrum, calcd

for Cy7Hpg03 272.14125, measured 272.14089.

3-Methyl-2-thenyl(t-butyl)methyl Benzoate (10)

A solution of 5.0 g (40 mmole) of 3-methyli-2-thlophene-
carboxaldehyde in 30 mL of ether was added dropwise to 22 mL
of t-BuMgCl (2 M in ether) with rapid stirring at 09C. The
suspension after belng stirred at room temperature overnight
was poured into a mixture of 40 mL of 10% HCl and 50 g of
ice. The aqueous layer was extracted with ether (25 mL x
2). The combined organic layers was washed with water,
NaHCOg, and brine, dried (MgSO4), and concentrated to give
6.4 g (34,8 mmole, 86.9%) of 3-methyl-2-thienyl(t-butyl)-
methyl alcohol: H NMR <CDClg> & 7.12 (d, J = 6 Hz, 1H),
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6.70 ¢d, J = 6 Hz, 1H), 4.68 (s, 1H), 2.18 (s, 3H), 0.98 (s,
9H>, 1.16 (br, 1H>. Wlthout further purification, a
quantity of 4.1 g (2.2 mmole) of the alcohol was esterified
with n-BuLi and benzoyl chlorlide using the procedure
described for the synthesis of 2-methyl-3-furyl(t-butyl)-
methyl benzoate (9b) to give 2.3 g (8.0 mmole, 36.4% of
3-methyl-2-thienyli(t-butyl)methyl benzoate (10): IR (thin
fiim>; 14 NMR (CDClz> & 8.20-8.05 <m, 2H>, 7.52-7.36 (m,
SH>, 7.10 ¢d, J = 6 Hz, 1H), 6.77 (d, J = 6 Hz, 1H), 6.11
(s, 1H), 2.34 (s, 3H)>, 1.10 (s, 9H); high resolution mass

spectrum, calcd for Cjy7Hp00,S 288.11841, measured 288.11865.

2-Neopentyl-3-furyl(t-butyl)methyl! Benzoate (9¢c)

A quantity of 1.8 g (8.6 mmole) of ethyl 2-neopentyl-
3-furoate (12) was converted to 0.8 g (3.6 mmole, 41.9%) of
2-neopentyl-3-furyl t-butyl ketone (22) using the multi-step
synthesis previously described for the synthesis of
2-methyl— 3-furyl t-butyl ketone (16>. For 22: 1H NMR
(CDClg> & 7.42 ¢d, J = 2 Hz, 1H>, 6.48 (d, J = 2 Hz, 1H),
3.08 (s, 2H>, 1.48 (s, 9H), 1.12 (s, 9H).

A 0.8 g (3.6 mmole) quantity of 2-neopentyl-3-furyl
t-butyl ketone (22) was reduced with LiAlH4, using the
procedure described for the synthesis of 2-methyl-3-furyl-

(t-butyldmethyl alcohol (17) to give 0.65 g (2.9 mmole,
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80.6%) of 2-neopentyl-3-furyl(t-butyldmethyl alcohol (23):
14 NMR (CDCls)cf 7.29 ¢d, J = 2 Hz, 1H), 6.38 (d, J = 2 Hz,
1H>, 4.31 (s, 1H)>, 2.48 (s, 2H), 1.52 (br, 1H), 1.00 (s,

9H>, 0.96 (s, 9H>. A 0.62 g (2.8 mmole) quantity of the
alcohol was esterified with n-BuLl and benzoyl chloride
using the procedure previously described for the synthesis
of 2-methyl-3-furyld(t-butyldmethy! benzoate (9b) to give 0.7
g (2.1 mmole, 75.0%) of 9c: IR (thin film); 14 NMR (CDCls)d?
8.35-8.10 (m, 2H>, 7.64-7.46 (m, 3H)>, 7.32 (d, J = 2 Hz,

1H>, 6.47 (d, J = 2 Hz, 1H>, 5.80 (s, 1H), 2.72 (s, 1H),

1.10 (s, 9H>, 1.02 (s, 9H); high resolution mass spectrum,

caled for CpH,yg0z 328.20385, measured 328.20353.
General Pyrolysis Procedure

The pyrolyses were run at furnace temperatures from 400
to 800°C. The sample chamber was heated to 60-70°C and the
system was evacuated to ca. 16~5 Torr during the pyrolysis.
A condenser cooled to ca. -20°C was ingserted between the
quartz pyrolysis tube and the liquid nitrogen-cooled trap to
collect the unreacted starting material and the benzoic acid
formed as a byproduct. The liquid nitrogen-cooled trap was
used to collect the products. Upon completion of the
pyrolysis, the trap was warmed to -78°C and carbon disulfide

or deuterochloroform was distilled into the trap through the
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side arm. Also added was a known amount of dibromoethane as

an lnternal standard for quantitative studies.

Pyrolysis of 2-Neopentyl-3-fufylmethy! Benzoate (%9a)

Pyrolyses were performed with ca. 0.2 g of 9a at 520,

580, and 6509C ysing the general procedure. The pyrolysate
was collected in 3 mL of 1:1 CSz/CDCI3 from the trap and 1y
NMR spectrum of the product 3-methylene-2-t-butylmethylene-
2,3-dihydrofuran (7a) was recorded at -60°C: lH NMR
(CDC]3/082 1:1, -60°C) (see Appendix, Figure 1) 6'6.77 (br,
1>, 5.75 (d, J = 3 Hz, 1H>, 5.25 (s, 1H), 4.96 ¢(d, J =1
Hz, 1H)>, 4.74 (d, J = 1 Hz, 1H), 1.15 (s, 9H). Upon
warming, 16 slowly dimerized to give mostly two
stereolsomeric [4+2] dimers 14a and 14b (ca. 1:1) in
addition to a small amount (5%) of a [4+4] dimer 15. The
rate of disappearance of 7a was measured with low
temperature proton NMR spectroscop at -109C usiné the
procedure previously describedll to give an average of 1.6 x
10-3 L mol~! gec~! (see Appendix, Table I). The mixture of
14a and 14b was purifled by column chromatography (silica
gel, hexane). Their ly NMR signals (see Appendix, Figure 2>
were partially separgted by a COZY 2-D 1H NMR analysis. For
14a: lH NMR <CcDClg> & 7.22 (br, 1H>, 6.39 (d, J = 3 Hz,
iH>, 6.10 (br, 1H>, 5.25 ¢d, J = 3 Hz, 1H), 4.21 (s, 1H),
2.85-2.65 (m, 1H>, 2.75 (s, 1H), 2.25-2.12 (m, 1H),
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1.83-1.52 (m, 2H), 1.06 (3, 9H), 0.97 (s, 9H); GC/MS (70eV)
m/e (% base peak) 300.02 (16.25), 243.96 (10.?6), 242.94
(43.00>, 200 (11.42), 186.94 (25.04>, 172.90 (25.67), 150.96
(11.05), 149.96 (67.45), 148.98 (31.70), 134.92 (61.47),
90.88 (39.33), 56.98 €100.00>. For 14b: IH NMR (CDClgz> &
7.22 (br, 1H>, 6.47 (d, J = 3 Hz, 1H)>, 6.10 (br. 1H), 5.02
(d, J = 3 Hz, 1H), 4.27 (s, 1H), 2.63 (s, iH), 2.45-2-38 (m,
iH>, 2.25-2.12 (m, 1H>, 1.83-1.52 (m, 2H), 1.05 (s, SH),
1.03 (s, 9H>; GC/MS (70eV) m/e (% base peak) 300.02 (23.79),
256.98 (11.16), 243.98 (11.18), 242.94 (48.66>, 200.96
(13.75), 186.94 (19.34), 172.92 (12.79), 150.98 (16.03),
149.98 (94.10), 148.98 (45.97>, 135.98 (10.62>, 134.92
(100.00>, 120.96 (19.01)>, 90.88 (41.14), 46.96 (80.59).
Quantitative 1H NMR analysis using dibromoethane as a
standard indicated that the pyrolysis of 9a gave 7a in 50%
vield and the conversion of 7a to dimers 14a, 14b, and 15

was about 90%.

Pyrolysis of dimers 14a and 14b

A quantity of 50 mg <(0.17 mmole) of the mixture of
dimers 14a and 14b was pyrolyzed at 550°C in the normal
manner except without the condenser. GC and l!H NMR analyses
of the pyrolysate showed that the [4+4] dimer (15) was the
major product. The crude product was purified by column

chromatography (silica gel, hexane) to give 32 mg (0.11
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mmole, 62.7%) of 16: 1H NMR <CDClgy) (see Appendix, Figure
34 7.20 ¢d, J = 1.5 Hz, 1H), 6.15 ¢d, J = 1.5 Hz, 1H),
3.14 (s, 2H), 2.86 (m, 2H), 2.54 (m, 2H), 0.87 (s, 18H);
GC/MS (70 eV) m/e (% base peak) 300.02 (3.13), 242.94
<12.76>, 187.94 ¢7.03), 186.92 (31.79) 172.88 (12.56),
114.90 ¢3.36>. 57.06 (100.00>; 13¢c NMR (CDClg> & 153.083,

137.95, 120.22, 115,78, 50.89, 37.60, 29.61, 27.34.

Pyrolyslis of 2-Methyl-3-furyl(t-butyldmethyl Benzoate (19b)

A quantity of 300 mg (1.1 mmole) of 9b was pyrolyzed at
510°C under the normal coqditions. GC and lH NMR analyses
of the crude pyrolysate at room temperature indicated that
the monomer 2-methylene-3-t-butylmethlene-2,3~-dihydrofuran
(7b> was the major product (85%) along with ca. 15% of two
monomeric byproducts 18 and 19. Compound 7b: 1H NMR
(CBClg> 6‘6.77 (m, 1H>, 6.06 (d, J = 2.7 Hz, 1H>, 5.81 (s,
1H>, 4.68 (d, J = 2 Hz, 1H); 4.52 (d, J = 2 Hz, 1H)>, 1.16
(s, 9H>; 13c NMR <cDClg) & 160.89, 147.92, 130.44, 129.54,
104.86, 81.34, 33.68, 30.73; UV (CHClg Amax 318 nm, €max =
2500. A mixture of 18 and 19 was purified by column
chromatography (silica gel, hexane). Assignment of their
structures was based on the analysis of the lH NMR spectrum
of this mixture. Compound 18: I1H NMR (CDCl3) (see
Appendix, Figure 8> & 7.23 (d, J = 1.8 Hz, 1H), 6.20 (d, J =

1.8 Hz, 1H>, 4.80 ¢(d, J = 0.9 Hz, 1H), 4.76 ¢d, J = 0.9 Hz,
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i, 3.26 ¢(q, J = 7.2 Hz, 1D, 2.24 (s, 3H), 1.66 (s, 3H,
1.31 ¢d, J = 7.2 Hz, 3H); GC/MS (70 eV) m/e (% base peak)
140.06 ¢100.00>, 135.06 (58.03>, 121.06 (19.00>, 109.08
(54.36), 107.12 (24.45>, 105.10 (13.49>, 91.04 (34.90),
81.04 (13.52), 79.04 (28.48), 53.04 (14.54>. Compound 19:
1§ NMR (CDCly> (see Appendix, Figure 8)(§ 7.25 (d, J = 1.8
Hz, 1H), 6.30 ¢(d, J = 1.8 Hz, iH>, 5.07 ¢(d, J = 1.5 Hz, 1H),
4.90 ¢d, J = 1.5 Hz, i1H>, 2.57 (m, J - 6.6 Hz, 1H)>, 2.34 (s,
SH>, 1.08 (d, J = 6.6 Hz, 6H); GC/MS (70 eV) m/e (% base
peak) 150.08 (100.00>, 135.06 (32.67), 121.06 (24.44),
107.12 ¢(30.37>, 105.10 ¢20.74>, 91.04 ¢(35.15>, 79.06
(24.41>, 53.04 ¢(12.69). Quantitative 1H NMR analysis using
dibromomethane as a standard indicated that the pyrolysis of

9b gave 7b In 43 % yleld.

