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[4+3] Cycloadditions of some allylic dioxolanes
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Abstract—Four allylic dioxolanes were prepared and reacted with several dienes in the presence of Lewis acids, affording [4+3] cyclo-
adducts. The reaction could be conducted with catalytic amounts of Lewis acid. The use of a chiral Lewis acid gave a cycloadduct

with only a low enantiomeric excess.
© 2006 Elsevier Ltd. All rights reserved.

The [4+3] cycloaddition reaction of allylic cations and
dienes continues to attract a great deal of attention.!
The process leads directly to seven-membered rings,
but can be manipulated to produce both larger and
smaller ring systems.>3

Recently, the development of [4+3] cycloaddition chem-
istry has focused more extensively on the use of hetero-
atom-stabilized allylic cations as dienophiles.* Vinyl
thionium,®> vinyl oxocarbenium,® and vinyl iminium
ions’ have all been used as dienophiles in [4+3] cyclo-
addition reactions. Efforts have been made to develop
asymmetric versions of the reaction using both chiral
auxiliaries®® and asymmetric catalysis.! Both areas
are in need of considerable development.'!

We have been involved in the development of [4+3]
cycloaddition chemistry for some time. Several years
ago, we studied the [4+3] cycloaddition reaction
of allylic dioxanes and other acetals with various
dienes.®%*¢ We developed reactions that were com-
pletely endo selective and, when using chiral dioxanes,
diastereoselective to the extent of up to a ratio of 17:1.
An example is shown in Scheme 1. As part of a contin-
uing program to develop asymmetric [4+3] cycloaddi-
tion reactions, we pursued a study of the cycloaddition
chemistry of allylic dioxolanes. This letter reports our
preliminary results in this area.

The ‘parent’ dioxolane was synthesized in accord with
our previous work on dioxanes.? The treatment of ethyl
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diethoxyacetate (4) with trimethylsilylmethyl magne-
sium chloride in the presence of CeCl; afforded alcohol
5 in a 90% yield. Heating this compound with ethylene
glycol and a catalytic amount of tosic acid gave dioxo-
lane 6 in a 80% yield (Scheme 2).

The cycloaddition chemistry of 6 was explored using
various amounts of furan as the diene and various Lewis
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Table 1. [4+3] Cycloaddition of 6 with furan

CH,TMS ) ) o
furan, Lewis acid \/\OH
O\A C,H5NO,, -78 °C e
Q/O 6 7
Entry Furan (equiv) Lewis acid (equiv) Yield (%)
1 2.5 TiCly (2.1) 20
2 10 TiCly (2.1) 33
3 10 Ti(OiPr)4 (2) 0
4 30 Ti(OiPr),Cl, (2) 14
5 10 SnCly (2.1) 40
6 10 AlCL; (2) 43
7 10 Me,AICI (1) 70
8 30 Me,AICI (1.5) 46
9 10 MeAICL (2) 53
10 10 EtAICL, (2) 53
11 10 Et,AICI (1.5) 43
12 10 AlMe; (2) 36
13 10 TMSOTTS (1) 56
14 10 Sc(OTf); (0.1) 51
15 10 BF;-OEt; (2) 52
16 10 BF;-OEt, (1) 50
17 10 BF;-OEt, (0.5) 54
18 30 BF;-OEt, (0.25) 50
19 30 ZnBr; (2) 48

acids. The results are summarized in Table 1. Because
we obtained excellent results in our studies of allylic
dioxanes using nitroethane and found that the cyclo-
addition reaction of 6 with furan failed using TiCly in
CH,Cl,, all of our studies were conducted using nitro-
ethane as a solvent.

A variety of Lewis acids effected the cycloaddition
between 6 and furan. Most notable among the results
was the relatively high yield obtained with Me,AlCl
(Table 1, entry 7) and the fact that the reaction could
proceed catalytically with scandium(III) triflate and
boron trifluoride etherate (Table 1, entries 14, 17-18),
though the yields for these processes were only moder-
ate. Simple catalytic [4+3] cycloadditions are relatively
rare.'? Further, simple catalysis implies a potential for
asymmetric catalysis. When boron trifluoride etherate
was used as the Lewis acid, the yield of 7 was inde-
pendent of the amount of Lewis acid used and add-
ing additional furan did not appear to dramatically
affect the outcome of the reaction (Table 1, entries
15-18).

When chiral Lewis acid 8'3 (1 equiv) was used to pro-
mote the reaction, cycloadduct 7 was obtained in a
76% yield, but with only a 17% enantiomeric excess
(Scheme 3).!'# Nevertheless, this establishes the principle
that the [443] cycloaddition reactions of simple acetals
might be subject to asymmetric catalysis.