Diels-Alder Reaction of 7b with Methyl Acrylate

A 300 mg (1.1 mmole) quantity of 9b was pyrolyzed at
510°C. Upon completion of the pyrolysis, 10 mL of methy!
acrylate was slowly distilled into the trap via the side
arm. The pyrolysate was allowed to warm to room
temperature. GCMS of the crude mixture indicated the
presence of four adducts in a 5:3:1.5:1 ratio. The mixture
was purified by column chromatography (silica gel, 5% ether
in hexane) to give 92 mg (0.39 mmole; 71%> of four

Diels-Alder adducts: IR (thin film) 1735, 1636, 1556, 1170,
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900 cm~1; 14 NMR <CDClg> & 7.25 ¢m, 1H>, 6.30 (m, 1H), 3.78
(s, 0.86H), 3.69 (s, 0.28H>, 3,67 (s, 0.43H>, 3,65 (s,
1.43H>, 3.10-2.00 (m, 6H), 0.96 (s, 9H).

Pyrolysis of 3-Methyl-2-thenyl(t-butyl)methyl Benzoate ¢10)

A quantity of 100 mg (0.34 mmole) of 10 was pyrolyzed
at 500°C in the normal manner. The pyrolysate was collected
In CS; and concentrated. GC and !H NMR analyses of the
crude product mixture showed that a single [4+2] dimer 21
was the major product. Purliflcation by column
chromatography on silica gel (hexane) yielded 15.0 mg ¢(0.045
mmole, 25.8%) of the [4+2] dimer ¢21>: 1H NMR (CDClg) (see
Appendix, Figure 5) & 7.07 ¢(d, J = 5 Hz, 1H), 6.68 <(m, 1H),
3.12 (s, 1H)>, 3.02-2.85 (m, 1H>, 2.55-2.42 (m, 1H),
1.83-1.60 ¢m, 2H), 1.16 (s, 9H), 1.02 (s, 9H); 13c NMR
(CDCls)tf 154.82, 136.76, 136.70, 136.40 133.27, 126.55,
122.68, 118.27, 61.28, 54.45, 37.24, 24.95, 33.32, 31.51,
29.54, 20.70.

Pyrolysis of 2-Neopentyl-3-furyl(t-butyl)methyl Benzoate
(9¢c)

A quantity of 200 mg (0.61 mmole) of 9c was pyrolyzed
at 5309C in the normal fashion. GCMS and !H NMR of the
pyrolysate indicated that 2,3-di-t-butylmethylene-2,3-dihy-
drofuran (7c¢) as the major product along with a rearranged

monomeric compound 25 in a 2 to 1 ratio. The combined yield
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using dibromomethane as an internal standard was calculated
to be 41%. The two compounds were not separated. Their 1y
NMR signals were distinguished and assigned individually
(see Appendix, Figure 6). For 7c: 1H NMR (CDClg) & 6.75
(m, 1H>, 6.08 (d, J = 2.6 Hz, iH), 5.61 (s, 1H), 5.12 (s,
1H>, 1.17 (s, 9H), 1.15 (s, %h); GC/MS (70 eV) m/e (% base
peak) 206.00 (36.373, 191.00 (19.56), 1éé.00 (11.24>, 150.00
(24.16>, 149.00 ¢100.00>, 135.00 (19.56>, 126.00 (25.13),
121.00 ¢21.15>, 107.00 (13.36>, 91.00 (18.67>, 69.00
(11.50>, S7.00 ¢29.03>. For 25: 1H NMR (CDCl1 3> & 7.22 (m,
iH>, 6.17 (d, J = 2 Hz, 1H>, 4.80 (s, 1H), 4.77 (s, 1H),
3.22 (q, J = 7.1 Hz, 1H)>, 2.45 (s, 2H), 1.62 (s, 3H), 1.35
(d, J = 7.1 Hz, 3H>, 1.03 (s, 9H>; GC/MS (70 eV) m/e
(relative intensity) 206.10 (46.24), 191.10 (12.51), 150.08
(62.73>, 149.08 (100.00)>, 135.06 (41.23>, 131.08 (17.12),
121.06 (24.61>, 107.06 ¢22.70), 105.08 (16.73)>, 93.08
(15.08>, 91.06 (24.71>, 79.06 (16.78), 77.04 (14.46), 57.08
(72.65).
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Figure 1. Proton NMR spectrum of 3-methylene-2-t-putyimetn-
vlene-2,3-dinhydrofuran (7a) recorded at -60°C in
1:1 CSZ/CDC13 (u = 7a, i = dibromoethane)
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Figure 2. 2-D proton NMR spectrum of two isomeric (4+2]
dimers 14a and 14b of 3-methylene-2-t-butyl-
methylene-2,3-dihydrofuran (7a) in CDCig
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Figure 3. Proton NMR spectrum of the [4+4] dimer 15 of
3-methylene-2-t-butylmethylene-2,3-dihydrofuran
(7a) in CDClg (C = CHClg)
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Figure 4. Proton NMR spectrum of 2-methylene-3-t-butyl-
methylene~2,3-dihydrofuran (7b), 18 and 19 in

CDC13 (i = dibromocethane, u = 7b, 18 and 19, see
Figure 8>
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Figure S. Proton NMR spectrum of the [4+2) dimer 21 of
3-methylene-2-t-butyimethylene-2,3-dihydrothio-
phene (8) in CD013 (C = CHCls)
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Figure 6. Proton NMR spectrum of 2,3-di-t-butylmethylene-

2,3-dihydrofuran (7¢) and 25 in C0013 (u = 7¢c, v
= 285) .
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Figure 8. Proton NMR spectrum of 18 and 19 in CDClgz (c =
CHClgz, u =18, v = 19




Table I. Rate of disappearance of 2-t-butylmethylene-3-
methylene-2,3~-dihydrofuran (7a) measured by low
temperature proton NMR spectroscopy at -10oC in
1:1 CSZ/CDC13 using dibromoethane as an Internal

standard
Time, min [7a], (7ali7l,
mol L-1 L mol1~!
0 0.025 40.0
20 0.024 41.2
40 0.022 43.7
70 0.021 46.0
85 0.021 47.5
100 0.020 49.2
ka = 1.53 x 103 [, mol1~! sec~!
0. 0.026 38.0
20 0.025 39.8
S0 0.023 43.1
75 0.022 45.6
90 0.021 47.0
105 0.021 48.6

a
ka = 1.68 x 10-3 [ mol-! sec-!

3The rate constants are the slopes of the best

straight lines (x axis

time,

y axis

L mol~1)

derived by linear regression using a Hewlett Packard

calculator (HP 15C).
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SECTION II1. GENERATION AND STUDY OF THE DIMERIZATION OF
ALKYL RING~-SUBSTITUTED 2,3-DIMETHYLENE-2,3-
DIHYDROFURANS
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INTRODUCTION

We have thus far Investigated the substituent effect on
the dimerization of 2,3—dimethylene-z,a—dlhﬁdrofuran (tad.
Several t-butyl exo-methylene-substituted furan monomers

were generated from the flash vacuum pyrolysis (FVP)1-5 of

the corresponding benzoates and their reactivity studled.6
The results are in good agreement with the proposed stepwise
dimerization mechanism in which only the 3-methylene is
directly involved In the rate determining step to form the
diradical intermediate. The 2-methylene, on the other hand,
has a determining effect on the dimer formation.

We were also interested in finding out if any kind of
effect on the dimerization would be present when substitu-
ents were Introduced on the less reactive ring carbons of
the furan monomer.

Previous studies on some 4 or 5 mono-alkyl substituted
furan monomers 1b, lc¢ and 1d have shown virtually no changes
in their behavior from the parent system.7'8 They all
dimerized to give primarily the head to head, [4+4) dimers
at comparable, but not identical, rates. The fact that the
bulky t-butyl group on the S position did not retard the
rate suggested that the dimerization probably prefers a

non-endo approach.”?
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In another study, when a 4-carbomethoxy-5-methyl disub-
stituted furan monomer 2 was generated and allowed to
dimerize, a drastic change was observed. Compound 2
dimerized to give a mixture of not fully characterized [4+2]

dimers as the main products in addition to the normal head

to head [4+4] dimer.?

MeO,C COoMe
Meozcm —> [4+2] dimers +
2
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Similar observation was made with the 4-trifluoromethyl

monomer 3 and the benzolbl furan monomer 4.10,11

CF-
FzC RC 3
RS RAG T S

There is one thing which monomers 2, 3 and 4 have in

common. They all have substituents on the 4 position. Also
among them, 2 and 4 are both 4,5-disubstituted, and 2 and 3
have strong electron withdrawing substituents. In an
attempt to determine which factor favors the [4+2] dimer,
two 4,5 dialkyl disubstituted monomers S and 6 and one
S-carbomethoxy substituted monomer 7 were generated and

studied.
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s SRS S 5 &

Also, a copyrolysis of two different benzoates was
performed to allow us to look Into the feasibility of the

synthegis of mixed dimers that have synthetic potentials.
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RESULTS

2,4,5~-Trimethyl-3-furylmethyl benzoate (8) was
synthesized by reduction of 9 followed by esterification of
the alcohol. Ethyl 2,4,5-trimethyl-3-furocate (9> was
prepared by the condensation of sodium ethyl acetoacetate
and 3-chloro-2-butanone to give diketone ester 10, followed |

by its cyclization with the elimination of a molecule of

water.12
+
NO- COzET
CH,COCHCOE! + CHiCOCHCICH; —> %‘}
1O
A OpEt 1. LiAlH 92
2 . Li 0
LI e Y A S
2. PhCOC!
9 8

The FVP of 8 was performed at 600°C under the normal
conditions. The pyrolysate was col]ected in 10 mL of carbon
disulfide and was allowed to warm gradually to room
temperature. GC and proton NMR spectra (see Appendix,
Figure 1) of the crude pyrolysate showed that the head to

head, [4+4] dimer (11) was the major product. Purifica-
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tion of the crude product by column chromatography on silica

gel (hexane) afforded dimer 11 in 43.5% yvield.
0
“Lph PP
A — L x —— < ;

2,5-Dimethyl-4-t-butyl-3-furylmethyl benzoate (12) was
synthesized by the reduction of methyl 2,5-dimethyl-4-
t-butyl-3-furocate to the corresponding alcohol which was
then converted to the alkoxide with n-butyl lithium followed
by esterification with benzoyl chloride. Methy! 2,5-dimeth-
yl-4-t-butyl-3-furoate was prepared by a Friedel-Crafts
alkylation of methyl 2,5-dimethyl-3-furcate with t-putyl

chloride in the presence of aluminum chloride.13

OpMe  1-BuCl Ophe 1. LiAlHy ﬁ_;\o—“\ph
AlClz 2. PhCOC!
12

FVP of 12 was performed at 520°C in tﬁe normal fashion.
Low temperature proton NMR at -60°9C (see Appendix, Figure 2)
supported the presence of S5-methyl-4-t-butyl-2,3-dimeth-
ylene-2,3-dihydrofuran (6).
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13

14

When a large excess of methyl acrylate was added to the
pyrolyslis trap prior to warming, a mixture of the
Diels-Alder adducts 13 and 14 (8:1) was obtalned in 37.7%
vield.

GCMS analysis of the crude pyrolysate solution upon
warming to room temperature indicated the formation of a
major dimer. Concentration and purlification by column
chromatography on silica gel (hexane) gave the head to head,

[4+4] dimer (15) in 13.7% vield (see Appendix, Figure 3).




S6

S5-Carbomethoxy-2-methyl-3-furyimethyl benzoate (16) was
prepared as follows: 2-methyl-3-furylmethyl alcohol was
first protected with a t-butyldimethyl silyl group; metal-
lation and condensation of the silyl ether with dimethyl
carbonate gave compound 17. Deprotection of 17 and
esterification of the resulting alcohol with benzoyl

chloride gave 16.14

@0}4 T-BuSIMeZCI (_Eos i<~ I.n-Buli

2 %00020”3

| ;
: I F
@OSV_F —
MeQL o phcocl  MeGL

|7 16
Numerous pyrolyses at various temperatures all resulted
in polymer formation. Only GCMS analysis of a very
concentrated sample was able to detect a very small amount

of two dimeric products.

/@roubh —F—VE—:» polymers + two dimers
MeQZC
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An equal molar quantity of 2-methyl-3-furylmethyl
benzoate (18> and 2,5-dimethyl-3-furylmethyl benzoate (19>
waé placed In the sample head and pyrolyzed in the normal
fashion. The pyrolysate was collected in 15 mL of carbon
disulfide and was allowed to warm slowly to room
temperature. GCMS and proton NMR of the crude pyrolysate
showed the presence of three dimers 20, 21 and 22 as the
major products in a 1:2:1 ratlo.8 pap analytical sample of
21 was collected by preparative GC and its proton NMR
spectrum shows three different furan protons (see Appendix,

Figure 4).

0 0
Q-\EO’U\Ph . /@fo"u\Ph AL [O'X . /(/;i
9 |

18

-
20 2l 22
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DISCUSSION

On the baslig of a secondary deuteurium kinetic isotope
effect study,15 the dimerization of 2,3-dimethylene-2,3-
dihydrofuran (la) was proposed to proceed through diradical

23 which could exist in elther conformation 23a or 23b.

éZ;E; —> /[ \ L /4 |

la ' 233 24

5— o0
g 0

23b

It ls reasonable to assume that the relative orienta-
tion of the two furan moieties in 23 is important in deter-
mining the final products. Rotation of the initially formed
23a to 23b followed by fast coupling of two radicals would
give the [4+4] dimer. 1f, for some reason, e.g., Steric
hindrance, free rotation between 23a to 23b was retarded,
then dimerization to give the [4+2] dimer 24 would become

competitive. Since all three previously studied substituted
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monomers 2, 3 and 4 gave [4+2] dimers as the main products,
and all of them bear relatively bulky ring substituents, we
decided to investigate more systems to determine the

validity of this concept.

%Cm Meozcm: @é{
2 3 4

A sterically comparable model of 4, 4,5~dimethyl~-sub-
stituted furan monomer 5, was prepared. Upon warming, only
the head to head, [4+4] dimer 11 was formed. This suggests,

at least for monomer 4, that steric hindrance is not what

causes the [4+2] dimer to come in.

z-

5 Il

A 4

|\

The fact that 4 gave predominantly the [4+2) dimer can
be rationalized by a higher contribution of resonance form

25 in the diradical intermediate.
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—> [4+2] dimer

25

Another 4,5-disubstituted furan monomer,4-t-butyl-5-

methyl-2,3-dimethylene-2,3-dlhydrofuran (6> from the FVP of
2,5-dimethyl-4-butyl-3-furyimethyl benzoate (12) also gave
the [4+4] dimer 15 as the maJor product, but with a much
lower yield (13.7%).

=

The abnormally low yield of 15 can be explained by the
fact that for monomer 6 the t-butyl at the C-4 position is
much closer to the rate determining center, 3-methylene,
than in the case of 5-t-butyl-2,3-dimethylene-2,3-dihydro-
furan (1d>, where the t-butyl at C-5 is located relatively
far away from the reacting center for it to have any
significant retarding effect on the dimerizatlion process.

This assumption was supported by the fact that during the
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esterification of 2,5-dimethyl-4-t-butyl-3-furylmethyl
alcohol, the alkoxide had to be made by treating the alcohol
with n-BulLi followed by the addition of benzoy! chloride to
give the benzoate 12. This Is a standard way to prepare
benzoate from sterically hindered alcohols.16 1In contrast,
2-methyl-5-t-butyl-3-furylmethyl benzoate, the precursor of
id, can simply be prepared by treating the alcohol with

benzoyl chloride in the presence of triethylamine.

Q
X@E OH PHCOC A Ph
_——
EfaN
| Q
H _ R
ﬁ/y B mph
2. PhCOCI

This observation further complements the stepwise

dimerization mechanism in which only the 3-methylene is
involved in the rate-determining step.

Based on our results, a bulky alkyl substituent on the
4 position plus a methyl group on the 5 position of furan
monomer 6 falled to produce any [4+2] dimer; wheréas
previous studies lndicated that less bulky electron

withdrawing substituents on the 4 pogsition alone gave [4+2]
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dimers as the major products. This observation apparently
does not favor our original assumption that [4+2] dimeriza-
tion becomes competitive if the free rotation of the
diradical intermediate is sterically hindered.

An electronic effect seems to be the only remaining
logical explanation. However, when benzoate 16 was
pyrolyzed, GCMS analysis was able to detect only a very
small amount of two dimeric products among the polymeric
substance.

We can only postulate that one is the [4+4] dimer 26.
The other is the [4+2] dimer 27.

MeOZCCOZMe MeoC < |

COoMe
26 27

A strong electron withdrawing substituent on the 5
position of the furan monomer evidently has a strong adverse
effect on its stability.

Even though the mixed dimer 21 we obtained from the co-
pyrolysis of two benzoates is still a very simple system,

this success does open up possibilities for the synthesis of




63

more complex compounds. After all, the dimerization of
furan monomers is a very convenlent way to generate an

eight-membered ring which is know to exist In some natural

products.

oo

2l
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EXPERIMENTAL

Methods and Equipment

The pyrolysis apparatus has been previously
described.17 NMR spectra were recorded on Varian E 360,
JOEL FX-90Q or Nicolet-300 spectrometers. High resolution
mass spectra were measured with an Associated Electronics
Industries MS-902 instrument at 70eV. Gas chromatography/
mass spectroscopy (GC/MS) was performed with a Finnigan 4000
instrument and an INCOS data system. GLC analyses were
performed with a Hewlett Packard HP 5840A instrument with a
25 meter, SP 2100 thin film (methylsilicone-coated)

capillary column.

2,4,5-Trimethyl!-3-furylmethyl Benzoate (8)

Ethyl 2,4,5-trimethyl-3-furocate (9) was prepared with
modification of the sequence by Dann and coworkers for their
synthesis of ethyl 2,5-dimethyl-3-furocate.l2

Ethyt 2,4,5~trimethyl-3-furcate (9>: IR (thin film)
1720, 1625, 1600, 1245, 1020 cm~1; !H NMR <cDClg) & 4.25 (q,
J =7 Hz, 2H), 2.48 (s, 3H>, 2.17 (s, 3H), 2.05 (s, 3H),
1.35 (t, J = 7 Hz, 3H).

A quantity of 1.8 g (10 mmole) of ethy! 2,4,5-tri-

methyl-3-furoate (9) was reduced with lithium aluminum
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hydride using the procedure described previously8 for the
syntheslis of 2,5-dimethyl-3-furylmethyl alcohol to give 1.2
g (8.6 mmole, 86%) of 2,4,5-trimethyl-3~furylmethyl alcohol:
IR C(thin fllm> 3380, 1650, 1600, 1205, 980 cm-1; 1H NMR
(CDClz> & 4.39 (s, 2H), 2.21 (s, 3H), 2.06 (s, 3H), 1.90 (s,
SH> 1.68 (br, 1H)>. Without further purification, the
alcohol was converted to 2,4,5-trimethyl-3-furylmethyl
benzoate (8) with benzoyl chloride using the procedure
described previously for the synthesis of 2,5-dimethyl-3-
furylmethyl benzoate. Purification by column chromatography
on silica gel (5% ether in hexane) yielded 1.8 g (7.4 mmole,
87%) of 8: IR (thin film) 1718, 1650, 1605, 1570, 1100
cm-1; 14 NMR (CDC13)<9 8.25-7.95 (m, 2H>,7.65-7.40 (m, 3H),
4.62 (s, 3, 2.38 (s, 3H>, 2.20 (s, 3H), 1.98 (s, 3H); high
resolution mass spectrum, calcd for 015H1603 244.10995,
measured 244.11038.

2,5-Dimethyl-4-t-butyl-3-furylmethyl Benzoate (12)

To a suspension of 13.3 g (0.1 mole) of aluminum
chloride in 100 mL of carbon disulfide which was being
stirred Qas added dropwise a solution of 7.7 g (0.05 mole>
of methyl 2,5-dimethyl-3-furocate and 4.6 g (0.05 mmole) of
t-butyl chloride. After the addition, the dark mixture was
stirred overnight at room temperature. The resulting

mixture was poured onto 200 g of ice with rapid stirring to
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form a milky suspension. The aqueous layer was separated
and extracted with ether (50 mL x 2>. The combined organic
layers was washed with sodium bicarbonate and brine, dried
and concentrated. The crude product was purified by column
chromatography on silica gel (5% ether in hexane) gave 4.5 g
(0.021 mole, 42%) of methyl 2,5-dimethyl-4-t-butyl-3-furo-
ate: IR (thin £film) 1718, 1620, 1580, 1445, 1250, 1090
cm-1; 1y NMR <cDClg> & 3.80 ¢s,3H), 2.48 (s, 3H), 2.23 (s,
3H>, 1.31 (s, 9H). _

A quantity of 3.0 g (14.3 mmole) of methyl 2,5-dimeth-
yl-4-t-butyl-3-furoate was reduced with lithium aluminum
hydride using the procedure previously described for the
synthesis of 2,5-dimethyl-3-furylmethyl alcohol to give 2.2
g (12.1 mmole, 86.7%) of 2,5-dimethyl-4-t-butyl-3-furyl-
methyl alcohol: IH NMR (CDClg> & 4.40 (br, 2H), 2.21 (s,
3H>, 2.09 (s, 3H), 1.50 (br, 1H>, 1.28 (s, 9H>. A quantity
of 5.9 mL of n-BuLl (2.15 M) was added via a syringe to a
solution of 2.2 g (12.1 mmole) of the alcohol in 30 mL of
dry THF. The mixture was stirred for 10 min and a solution
of 1.87 g (13.3 mmole) of benzoyl chloride in 10 mL of THF
was added. The resulting red mixture was stirred overnight
under nitrogen. After the addition of 30 mL of water, the
aqueous layer was extracted with ether (30 mL x 2) and the

comblined organic layers was washed with water, sodium
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bicarbonate and brine, dried and concentrated, the crude
product was purlified by column chromatography on silica gel
(5% ether in hexane) to glve 2.6 g (9.0 mmole, 74.4%) of 12:
14 NMR <CDClg) & 8.20-7.85 (m, 2H), 7.58-7.25 (m, 3H), 5.10
(s, 20>, 2.25 (s, 3H), 2.05 (s, 3H), 1.26 (s, 9H); high
resolution mass spectrum, calecd for 01832203 286.15690,

measured 286.15671.