Other dienes were explored with 6 and the results are
summarized in Table 2.'> Most interesting was the result
obtained for the cycloaddition with butadiene. The
product was ‘dimer’ 12, rather than the simple cyclo-

CH,TMS e

+ pTolSO,N_ O

&

8

“O\/\OH
7,17% ee

furan, EtNO,
0.2 M, -78 °C, 76%

Scheme 3.

adduct 11. The formation of 12 may involve an acetal
exchange of 11 with 6 followed by cycloaddition or
the simple etherification of the two molecules of 11
mediated by Lewis acid.'®
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We next examined acetals 13 and 14. These were pre-
pared in standard fashion in a 8§9% yield (13:14, 2:1)
and separated using MPLC. Stereochemical assignments
were made on the basis on NOESY data. Cycloaddition
experiments using both compounds are summarized in
Table 3. Several conclusions can be drawn from the
data. In general, 13 afforded better yields of cyclo-
adducts than 14 (Table 2, entries 1-2). This may be
due to a greater accessibility of the oxygen atoms in
the former relative to the latter. However, the diastereo-
selectivity was better with 14 than with 13 (Table 2,
entries 4 and 5). The stereochemistry of the major iso-
mer of the cycloadduct for the reaction with furan was
assigned by X-ray crystallography as 15a.!7 As in our
dioxane studies, this product is not the one expected
by the invertive ring opening of the dioxolane. Attempts
to induce enantioselectivity in the process using 8 were
not successful. Although rigorous determinations of
enantiomeric excesses were not made, chiral chromato-
graphy suggested that the ratio of enantiomers was close
to 1:1. It appears that both cycloadducts from cyclo-
pentadiene are endo, based on NMR data in comparison
to our previous work and we assigned the major isomer
as 16a based on these criteria.

We also examined the cycloaddition chemistry of the
chiral acetal 17, prepared using (2R,3R)-2,3-butanediol
and 5 (98% yield). A summary of the reactions per-
formed with this acetal and furan and cyclopentadiene
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Table 2. Selected [4+3] cycloadditions of 6
CH,TMS L
diene, Lewis acid O\/\OH
—_—
O CaHoNO,, -78 °C
Co s R R
9: X=0, R=Me
10: X=CH,, R=H
Entry Diene (equiv) Lewis acid (equiv) M] Product Yield (%)
1 2,5-DMF (1.5) Sc(OTH)3 (0.1) 0.2 9 15*
2 2,5-DMF (1.5) Sc(OTH)5 (0.1) 0.05 9 20*
3 2,5-DMF (10) Sc(OTH)3 (0.1) 0.05 9 45*
4 CsHg (20) 8(0.62) 0.15 10 63°°
5 CsHg (20) Et,AICI (1.1) 0.2 10 31°
6 1,3-Butadiene (excess) Sc(OTf);3 (0.1) 0.05 12 45
% Endo only.

® Endo:exo, 5:1.

¢ Enantiomer ratio not determined.

Table 3. [4+3] Cycloadditions of 13 and 14

13/14

diene, LA
EtNO,, -78 °C

a

15: X=0
16: X=CH,

Mes Me
S oR - R : AR
Y\OH + HO/\rO',,
Me Me

b

Entry Acetal Diene (equiv) Lewis acid (equiv) M] Product yield (%)
1 13 Furan (20) Et,AICI (1.2) 0.18 15 (59)*
2 14 Furan (20) Et,AICI (1.2) 0.1 15 (30)°
3 13 Furan (20) 8(1.1) 0.2 15 (40)°
4 13 Furan (20) Sc(OTHf)3 (0.1) 0.05 15 (89)¢
5 14 Furan (20) Sc(OTf); (0.1) 0.05 15 (73)°
6 13 CsHg (20) 8(1) 0.16 16 (88)"

a:b ratios based on '"H NMR:

#5.8:1.

®24:1 (after chromatography).

€6.2:1.

45.5:1.

€7.3:1.

3.8:1.

is given in Table 4. It is worth noting that as little as
1.5 equiv of diene were suitable for a successful cyclo-
addition. Interestingly, there seemed to be little correlation
between concentration and yield. Diastereoselectivity
was reasonable and could probably be improved by
using a chiral acetal with more steric bulk in the diol
portion of the acetal. The structure of the major diaste-
reomer from the reaction of 17 with furan (18a) was
determined by X-ray analysis.!” Interestingly, the for-
mation of this product can be rationalized on the basis
of the invertive ring opening of the dioxolane, a phe-
nomenon we have not observed previously. We assume
the minor product is the result of a lack of complete fa-
cial selectivity. More mechanistic studies are needed in

order to find the basis for the differences in behaviour
between dioxanes and dioxolanes in this reaction.