S5-Carbomethoxy-2-methyl-3-furylmethyl Benzoate (16)

To a solution of 6.0 g (53.5 mmole) of 2-methyl-3-fur-
ylmethylbalcohol in 12 mL DMF which was being stirred was
added 9.7 g (64.2 mmole) of t-butyldimethylsilyl chloride
and 9.1 g (133.8 mmole) of imidazole. The mixture was
stirred overnight at room temperature. After the addition
of 100 mL of ether, the mixture was washed with ammonium
chloride(aq) and brine, dried and concentrated to give 10.6
g (49.5 mmole, 92.5%) of 2-methyl-3-furylmethyl t-butyl-
dimethylsilyl ether: b.p. 47-48°C ¢0.2 mm>; !H NMR (CDClg>§
7.18 (d, J = 2 Hz, 1H>, 6.22 (d, J.= 2 Hz, 1H>, 4.47 (s,
2, 2.30 (s, 3H), 0.94 (s, 9H>, 0.21 (s, B6H). To a
solution of 5.0 g (23.4 mmole) of the silyl ether in 40 mL
of ether which was being stirred rapidly was added 18.7 mL
(1.5 M in hexane) of n-BulLl via a syringe. After the mix-
ture was stirred for 1 h at room temperature, the resulting

deep red solution was added dropwise to 4.2 g (46.7 mmole)
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of dimethyl carbonate in 5 mL of ether at -60©C. The
mixture was then stirred for 4 h from -60°C to room
temperature. After the addition of water, the layers wére
geparated and the organic layer was washed with water and
brine, dried and concentrated. The crude product was
purified by vacuum distillation (110°-112°C, 0.25 mm) to
give 2.7 g (9.9 mmole, 42.3%) of S-carbomethoxy-2-methyl-
3-furylmethyl t-butyldimethylsilyl ether ¢17>: 1H NMR
(CDC1g> & 6.90 (s, 1H), 4.42 (s, 2H), 3.72 (s, SH), 2.33 (s,
3, 0.89 (g, 9H>, 0.10 (g, 6H). To 2.67 g (9.8 mmole) of
the ether was added 19.6 mL of tetrabutylammonium fluoride
(1 M in THF)> with stirring. The mixture was then diluted
with 20 mL of ether and washed with brine. After
separation, the organic layer was dried and concentrated.
Vacuum distillation ¢(109-111°9C, 0.4 mm) of the crude praoduct
gave 1.35 g (7.9 mmole, 81%) of S5-carbomethoxy-2-
methyl-3-furylmethy! alcohol: 1H NMR (CD013><$ 6.96 (s,
1H>, 4.32 (s, 2H), 3.71 (s, 3H), 2.62 (br, 1H>, 2.33 (s,
3H>. A quantity of 0.6 g (3.53 mmole) of 17 was esterified
with benzoyl chloride using the procedure described
previouély for the synthesis of 2,5-dimethy!-3- furylmethy!l
benzoate}to give 0.8 g (2.2 mmole, 82.2%) of

S-carbomethoxy-2-methyl1-3-furyimethyl benzoate (16): m.p.

54-56°C; IR (thin film) 1720, 1600, 1532, 1450, 1275, 1090
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cm=1; 14 NMR <CDClg) & ©.28-7.90 (m, 2H>, 7.67-7.35 (m, 3H),
7.15 (s, 1H), 5.20 (g, 2H)>, 3.82 (s, 3H), 2.45 (g, 3H); hlgh
résolution mass spectrum, calecd for 015H1405 274.08413,
measured 274.08429.

General Pyrolysis Procedure

The pyrolyses were run at furnace temperatures from 400
to 8009C. The sample chamber was heated to 60-70°C and the
system was evacuated to ca. 10~S Torr during the pyrolysis.
A condenser was Inserted between the quartz pyrolysis tube
and the liquid nitrogen-cooled trap to collect the unreacted
starting material and the benzoic acid formed as a
byproduct. The liquid nitrogen-cooled trap was used to
collect the products. Upon completion of the pyrolysis,
carbon dlisulfide or deuterochloroform was distilled into the
trap through the side arm. The trap was then warmed to
-780C. Also added was a known amount of dibromoethane as an

internal standard for quantitative studies.

Pyrolysis of 2,4,5-Trimethyl-3-furylmethy! Benzoate (8)

A quantity of 100 mg ¢(¢0.35 mmole) of 8 was pyrolyzed
at 600°C in the normal manner. The pyrolysate was colleted
in 10 mL of carbon disulfide and was allowed to warm
gradually to room temperature. GC and proton NMR spectra of

the crude pyrolysate showed that the [4+4] dimer 11 was the
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only major product. Purification of the crude product by
column chromatography on slilica gel (hexane) ylelded 18.5 mg
(0.076 mmole, 43.4%) of 11: 1H NMR (see Appendix, Figure 1)
(CDCla)(S 2.98 (g, 2H), 2.60 (g, 2H>, 2.05 (s, 3H>, 1.75 (s,
3H>; 13c NMR <CDC13)<5 149.20, 148.94, 120.95, 118.26,
26.05, 22.58, 13.74, 7.98; GC/MS (70 eV) m/e (relative
intensity) 244.05 ¢15.02), 219.08 ¢(27.52>, 204.12 (18.53),
189.06 (12.11)>, 173.98 (9.24)>, 122.01 <¢100>, 106.96 (21.01).

Pyrolyslis of 2,5-dimethyl-4-t-butyl-3-furyimethyl! Benzoate
(12)

A quantity of 150 mg (0.52 mmole) of 12 was pyrolyzed
at 520°C under the normal condition. The pyrolysate was
collected iIn 10 mL of 1:1 CS»/CDClz from the liquid
nitrogen-cooled trap and proton NMR spectrum recorded at
-609C showed evidence for the presence of S-methyl-4-t-
butyl-2,3-dimethylene-2,3-dihydrofuran (6): 14 NMR (see
Appendix, Figure 2) (CDC13/CSy> d? 5.17 (s, 1H>, 4.78 (m,
1H>, 4.70 (s, 1H>, 4.55 (m, 1H>, 1.82 (s, 3H), 1.25 (s, 9H).
Upon warming, polymers were found to be the major products.
Concentration and purlfication of the crude pyrolysate
solution by column chromatography on silica gel (hexane)
vielded 6.3 mg (0.0192 mmole, 13.7%) of the [4+4] dimer 15:
'H NMR (see Appendix, Figure 3) (CgDg) 3.02 (s, 4H), 2.30
(s, 4H>, 1.85 (g, 6H)>, 1.36 (s, 18H); 13C NMR (CgBg> Vo)
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154.02, 146.35, 119.55, 112.98, 33.69, 29.87, 26.44, 22.91,
9.41; GC/MS (70 eV) m/e (relative Intensity) 328.18 (16.41),
313.16 (30.18>, 271.12 (12.01), 164.12 (64.20>, 149.18
(100.00>, 121.06 (18.45), 91.04 (13.56), 57.06 (19.53).

iels-Alder Reactlon of 5-Methyl-4-t-butyl-2,3-cdimethylene-

D
'§,3-dlhydrofu;an (6) with Methyl Acrylate

A 113 mg €0.69 mmole) quantity of 2,5-dimethyl-4-t-
butyl furylmethyl benzoate (12) was pyrolyzed at 5300C under
the normal conditions. Upon completion, a solution of 10 mL
of methyl acrylate was deposited into the trap through a
side arm. After warming of the trap, the mixture of the
crude adducts was purified by column chromatography (silica
gel, 5% ether in hexane) to give 65 mg (0.26 mmole, 37.7%)
of the Diels-Alder adducts 13 and 14 (8:1) based on GCMS
analysis. For 13: 1y NMR (CgDg) & 3.36 (s, 3H), 3.05-1.72
(m, 7H>, 1.80 (s, 3H), 1.42 (s, SH); 13c NMR (Cglg> &
174.46, 155.30, 144.86, 111.43, 109.23, 51.19, 40.35, 33.98,
29.91, 26.31, 26.09, 19.91, 9.36; high resolution mass
spectrum, calcd for 015H2203 250.15690, measured 250.15579.
The concentration of 14 was too low to be detected by either

proton NMR or 13C NMR spectroscopy.




72

Copyrolyslis of 2-methyl-3-furylmethyl Benzoate (18) and
ghg—dimetheyl-§-furyimethyi Benzoate (19)

A mixture of 0.28 g (1.3 mmole) of 18 and 0.30 g (1.3

mmole) of 19 was copyrolyzed at 610°C under the normal
conditions. The pyrolysate was collected in 15 mL of carbon
disulfide from the trap and was allowed to warm slowly to
room temperature. GCMS and proton NMR of the pyrolysate
showed a total amount of 54 mg (0.27 mmole, 41%) of dimers
20, 21 and 22 as the major products in a 1:2:1 ratio. An
analytical sample of 21 was collected by preparative GC: 1H
NMR (see Appendix, Figure 4) (CD013)<5 7.18 (d, J = 2 Hz,
1H>, 6.05 (d, J = 2 Hz, 1H), 5.64 (s, 1H), 2.96 (35, 4H),
2.68 (s, 4H>, 2.08 (s, 3H>; 13c NMR (cDCIg> & 150.08,
149.09, 147,84, 139.72, 118.59, 117.99, 113.44, 109.38,
26.00, 25.73, 24.97, 24.87; high resolution mass spectrum,
calcd for CygHy 40, 202.09938, measured 202.09852.

Pyrolysis of 5-carbomethoxy-2-methyl-3-furylmethyl Benzoate
(16)

Pyrolyses were performed with ca. 100 mg of 16 at 640,
680, and 720°C using the general procedure. A quantity of
10 mL of carbon disulfide was deposited into the trap
through a side arm and the trap was warmed up to -789C and
then gslowly to room temperature. GC and proton NMR spectrum
of the crude pyrolysate indicated the absence of any

significant amount of volatile products. Polymers were the
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major products In all occasions. However, GCMS did give
evidence for two dimers 26 and 27 in about 1% vleld each.
GC/MS (70 eV) m/e (relative intensity) for 26 and 27:
304.00 (4.62>, 245.00 (7.09>, 152.00 (100>, 128.00 ¢8.30),
109.00 ¢6.21>, 93.00 (9.46>, 92.00 (11.14>, 65.00 ¢17.61),
89.00 (11.51)>; 304.00 (9.19>, 245.00 ¢8.57>, 152.00 ¢100),
128.00 (6.94)>, 109.00 €(2.32), 93.00 (11.24>, 92.00 ¢11.98),
65.00 (17.94>, 59.00 (11.12).
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l J 1
8 5] 4 2 O PPM

Figure 1. Proton NMR spectrum of the [4+4] dimer 11 of

4,5-dimethy1-2,3-dimethylene-2,3~-dihydrofuran (5}
recorded in Cglg
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Figure 2.

Proton NMR spectrum of 5-methyl-4-t-butyl-2,3-
dimethylene-2,3-dihydrofuran (6) recorded at
-600C in CDClgz/CS, (i = dibromoethane, broad

signals between 0.5 - 2.5 ppm are presumed to be
caused by polymers)
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8 6 Y 2 0 PPM

Figure 3. Proton NMR spectrum of the [4+4] dimer 15 of
S5-methyl-4-t-butyl-2,3-dimethylene-2,3-dihyarotfur

an (6) recorded in Cst
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Figure 4; Proton NMR spectrum of the mixed dimer 21 of
2,3-dimethylene-2,3-dihydrofuran <(1a) and

S-methy!-2,3-dimethylene-2,3-dihydrofuran 16
recorded in Cst
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DIELS-ALDER REACTION OF 2,3-DIMETHYLENE-Z2,3-
DIHYDROFURAN AND o-XYLYLENE
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INTRODUCTION

Despite numerous Iinvestigations over the past fifty

vears, the detailed mechanism for the Diels-Alder reactionl!

is still uncertain.2-? Opinion has swayed from one extreme
where this type of [4+2]1 reaction is regarded as completely
synchronous to the other extreme where a stepwise process
involving a diradical intermediate is suggested. The former
vlew has been gaining ground for the last decade or two,
partly due to the strong influence exerted by the Woodward-
Hoffmann rules3 and the secondary deuterium isotope effect
studies by Taagepera and Thornton.10

The stepwise mechanism, on the other hand, is still not
lacking strong proponents. In 1974,11 Dewar et al.:
published a preliminary account of a detailed theoretical
study of the Diels-Alder reaction between 1,3-butadiene and
ethylene to give cyclohexene. They were able to locate a
transition state which proved to be very unsymmetric, one of
the CC bonds being essentially completely formed while the
other was still very weak. As expected, the opposite was
proposed by Caramella et al. shortly after.l2 In 1978,13 a
theoretical study of the retro-Diels-Alder reaction of
cyclohexene by Dewar again predicted the transition state to
be very unsymmetric. In an attempt to determine the

reaction mechanism of the Diels-Alder cycloaddition of ben-
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zocyclobutene with dienophliles, the stabllitles for the
assumed intermediate structures were examined by Kametanl
and coworkers? ysging MINDO/3, STO-3G and 4-31G methods.
Thelr results also concluded that the reaction lsnstepwise
and involves a diradical intermediate. A most recent
theoretical study by Dewar et al.8 further concluded that
the Diels-Alder reaétlon in general proceeds via very
unsymmetrical transition states, close to diradicals
structurally and energetically. The reglioselectivities and
rates of various Diels-Alder reactions are successfully
predicted on this basis.

However, a recent publication by Houk et al.? dealing
with the Diels-Alder reaction of 1,1,4,4-tetradeuterio-1,3-
butadiene with cis- or trans-1,2-dideuteriocethylene has
provided both experimental and theoretical evidence that are
consistent with a synchronous concerted mechanism.

The reaction of butadiene with ethylene to form cyclo-
hexene is the proto type of the blels—Alder reaction and
therefore is undoubtedly of fundamental interest. However,
due to the high degree of symmetry of each reactant as well
as the small HOMO-LUMO gap,4 butadiene and ethylene are poor
representatives of most other substlituted systems.

We have been studying the chemistry of 2,3-dimethylene-

2,3-dihydrofurans, generated by the flash vacuum pyrolysis
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(FVP) of the corresponding benzoates, for many years.14,15
Trapplng of 2,3-dimethylene-2,3-dihydrofuran (1a) with
methyl acrylate consgsistently resulted in the formation of

two regioisomeric adducts 2a and 3a.

G5+ Lo — G, QT

la 3a

In order to determine whether this is a concerted or a
stepwise reaction, a variety of dienophiles were selected to
react with 1a. The stereochemistry of the resulting adducts
should give some clue concerning the reaction mechanism. In
addition, two deuterated 2,3-dimethylene-2,3-dihydrofurans
were prepared and trapped with methyl acrylate, and the
ratios of each set of isomeric adducts were measured and
compared to the parent system to determine if there is a
secondary deuterium kinetic isotope effect that would

support a stepwlise mechanism.
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RESULTS

When an excess of methyl acrylate was added to the
pyrolysis product trap that contains 2,3-dimethylene-2,3-
dihydrofuran (1a), 2-methylene-3-dideuteriomethylene-2,3-
dihydrofuran (ib) or 2-dideuteriomethylene-3-methylene-
2,3-dihydrofuran (1c>, each generated from the FVP of its
corresponding benzoates 4a, 4b and 4c, three palrs of
isomeric adducts were obtained. The ratio of each pair of
adducts can be determlined by Integrating the two distinctive
methoxy signals in the proton NMR spectrum (see Appendix,

Figures 1, 2, 3.
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By comparing the ratios of the three adducts, an
average deuterlium Isotope effectl6 (kD/kH) of 1.06 + 0.469

was observed (Table I).

Table I. Calculation of the secondary deuterium
isotope effect on the Diels-Alder reaction of
la, 1b and ic with methyl acrylate

22 2 3 3 A [
Ba 3b 2a 2cC 3b/ 3a 2c/ 2a

Run 1 3.5 4.4 0.31 0.34 1.12 1.05
Run 2 3.2 4.2 0.28 0.32 1.14 1.07

Methyl crotonate and methyl lsocrotonate were used as a
pair of cis-trans dienophiles in our probe into the mechan-
ism of -the [4+2] addition of 2,3-dimethylene-2,3-dihydro-
furan (1a) with dienophiles. The reaction of ia generated
from the FVP of 2-methyl-3-furylmethyl benzoate (4a) with
methyl crotonate gave the [4+4) dimer 5 as the major product
(40%)> along with 18.8% of a pair of trans adducts 6 and 7 in
a 3 to 1 ratio. Apparently the reactivity of methyl
crotonate toward 2,3-dimethylene-2,3-dihydrofuran (ia) is
substantially lower than that of methyl acrylate. As a
result the [4+4] dimerlzation becomes competitive despite
the presence of a large excess of dienophile. The mixture
of 6 and 7 was separated from 5 by column chromatography.
Their structures were confirmed by NMR spectra (see

Appendix, Figures 4, S5).
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Repeated attempts to trap 1la generated pyrolytically
with a large excess of methyl isocrotonate all resulted in
"the formation of the [4+4] dimer S5 as the only product.

We decided to generate 1a via fluoride induced
1,4~elimination from 2-methyl(trimethylsilyl)-3-furylmeth-
yltrimethylammonium iodide (8>.17 The immediate advantage
of this approach is that we can elevate the reaction
temperature to allow the [4+2] cycloaddition of 1a and
methyl lsocrotonate to become more competitive. At the
refluxing temperature of the solvent (acetonitrile), la was
generated in the presence of methyl isocrotonate to afford

again dimer 5 as the major product; however, a small amount
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of adducts (17%) was also lsolated. Proton NMR and GC
analysis showed that among the mixture of adducts, 90% was
the two cis adducts 6a and 7a in a 10:1 ratio, the remaining

10% was the two trans adducts.

+

JMezl  posM FT 7 .

> (;i [oo _—

. CHxON 75% Me |
lMe3 .

R +

F 8 %Me

e
% + @C[ + dimer. + trans adducts
e

These results are Inconclusive due to the contamination
of methyl Isocrotonate by about 5% of its trans isomer. We
decided to use another pair of cis-trans dienophiles,
dimethyl fumarate and dimethyl maleaﬁe, for our study
because they can be acquired commercially in high purity.
Due to the high melting points of these two dienophiles, the

possibility of generating la through pyrolytic means was
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ruled out. Again, la was generated by the fluoride induced
1,4-elimination from iodide 8 in the presence of
dienophiles.

Reaction of 1a with dimethy! fumarate gave the trans
adduct 9 as the only product indicated by its NMR spectra
(see Appendix, Figures 6, 7). However, reaction of 1a with
dimethy! maleate afforded both 9 and its cis isomer 10 in a
4 to 1 ratio (see Appendix, Figures 6, 7) In addition to a
small amount of the [4+4] dimer 5. No Isomerization of the

dienophile took place based on a GC analysis of the reaction

mixture. The cls adduct was separated from the trans by

column chromatography (see Appendix, Figures 10, 11)

. _ ) .
e Tl

qus
Meoacj]~ o)
C02Me
+ - -
" CH3CN RT Me C:CE"OOZMe
iMe
3 [Oone 10 S

COoMe
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Further evidence for the non-stereospeclific and non-re-
glospeclific nature of this type of [4+2] cycloaddition was
obtained from the reaction of ta with cyclopentenone. GCMS
analysis of the product mixture showed the presence of three
adducts and the [4+4] dimer S In a 3.7:1.5:1:3.1 ratio (see
Appendix, Figure 12). The mixture of adducts was separated
from 5 by column chromatography to give a total vield of
21.7%. Their retentlion times are so close that two of them
are virtually on top of one another. It is qultelposslble
that two of the four possible adducts were not resolved.
This Is not unusual since GC was never able to resolve the
two adducts of 1a and methyl acrylate or methyl crotonate.
The proton NMR spectrum of the mixture of adducts shows

evidence for at least three isomers (see Appendix, Figure

13).

N - 0
Mezl  0.05M F
N 75 v QU
Mes HsCN 75%
0

©

+ dimer 5
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We also investigated the Dliels-Alder reactions of
o-xylylene (11) with dienophiles. o~Xylylene could be
conveniently generated at room temperature using the same
fluoride induced 1,4-elimination from [o-Ctrimethylsilyl)
methyl lbenzyltrimethylammonium lodide 12.18 Reaction of
o-xylylene with dimethyl fumarate gave, as anticipated, only
the trans adduct 13. However, when o-xylylene was generated
in the presence of dimethyl maleate. GC analysis (see
Appendix, Figure 14> and proton NMR spectroscopy (see
Appendix, Figure 15) of the product mixture shows the trans
adduct (NMR spectra, see Appendix, Figures 16, 17) was the
major product over its cls lsomer in a 2:1 ratio. The cis
isomer 14 was separated from lts trans isomer by column

chromatography (see Appendix, Figures 18, 19).

ﬁMesl' 005M F~ @O/OOZMC
q- e COZMe

CHxCN RT
SiMe3 H3

M
|2 eCEC—U‘COZNB
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+ - -
©;—NMe3l OO5M F . COoMe COoMe
Lo CHCN RT COpMe CO"'COZMe
3 H:COQMG
COoMe 14
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DISCUSSION

A statement on Diels-Alder reactions was made recently
by Ciganek5 that "there is almost unanimous agreement that
the Diels-Alder reaction Is a concerted [4+2] process"'.
This Is quite surprising since even Houk, one of the most
prominent proponents of the concerted mechanism for the
Diels-Alder reaction, admits that "Diels-Alder reactions of
substituted dienes and dienophliles have been found to occur
by both concerted and stepwise mechanisms."?

A more sensible middle ground on the controversy seems
to be that the stereospecific [4+2] cycloaddition in
Diels-Alder reactions represents the rule, and the
non-stereospecific ones are the exception. 1In fact, in
addition to numerous theoretical studies that conclude a
gstepwise mechansim involving diradical intermediates for the
Diels-Alder reaction,8 there do exist experimental results
to support the stepwise process. According to Sauer amd
Sustmann‘’s rationalization,4 one can expect the stepwise
mechanism, thus perhaps a non-stereospecific reactlon when
the HOMO-LUMO separation is large. Also, substituents such
as electron withdrawing groups capable of stabilizing
diradical intermediates will favor the stepwise mechanism.

Houk also gave similar arguments.19 The experimental
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evidence reported in the literature does confirm these
conslderations. The Diels-Alder reaction of
hexachliorocyclopentadiene (15> with different dienophiles
described by Mark20 gave results that can only be explained

on the basis of diradical intermediates.

X
Cl ¢l

C'jjijiCTCl

cl cl T lec% }\}%/ %
a. X =Cl 5 ¢+ 95
b. X = CN 57+ 43
C. X = Ph A é??
d. X = COoMe G
e. X = Me 100 O

Huybrechts and van Mele2l also reported that the [4+2]
addition of 1,3-cyclohexadiene to cis- and trans- butene to
be non-stereospecific.

Another example of a non-concerted cycloaddition can be
seen from the reactions of furans with maleic acid.22 when
2-methyl furan was allowed to react with maleic acid, up to

17% of fumaric acid was recovered. No fumaric acid was
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found when furan and 2,5-dimethyl furan were subjected to the
same reaction conditions. The observation was explained in

terms of a reversible formation of a zwitterionic inter-

mediate.

H
DG = A,

Further evidence for a stepwise Diels-Alder reaction

was reported by Litt1e23 o the reaction of butadiene and
l1-cyanovinyl acetate. When butadiene was allowed to react
with 1-cyanovinyl acetate in benzene at 150°C, the
cyclohexane adduct and the vinylcyclobutane were recovered
in a 7:1 ratio. A common diradical intermediate was

proposed. Similar results were reported by Banks et al .24

AcO

150% ON
i . AcOTCN U
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The Diels-Alder reaction of 2,3-dimethylene~2,3-dihy-
drofuran ¢(1a) and its two deuterated analogues 1b and ic
with methyl acrylate gave a palr of isomeric adducts in each
case. If this follows a concerted mechanism, the deuterium
isotope effect would enhance the rate of the formation of
adducts 2b, 3b, 2c and 3c by an equal factor. In other

words, the ratios 2b/3b and 2¢/3c¢c should remain unchanged

from 2a/3a.
RR
(4
QT
/ + 3 Rk,

! “\'OOZMe

, RR

I A

=R = e
a. R=R, =H 5 RR, CoM

b.R=D R/=H
¢. R=H R;=D

In our study, a secondary deuterium isotope effect of
1.1 was detected by comparing the ratios of three adduct
pairs. This can best be explained by a stepwise mechanism
that involves diradical intermediates 16 and 17, and the
rate-determining step involves bonding at either exomethyl-

ene position with the unsubstituted end of methyl acrylate.
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Stereospeciflicity is a necessary result of a concerted
cycloaddition. In stepwise cycloadditlions, the stereo-
chemical course depends largely on the relative rates of the
ring closure and the bond rotation within the intermediate.
A stepwise mechanism with a diradical intermediate would
lead to a non-stereospecific reaction iIf rotations about
single bonds in the intermediate are faster than ring
closure to the cycloadduct; if, however, rotations are
slower than the normally fast ring closure reaction, a
stepwlise reaction can also take place stereospecifically.
Therefore, the observation of stereospecificity does not
guarantee a concerted mechanism, but a non-stereospecific
cycloaddition reaction is always a good indication of a

stepwise mechanism.
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When 2,3-dimethylene-2,3-dihydrofuran (1a) was allowed
to react with dimethyl! maleate; both the trans and the cis
adducts were formed In a 4:1 ratlio. This result strongly
suggests that a stepwise mechanism was involved in this
[4+2] cycloaddition. The life time of the Intermediate
diradical 18 is long enough to allow the bond rotation to
place in favor of the transoid intermediate 19. This also
explains why no cis adduct was found in the reaction of ia
with dimethyl fumarate since the intermediate was already in

the favored transoid form.
Me
— s
@(,\'EZW Me
18
' _—
o “COZMe Me
19

la

Similar argument can be used to explain the Diels-Alder
reaction of o-xylylene with dimethyl! maleate that gives both

trans and clis adducts in a 2:1 ratio. This result is
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especlially pertinent since it offers experimental evidence
for a previous theoretical study by Kametani et al. that
favors a stepwise mechanism for the Diels-Alder
cycloaddition of o-xylylene with dienophiles.?

The best evidence for a stepwise Diels-Alder mechanism
would be the detection of a true intermediate. Neverthe-
less, our results do provide unambiguous evidence that the
Diels-Alder reactions of 2,3-dimethylene-2,3-dihydrofuran
(2> with methyl acrylate, methyl isocrotonate, dimethyl
maleate, and cyclopentenone and o-xylylene with dimethyl

maleate are non-stereospecific and therefore, stepwise.
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EXPERIMENTAL

Methods and Equipment

The pyrolysis apparatus has been previously
described.25 NMR spectra were recorded on Varian E 360,
JOEL FX-90Q or Nicolet-300 spectrometers. High resolution
mass sgspectra were measured with an Associated Electronics
Industries MS-902 instrument at 70eV. Gas chromatography/
mass spectroscopy (GC/MS) was performed with a Finnigan 4000
instrument and an INCOS data system. GLC analyses were
performed with a Hewlett Packard HP 584OA instrument with a
25 meter, SP 2100 thin film (methylsilicone-coated)

capillary column.

2-Methy1-3-furylmethyl Benzoate (4a)

2-Methyl-3-furylmethyl benzoate (4a) was prepared with
modifications of the procedure by Trahanovsky et al.l5

Purification by vacuum distillation ylelded 8.76 g
(40.5 mmole, 90%> of 4a: IR (thin film) 1720, 1605, 1450,
1320, 1250, 1060 cm~l; 1y NMR <CDClg) & 8.2-7.9 (m., 2H),
7.5-7.3 (m, 8H>, 7.25 (d, J = 2 Hz, iH), 6.40 (d, J = 2 Hz,
1H), 5.14 (s, 2H>, 2.36 (s, 3H).
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2-Methyl-3-furylimethyl-&,X-d> Benzoate (4b>

2—Methyl-3-furylmethyl-N;N=d2 benzoate (4b) was
prepared with modifications of the procedure by Trahanovsky
et al.1d

Purification of the crude product by vacuum distilla-
tion yielded 8.5 g (39.0 mmole, 89.4%) of 4b: IR (thin
f1lm> 1720, 1600, 1520, 1275, 1100 cm~1; 13 NMR (cocigzg) &
8.22-7.25 (m, S5H>, 7.20 ¢(d, J = 2 Hz, 1H), 6.34 (d, J = 2
Hz, 1H), 2.35 (s, 3H).

2-Trideuteriomethyl-3-furylmethyl Benzoate (4c)

2-Trideuteriomethyl-3-furylmethyl benzoate (4¢) was

kindly provided by C. H. Chou.

Isocrotonic Acid

A quantity of 9.0 g (0.1 mole, 50%) of isocrotonic acid
was prepared from 1,3-dibromo-2-butanone by the procedure of
Rappe .26

For isocrotonlic acid: lH NMR (CDClg) & 8.12 (br, lH),
6.73-6.18 (m, 1H>, 6.08-5.64 (m, 1H>, 2.15 (dd, J = 8 Hz,
1.5 Hz, 3W.

Methy! Isocrotonate

Methyl Isocrotonate was prepared from isocrotonic acid

by the procedure of Bowden.Z27
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Purification of the crude product by vacuum
distillation gave 6.5 g (0.07 mole, 58.3%) of methyl
Isocrotonate (95% cis, 5% trans): 1y NMR (CDC13)c5
6.52-6.08 (m, iH>, 5.85-5.70 (m, 1iH>, 3.72 (s, 3H), 2.10
(dd, J = 8 Hz, 1.5 Hz).

2-Methyl(trimethylsilyl)-3-furylmethyltrimethylammonium
Iodide (8)

2-Methyl(trimethylsilyl)-3-furylmethyitrimethylammonium
fodide (8) was prepared by the suggestion of Wiseman.17

A solution of 8.0 g (55.4 mmole) of 2-methyl-3-furoyl .
chloride in 40 mL of dimethylamine ¢30% in Hp0) was stirred
overnight at room temperature. The solution was extracted
with ether; the organic layer was washed with brine, dried
and concentrated to give 6.8 g (44.4 mole, 80.1%) of ‘
N,N-dimethyl-2-methyl-3-furamide: 1H NMR (CDCl 3> é 7.28 «d,
J = 2 Hz, iH), 6.47 (d, J = 2 Hz, i1H), 8.10 (s, 6H), 2.35
(s, 3H). To a solution of LDA (43.0 mmole) in THF at -78°C
which was being stirred was added 6.0 g (39.2 mmole) of the
amide. The resulting deep red mixture was stirred for 20
min, 4.9 g (43.0 mmole) of chlorotrimethylsilane was then
added rapidly to minimize disilylation. The mixture turned
light orange and was allowed to stand overnight. After the

addition of water, the mixturce was extracted with ether.
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The organic layer was separated and washed with NaHCOg and
brine. The crude product was dried and concentrated to give
7.7 g (34.2 mmole, 87.2%) of N,N-dimethyl-2-C(trimethyl-
silyldmethyl-3-furamide: 1 NMR (CDCIé’dY 7.12 (s, 1H),
6.29 (s, 1H>, 2.92 (s, 6H>, 2.26 (s, 3H), -0.18 (s, 9H). To
a glurry of 1.2 g (31 mmole) of LAH in 40 mL of ether was
added 7.0 g (31 mmole) of the amide at 09C, The suspension
was stirred overnight and a standard wor:kup28 vyielded 4.9 ¢
(23.2 mmole) of N,N-dlmethyl-Z—(trimethylsllyl)methyl—s—
furyl-methylamine. A solution of 4.9 g ( 23.2 mmole) of the
amine and 16.5 g (116 mmole) of methyl lodide In 50 mL of
acetonitrile was stirred overnight. After the addition of
ether to the reaction mixture, lodide 8 preciplitated out as
a vellowlish solid. Recrystallized from ethyl
acetate/acetone (1:1) yielded 7.2 g (20.4 mmole, 88.2%) of 8
as a white solld: mp 214-216°C; lH NMR (CDzCN> & 7.40 d, J
= 2 Hz, 1H>, 6.45 (d, J = 2 Hz, 1H), 4.32 (s, 2H), 3.05 (s,
9H>, 2.25 (s, 2H)Y, 0.05 (s, 9H).

General Pyrolysis Procedure

The pyrolyses were run at furnace temperatures from 400
to 8009C. The sample chamber was heated to 60-70°C and the
system was evacuated to ca. 10~° Torr during the pyrolysis.

A condenser was inserted between the quartz pyrolysis tube
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and the liqulid nitrogen-cooled trap to collect the unreacted
gtarting material and the benzolc acid formed as a
byproduct. The liquid nitrogen-cooled trap was used to
‘collect the products. Upon completion of the pyrolysis,
dienophiles were introduced through the side arm, and the
trap was warmed to -780C for several hours and then slowly
to room temperature.

Diels-Alder Reaction of 2,3-Dimethylene-2,3-dlhyrofuran (1a)
with Methyl Acrylate

A 335 mg (1.55 mmole) quantlty of 2-methyl-3-furyl-
methyl benzoate (4a) was pyrolyzed at 620°C. A solution of
10 mL of methy! acrylate and 10 mL of carbon disulfide was
deposited into the trap when the pyrolysis was completed.
The trap was warmed to -78°C and then slowly to room
temperature. The mixture was concentrated to give the crude
product which was purified by column chromatograpﬁy (silica
gel, 5% ether in hexane) to give 122 mg (0.68 mmole, 44%) of
the Diels-Alder adducts 2a and 3a (3.5:1): 1H NMR (CgDg> &
7.1 ¢d, J = 2 Hz, 1H>, 6.05 (d, J = 2 Hz, 1H), 3.37 (s,
0.67H>, 3.34 (s, 2.33H>, 2.90-1.58 (m, 7H).

Diels-Alder Reaction of 2-Methylene-3-dideuteriomethylene-
2,3-dihvdrofuran (1b) with Methyl Acrylate

A 285 mg (1.3 mmole) quantity of 2-methyl-3-furyl-

methyl-%,X-d2 benzoate (4b) was pyrolyzed at 627°9C using the
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procedure described for the reaction 2,3-dimethylene-
2,3-dihydrofuran (ia’> with methyl! acrylate.” Purification of
the crude product by column chromatography gave 98 mg (0.53
mmole, 41%) of the Diels-Alder adducts 2b and 2¢ (4.4:1):

1H NMR (CgDg> & 7.18 ¢d, J = 2 Hz, 1H), 6.05 (d, J = 2 Hz,
1H>, 3.38 (s, 0.56H>, 3.35 (s, 2.44H), 2.0-1.62 (m, S5H)>;
high resolution mass spectrum, calcd for C10H10D203
182.09129, measured 182.09113.

Diels-Alder Reaction of 2-Dideuteriomethylene-3-methylene-

S t—

,3-dihydrofuran (1c¢) with Methyl Acrylate

A 277 mg (1.26 mmole) quantity of 2-trideuteriomethyl-
3-furylmethyl benzoate (4c) was pyrolyzed at 620°C using the
procedure described for the reaction of 2,3-dimethylene-2,3-
dihydrofuran (ia) with methyl acrylate. Purification of the
crude product by column chromatography gave 103 mg (0.567
mmole, 45%) of the Diels-Alder adducts 2c¢ and 3c €2.9:1):
1H NMR ¢CgDg> & 7.18 (d, J = 2 Hz, 1H), 6.04 (d, J = 2 Hz,
i, 3.39 (s, 0.76H>, 3.36 (s, 2.23H), 2.78-1.70 (m, SH>;
high resolution mass spectrum, calcd for CygH;gD303
182.09129, measured 182.09098.

Diels-Alder Reaction of 2,3-Dimethylene-2,3-dihydrofuran
(la) with Methyl Crotonate

A 0.5 g (2.3 mmole) quantity of 2-methyl-3-furylmethyl

benzoate (4a) was pyrolyzed at 590°C. A solution of 20 mL
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of methyl crotonate in 20 mL of carbon disulfide was
deposited into the trap during the pyrolysis. Upon
completion, the trap was warmed to -780C and then slowly to
room temperature. GCMS analyslis of the crude product
mixture showed that the [4+4] dimer and the adducts were
present in a 2:1 ratio. A quantity of 84 mg ¢(0.43 mmole,
18.8%) of the adducts was separated from the dimer by column
chromatography on silica gel (2% ether in hexane). Proton
NMR analysis indicated adducts 6 and 7 were obtained in’a
3:1 ratio: 1H NMR (CgDg> & 7.18 ¢d, J = 1.5 Hz, 1H), 6.05
(d, J = 1.5 Hz, 1H), 3.39 (s, 0.75H>, 38.35 (s, 2.25H,
2.05-1.84 (m, 6H>, 0.91 (d, J = 6 Hz, 2.25H), 0.84 ¢d, J = 6
Hz, 0.75H>; 13C NMR (CgDg) ' for 6: 125.23, 148.11, 140.90,
115.86, 110.00, 51.51, 47.40, 31.97, 29.71. 26.02, 19.24;
for 7: 175.61, 149.22, 140.74, 114.6, 109.91, 51.45, 47.50,
31.83, 30.50, 25.24, 19.60; GC/MS (70eV) m/ e (% base peak)
194.16 (15.48)>, 163.14 (4.65), 135.16 (35.41), 134.14
(90.31>, 119.12 (46.50>, 117.14 ¢(8.30>, 108.16 ¢(35.71),
105.14 (17.61)>, 95.04 (9.12>, 94.06 (100.00, 91.10 ¢37.51),
81.10 (12.55), 65.08 (15.61).

Diels-Alder Reaction of 2,3-Dimethylene-2,3-dihydrofuran
(l1a) with Methyl lsocronate

A solution of 0.44 g (1.68 mmole) of tetrabutylammonium

fluoride (0.05 M in acetonitrile) was added dropwise to a
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refluxing solution of 0.5 g (1.40 mmole) of 2-methyl(tri-
methylsilyl)-S-furylmefhyltrimethylammonium iodide (8) and
1.4 g (14.0 mmole?> of methyl isocronate (95% cigs, 5% trans)
in 20 ml of acetonitrile. After the addition, the solvent
was removed under vacuum, and the residue was extracted with
ether (20 mL x 3)>. The organic layer was washed with sodium
bicarbonate and brine. GC analysis of the crude product
mixture showed the presence of the (4+4] dimer as the major
product accompanied by some adducts. The adducts (46 mg,
17%> were separated from the dimer by column chromatography
on silica gel (2% ether in hexane). The proton NMR spectrum
indicated that 90% were the two cis adducts in a 10:1 ratio.
In addition, 10% of the trans adducts were also found in the
mixture. For the major adduct: 1y NMR (CDC]a) 6‘7.07 (d, J
= { Hz, 1H>, 5.97 (d, J = 1 Hz, 1H)>, 3.25 (s, 3H), 3.02-2.05
(m, 6H>, 0.83 (d, J = 7.0 Hz, 3H) (see Appendix, Figure 20);
- 13c NMR <CDClg) & 174.21, 147.95, 141.01, 114.90, 110.61,
51.63, 44.16, 30.02, 28.99, 22.24, 14.91 (see Appendix,
Figure 21)>; GC/MS (70eV) m/e (% base peak) 194.04 (26.49),
163.04 (5.94), 135.06 (33.14), 134.06 (100.00>, 119.02
(51.77>, 117.04 (6.34)>, 108.04 (38.46), 105.04 (15.58),
24.04 (61.69>, 91.04 (35.20), 81.02 (11.70)>, 65.04 (14.13).
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Diels-Alder Reaction of 2,3-Dimethylene-2,3-dlhydrofuran
(1a) with Dimethy! Fumarate

A quantity of 0.2 g (0.55 mmole) of lodide 8 was
allowed to react with dimethyl fumarate using the procedure
described for the reaction of 2,3-dimethylene-2,3-dihydro-
furan (ia) and methyl isocrotonate with the exception that
This reaction was performed at room temperature.

Purification of the crude mixture by column chromatog-
raphy on silica gel (30% ether in hexane’ afforded 83.3 mg
(0.35 mmole, 63.6%) of one single adduct, presumably trans
9: 14 NMR (CgDg> & 7.05 ¢d, J = 1.5 Hz, 1H), 5.92 ¢d, J =
1.5 Hz, iH>, 3.38 (s, 3H), 3.33 (s, 3H), 3.18-2.42 (m, 6H);
13c NMR <CgDg) & 174.03, 173.64, 147.65, 141.29, 114.95,
109.03, 51.29, 42.12, 41.95, 25.39, 24.49; high resolution
mass spectrum, calcd for Cy5H,40g 238.08413, measured
238.08465.

Diels-Alder Reaction of 2,3-Dimethylene-2,3-dihydrofuran
(1a) with Dimethy! Maleate

The procedure used in the reaction of 2,3-dimethylene-
2,3-dlhydrofuran and methyl isocrotonate was followed here
with the exceptlon.that this reaction was performed at room
temperature.

GCMS analysis and proton NMR spectroscopy of the crude
product showed the presence of two adducts 9 and 10 (70.8

mg, 0.29 mmole, 52.7%) in a 4 to 1 ratio (see Appendix,
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Figures 8 and 9). GC analysis also showed that dimethyl
maleate did not isomerize. The cis adduct 10 was separated
from 9 by column chromatography on silica gel (30% ether in
hexane>: 1H NMR (CgDg> & 7.038 ¢d, J = 1Hz, 1H>, 5.97 (d, J
= 1Hz, 1H>, 3.37 (g, 3H), 3.28 (s, 3H), 3.20-2.52 (m, 6H);
13c NMR <CgDg> & 172.68, 172.15, 148.47, 141.29, 115.28,
110.09, S51.18, 51.12, 40.96, 24.20, 23.03 (see Appendix,
Figures 10 and 11); high resolution mass spectrum, caled for
CqoH1 405 238.08413, measured 238.08408.

Diels-Alder Reaction of o-Xylylene (11) with Dimethyl
Fumarate

A solution of 0.19 g (0.76 mmole) of tetrabutylammonium
fluoride (0.05 M in CHZCN)> was added dropwise to a solution
of 0.25 g (0.69 mmole) of [o-methyl(trimethylsilyl)benzyll-
trimethylammonium iodide (12> and 1.98 g (13.7 mmole) of
dimethyl! fumarate iIn 20 mL of acetonitrile at room
temperature. After the addition, the solvent was removed
under vacuum and the residue was extracted with ether (20 mL
X 3). The ether layer was washed with sodium bicarbonate
and brine. GCMS analysis of the crude product mixture
indicated that only one adduct, presumably the trans |somer
13, was formed. Purification by column chromatography on
silica gel (30% ether in hexane) gave 102 mg <0.41 mmole,

59.6%) of the trans adduct 13: 1H NMR (CgDg> & 7.12-6.82
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(m, 4H>, 3.45 (s, 3H), 3.18-2.70 (m, 4H); 13¢ NMR (CgDg) &
174.16, 133.97, 128.51, 126.18, 51.18, 42.16, 31.68 (see
'Appendix, FPigures 16, 17); hich resolution mass spectrum,

calcd for Cyq4H;g0,4 248.10486, measured 248.10470.

Diels-Alder Reaction of o-Xylylene (11) with Dimethyl
Maleate

The procedure used in the reaction of o-xylylene with
dimethyl! fumarate was followed here.

GCMS analysis and proton NMR spectroscopy (see
Appendix, Fligures 14, 15) of the product mixture showed the
presence of two adducts iIn 2:1 ratio (crude weight 97 mg,
0.39 mmole, 56.6%). Also, a trace amount <<i1%) of the
dimers was detected. Cis adduct 14 was separated from 13 by
column chromatography on silica gel (30% ether in hexane):
14 NMR (CgDg> & 7.09-6.85 (m, 4H), 3.37 (s, 3H), 3.02-2.80
(m, 4H); 13c NMR <CgDg)> & 173.85, 134.04, 128.96, 126.05,
51.05, 40.51, 29.80 (see Appendix, Figures 18 and 19); high
resolution mass spectrum, calecd for Cy4H{g0,4 248.10486,
measured 248.10501.

Diels-Alder Reaction of 2,3-Dimethylene-2,3-dihydrofuran
(1a) with Cyclopentenone (15)

The procedure used in the reaction of ‘1a with isocroto-

nate was followed here.
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GCMS analysis of the crude product showed the presence
of three adducts and the [4+4] dimer S iIn a 3.7:1.5:1:3.1
ratio (see Appendix, Figure 12). Separation of the mixture
of adducts from S by column chromatography gave 42 mg (0.24
mmole, 21.7%) of the adducts: 1H NMR (CgDg) § 7.22 (br,
i1H>, 7.19 (m, 1H>, 6.12 (shoulder>, 6.11 (d, J = 1.8 Hz,
iH>, 6.05 (d, J = 1.8 Hz, 1H), 3.45-1.02 (m, 20H) (see
Appendix, Figure 13); GC/MS (70eV) m/e (% base peak) A:
176.10 ¢100.00>, 161.10 (12.27), 148.08 (17.86), 147.06
(25.68), 133.06 (24.85), 132.06 (53.30>, 131.06 (41.31),
119.06 ¢30.10>, 94.04 (80.68), 91.06 (81.55), 65.06 (34.37);
B: 176.00 (58.40>, 161.00 (7.02), 148.00 €13.66>, 147.00
(12.21)>, 133.00 (12.37>, 131.00 (14.98>, 119.00 (14.06),
94.00 ¢100.00>, 91.00 (42.76>, 81.00 (26.85>; C: 176.10
(100.00>, 161.10 (12.27>, 148.08 (17.86), 147.06 (25.68),
133.06 (24.85), 132.06 (53.10), 131.06 (41.313, 119.06
(30.10>, 94.04 (80.68>, 91.06 (81.55), 81.02 (20.51)>.
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Figure 1. Proton NMR spectrum of the Diels-Alder acducts 2a
and 3a in CDClz (c = CHCl3)
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CoMe
2b 3b

Figure 2. Proton NMR spectrum of the Diels-Alder adducts 2b
and 3b in CDClg
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2c 3c

Figure 3. Proton NMR spectrum of the Diels-Alder adducts 2c¢
and 3¢ in CDClz (¢ = chloroform)
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Figure 4. Proton NMR spectrum of the Diels-Alder adaucts 6
and 7 recorded in CD013 (¢ = chloroform)
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13C NMR spectrum of Diels-Alder adducts 6 and 7
in CD013 (c = chloroform)
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Proton NMR spectrum of the Diels-Alder adduct 9
in CgDg (b = benzene)
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Figure 7. 13¢ NMR spectrum of Diels-Alder adauct 9 in CgDhg
(b = benzene)
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Figure 8. Proton NMR spectrum of the Diels-Alder adducts 9
and 10 (4:1) in C6D6 (b = benzene)




122

Me 4 Me
Me “CO2Me

- 0
N -
AV ) I:J'
1
TEMF1 4899 128 18
TIME] 5.99
RATE 18.89
TENPZ 488 =89
TINEZ 3n.a8
IMd TEMP 488 288 -JB
‘ FID TEMP 4898 258 =58
CHT SFPD .58
ZERD 19.9
HiTm 2T 2
FID SGNL A
E SLP SENS B.18
| AREAR REJ 189888088
by FLOW A 24.8 26.3
- FLOW B 8.8 15.86
<
i
-:
N -4
[4)
<
&
2
'—
Wl 5
¢ '

STRAT

Figure 9. GC trace of the Diels-Alder adducts 9 ¢13.:8) and
10 (13.23) (4:1)
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Figure 10. Proton NMR spectrum of the Diels-Aider adduct 10
(4:1) in CgDg (b = benzene)




124

IIIIT'IIlrllllllllllillllllllllllllﬁll

180 160 140 120 100 80 60 40 20 0

Figure 11, 13¢c NMR spectrum of the Diels-Alder adduct 10 in
csns (b = benzene)
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Figure 12. GC trace of the product mixture of the Diels-
Alder reaction of 2,3-dimethyl-2,3-dihydrofuran
(la) with cyclopentenone (11.15 = [4+4] dimer>
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Figure 13. Proton NMR spectrum of the mixture of adaucts of
2,3-dimethylene-2,3-dihydrofuran (ia) and
cyclopentenone in C6D6 (b = benzene)
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Figure 15. Proton NMR Spectrum of the Diels-Alder aaducts
13 and 14 (2:1) in CgDg (b = benzene)
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Figure 16. Proton NMR Spectrum of the Diels-Alder adduct 13
in C6D6 (b = benzene)
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Figure 17. 13¢c NMR spectrum of the Diels-Alder adduct 13 in
C6D6 (b = benzene)
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Figure 18. Proton NMR Spectrum of the Diels-Alder adduct 14
in CgDg (b = benzene)
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Figure 19. 13C NMR spectrum of the Diels-Alder adduct 14 in
CSDG (b = benzene)
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Figure 20. Proton NMR spectrum of the Diels-Alder aaducts
6a and 6b in CDClg (10:1>
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Figure 21. 13c NMR spectrum of the Diels-Alder adduct 6a
CDClz (¢ = chloroform)
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SECTION IV. FORMATION OF THE 2,5-DIMETHYLENE-2,5-DIHYDRO-
THIOPHENE TRIMER AND ITS SYNTHETIC APPLICATION
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INTRODUCTION

Our research group has been actively pursuing the
generation of reactive molecules by flash vacuum pyrolysis
(FVP>! for the last decade. We were able to generate 2,5-
dimethylene-2,5-dihydrofuran <12 or 2,5-dimethylene-
2,5-dihydrothiophene (2)3 by the FVP of 5-methyl-2-fur-
vimethy! benzoate (3) or 5-methyl-2-thenyl benzoate (4> in
excellent ylelds. Our route is superior to others/4-7
because the products are free from the contamination of
other reactants, therefore allowing us to be the first to

fully characterize monomers 1 and 2 spectroscopically.
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We are also interested in the synthetic applications of
the trimer 5 of 2 since it iIs a potential source of a
variety of 18-membered species that have been highly sought
after for their synthetic as well as mechanistic implica-
tions.8-16 1 this study, we wish to report a convenient

synthesis of cyclooctadecane (6> from 5.
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RESULTS AND DISCUSSION

Pyrolysis of S5-methyl-2-thenyl benzoate (4) at ca.
7000C gave thiophene monomer 2 in 75% yield as a yellow
substance. Upon standing at rocom temperature, dimer 7 and

trimer 5 were produced ln a 1:2 ratio.3

0 S
) ot 2 ﬂe. s@(%j
S S Z N

2
' 7 5

4

In order to optimize the formation of the trimer versus
the dimer, nine sample tubes of the monomer were prepared
and allowed to oligomerize ‘under different concentrations
and temperatures. The disappearance of monomer 2 and the
emergence of dimer 7 and trimer 11 were monitored by GC

using diphenyl as an internal standard. The results are

presented in Table I.
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Table I. Oligomerization study of 2,5-dimethylene-2,5-
dihydrothlophene (2> monitored by GC using
diphenyl as an internal standard

Monomer Dimer Tr imer
(%) (%) (%)
Tegp. Conc. Tube 24h 48h 24h 48h 24h 48h
-lg 0.? A 60 /7 / / / /
-10 0.05 B 60 / / / / 7/
-10 0.03 o 61 /7 / / / /
20 0.1 D 7/ / 9 6 47 34
20 0.05 E 8 / 8 8 29 30
20 0.03 F 10 / / / 14 13
35 0.t G /7 /7 11 9 46 49
35 0.05 H 7/ 11 11 29 32
35 0.03 I /7 / 14 i0 16 17

Unexpectedly, low temperature (-10°C) resulted in
extensive polymerization. Slightly elevated temperature

(359C> at 0.1 M of monomer concentration was the optimal

condition for the trimer. formation.

Repeated attempts to desulfurize trimer S by an excess
amount of Raney nickell7-19 3}| resulted in the formation of
a mixture of 5 isomers of CigHg> based on GCMS analysis.
They are all apparently very closely related since all the
GC signals literally fall on top of one another (see
Appendix, Figure 1). The proton NMR spectrum (see

Appendix, Figure 2) of this mixture shows three broad
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signals at 5.3 ppm (4H), 2.2 ppm ¢(8H) and 1.3 ppm (20H).
Evidently, the Isomers contaln non-conjugated double bonds.
The exact locatlion and stereochemistry of the double bonds

cannot be determined.

_— CigHa2  amixture of 5 isomers

This observation is rather unique since as early as
1960 Raney nickel desulfurization of approximately 190
thiophenes had been described.l? As far as we know, most
products are fully saturated unless the thiophene is
incorporated in a multi-nuclei aromatic system such as

flavophene 8.20

C‘OO LI
o
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When this mixture of 018H32 was allowed to stir in
hexane and Pd/C (5%) under a hydrogen balloon for flve

hours, cyclooctadecane 6 was isolated as the single product

in 90% yield. The overall ylield is around 40% starting from

the benzoate.

Pd/C
Ho

v

CigHz2

Several lengthy, multi-step syntheses of cycloocta-
Qecane (14> in low vield were. reported previously. A

synthesis of 6 starting from acetylene is outllined
below.21,22

7 days

—

/—-\ H2
(CHo}» (CHo) — 6
{L/z?
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Our method is very attractive due to the limited number

of steps and ease of reactions.
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EXPERIMENTAL

Methods and Equipment
The pyrolysis apparatus has been previously

described.23 NMR spectra were recorded on Varian E 360,
JOEL FX-90Q or Nicolet-300 spectrometers. Chemical shifts
are recorded in parts per million <63 from tetramethylsilane
(TMS>. Gas chromatography/mass spectroscopy (GC/MS) was
performed with a Finnigan 4000 instrument and an INCOS data
system. GLC analyses were performed with a Hewlett Packard

HP 5840A instrument with a 25 meter, SP 2100 thin film
(methylsilicone-coated) capillary column. Raney Nickel was

purchased from Aldrich.

5-Methyl-2-thenyl Benzoate (4)

A solution of 18.0 g (143 mmole) of S-methyl-2-thio-
phenecarboxaldehyde in S50 mL of ether was reduced and
esterified by the procedure of Miller3 to yield 26.6 g (115
mmole, 80.4%) of 5-methyl-2-theny! benzoate (4): bp 87-890C
(0.05 mm> [1it bp 1249C, ¢0.45 mm>1; lH NMR (CDCl3) &
8.15-8.02 (m, 2H>, 7.55-7.38 (m, 3H), 6.95 (m, 1H), 6.50 (m,
1H>, 5.40 (s, 2H), 2.38 (s, 3.

Desulfurization of Trimer 5 with Raney Nickel

A solution of 12 mg (0.036 mmole) of thiophene trimer S

in 20 mL of benzene and ethanol (1:1) was stirred under
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nitrogen at 50°C with 2.5 g of Raney nickel overnight. The
nickel was flltered off, the solvent was evaporated to
afford 8 mg of oil. GC analysis of the crude product
mixture showed the presence of S lsomers (10:8:2.5:1.6:1)
(gsee Appendix, Figure 1)>. GCMS - nly resolved four signals
bearing the molecular weight of 248. GC/MS (70eV) m/e
relative Iintensity) A: 248.04 (6/01), 149.02 (3.44), 135.02
(11.27>, 121.02 (14.78>, 95.00 (36.36>, 67.02. (100.00>; B:
248.04 (6.27>, 135.02 (9.15>, 121.00 (11.52>, 94.02 (38.62),
80.02 (75.41>, 55.04 (100.00>; C: 248.04 ¢6.27>, 135.02
(2.15>, 121.00 (11.52>, 94.02 ¢(38.62>, 80.02 (75.41>, 55.04
(100.00>; D: 248.08 (2.26>, 121.02 (8.20>, 96.02 (33.17),
81.02 (50.39>, 67.02 (79.98), 55.04 (100.00>. Proton NMR
spectrum (CDClg> & 5.3 Cbr, 4H), 2.2 (br, 8H>, 1.3 (br, 20H)
(see Appendix, Flgure 2).

Without purification, the mixture of isomers obtained
from desulfurization of thiphene trimer § was dissolved in 5§
mlL of hexane and 4 mg of Pd/C (5%). The mixture was stirred
under a hydrogen balloon until all of the starting materials
were consumed as indicated by TLC analysis. This process
took five h. The resulting suspension was filtered with a
glass funnel. After removing of the solvent, 8 mg (0.032

mmole, 88.8%) of cyclooctadecane (6) was recovered: mp

70-74°C (11t.22 mp 72-73°C>; !H NMR (CDClg> & 1.30 (s, 36H);
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13c NMR (CDCl1g3> § 27.50; high resolution mass spectrum,

calcd for CygHgyg 252.28171, measured 252.28179.
General Pyrolysis Procedure

The pyrolyses were run at furnace temperatures from 400
to 800°C. The sample chamber was heated to 60-70°C and the
system was evacuated to ca. 10-° Torr during the pyrolysis.
A condenser was lnserted between the quartz pyrolysis tube
and the liqulid nitrogen-cooled trap to collect the unreacted
starting material and the benzoic acid formed as a
byproduct. The liquid nitrogen-cooled trap was used to
collect the products. Upon completion of the pyrolysis,
carbon disulfide or deuterochloroform was distilled into the
trap through the side arm. Also added was a known amount of
dibromoethane as an internal standard for quantitative

studies.

Pyrolysis of 5-Methyl-2-thenyl Benzoate (4)

A 0.5 g (2.1 mmole) quantity of S-methyl-2-theny!
benzoate (4) was pyrolyzed at 7009C in the normal manner.
Upon comp]etion, 18 mL of carbon disulfide was distilled
into the trap. The trap was warmed up slowly to -789C. A
quantitative low temperature proton NMR analysis of 3 mL of
the pyrolysate using dibromethane was a standard showed the

presence of 2,5-dimethylene-2,5-dihydrothiophene (2) in 80%
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yleld. The remaining 15 mL was divided equally into ten
test tubes after 80 mg of biphenyl was added as an internal
standard. Nine portions (tubes A to I) were taken and
divided into three groups. Group 1: tubes A, D, G (0.1 M
monomer) were stored at -100C, 209C and 35°C respectives.
Group 2; tubes B, E, H were diluted with 1.5 mL carbon
disulfide each ¢0.05 M monomér) and were stored at -109C,
20°C and 35°C respectively. Group C; tubes C, F, I were
diluted with 30 mL carbon disulfide each ¢0.03 M monomer)
and were stored at -10°9C, 20°C and 359C respectively. GC
analysis of the nine samples after all the monomers were
consumed indicated that tube G (0.1 M monomer at 35°C)
afforded the trimer S in the highest yield (49%). The

overall result is shown in Table I.
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_— CigHz2  amixture of 5 isomers
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Proton NMR spectrum of the mixture of products
after S5 was desul furized with Ra NI
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GENERAL SUMMARY

In Section I, we report the generation and a
mechanistic gtudy of t-butyl exo-methylene-substituted
2,3-dimethylene-2,3~dihydrofurans and a thiophene analogue.
The results not only unambiguously support the previous
proposed two-step mechanism for the dimerization of 2,3-di-
methylene-2,3-dihydrofuran (1), they also provide two of the
most unreactive o-quinodimethanes, namely, 2-methylene-
3-t-butylmethylene-2,3-dihydrofuran (2> and 2,3-di-t-bu-
tyimethylene-2,3-dihydrofuran.

In Section II, the preparation and the dimerization of
a series of alkyl ring-substituted and carbomethoxy ring-
substituted derivatives of 1 are presented. This study
concludes that bulky alkyl substituents on the ring of furan
monomers do not promote the [4+2] dimerization process.

In Section III, a Diels-Alder reaction of 1 and its two
deuterated analogues with methyl acrylate reveals the
presence of a secondary deuterium isotope effect which
strongly suppports a stepwise mechanism. This conclusion is
further strengthened by the fact that the Diels-Alder
reaction of 1 with cis dienophiles proceeds non-stereo-
specifically. A comparison study of o-xylylene with dieno-

philes reaches the same conclusion.
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In Section IV, we present a convenient synthesis of
cyclooctadecane from the thiophene trimer of 2,5-dimeth-
ylene-2,5-dihdrothiophene. This route is more efficlent

than existing routes.
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