In summary, we have shown that allylic dioxolanes are
viable dienophiles in [4+3] cycloadditions. The reactions
can be catalytic in Lewis acid. Chiral acetals give diaste-
reomeric cycloadducts in ratios as high as 8:1. A single
example of a chiral Lewis acid effecting a [4+3] cyclo-
addition between an achiral allylic acetal and furan
proceeded with a low enantioselectivity, but suggests
that a catalytic, asymmetric process may be developed
using this approach. Further studies along these lines
are under current consideration. The results will be
reported in due course.'®1°
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Table 4. [4+3] Cycloadditions of 17

CH,TMS
diene, Lewis acid

(@]
C,HgNO,, -78 °C
Me
—«/O 17
Mé

Me Me
-0 OH *+ pHo O
Me Me

18: X=0 b

19: XZCHQ
Entry Diene (equiv) Lewis acid (equiv) M] Product yield (%) dr (a:b)*
1 Furan (20) Sc(OTf); (0.1) 0.12 18 (42) 5.5:1
2 Furan (20) ELAICI (1.1) 0.2 18 (40) 10.8:1°
3 Furan (1.5) Et,AICI (1.1) 0.2 18 (34) —
4 Furan (1.5) Sc(OTH)s; (0.1) 0.18 18 (62) 7.4:1°
5 Furan (10) EtAICI (1.1) 0.05 18 (62) 5.9:1
6 Furan (10) Sc(OTf)3 (0.1) 0.05 18 (65) 6:1
7 Furan (20) 8 (1) 0.2 18 (30) 8.3:1
8 CsHy (1.5) Sc(OTH)s; (0.1) 0.2 19 (52) 5.3:1

#Based on NMR of crude material.
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allylic alcohol was derivatized with 2-chloro-4(R),5(R)-
dimethyl-2-0x0-1,3,2-dioxaphospholane. The integration
of a 'P NMR then gave the relative ratio of enantiomers.
2-Methylfuran, pyrrole and N-Boc-pyrrole all failed to
afford cycloadducts with 6.

Compound 12 appears to be a single species by NMR, but
it is likely that it is actually a mixture of diastereomers and
the NMR signals for the diastereomers are isochronous.
Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the
Cambridge Crystallographic Data Centre as Supplemen-
tary Publication Numbers CCDC 612843 (15a) and
612844 (18a). Copies of the data can be obtained, free of
charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [fax: +44 (0)1223 336033 or
e-mail; deposit@ccdc.cam.ac.uk].

General procedure for the synthesis of allylic acetals: A
round-bottomed flask equipped with a stir bar was
charged with 5 followed by the addition of (1.2-3 equiv)
diol and 5 mol % PTSA. Benzene was added to form an
~0.083 M solution. The system was refluxed into a Dean—
Stark trap under positive N, pressure. The reaction
progress was monitored by TLC (10% Et,O/hexanes)
Upon the completion of the reaction, approximately 80%
of the solvent was distilled off. The reaction was quenched
with 5-10 mL of 6% NaHCOj; and filtered through a pad
of NaHCOj;. The organic layer was diluted with 20 mL of
Et,0, washed with 10 mL of H,O (1x) then with 10 mL of
brine (1x). After drying over anhydrous MgSO,, the
solvent was removed under reduced pressure. The product
was purified by flash chromatography. Data for 6: 'H
NMR (250 MHz, CDCl;) ¢ 5.12 (s, 2H), 4.86-4.85 (m,
1H), 4.00-3.98 (m, 2H), 3.96-3.90 (m, 2H), 1.58 (s, 2H),
0.04 (s, 9H); '*C NMR (62.9 MHz, CDCl5) 6 143.7, 112.4,
105.6, 65.0, 20.2, —1.2. IR: (cm™') 2956(s), 2891(s),
1731(m), 1689(m), 1644(m), 1612(m), 1475(w), 1427(m),
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1249(s), 967(m), 943(m), 902(m), 851(s). Anal. Calcd for
CoH30,Si: C, 58.02; H, 9.74. Found: C, 58.06; H, 9.61.

. General procedure for the [4+3] cycloaddition of dioxol-

anes: A round-bottomed flask equipped with a magnetic
stir bar and rubber septum was flame-dried and cooled
under positive N, pressure. To the cooled flask was added
1 equiv dioxolane followed by freshly distilled and cooled
C,HsNO,, to form a 0.05M solution. The system was
then purged with N, for approximately one min. Ten
equivalents of diene were added via syringe and the system
was stirred while cooling to —78 °C. Sc(OTf); (10 mol %)
was added quickly into the reaction pot followed by
purging with N, for 1 min. The reaction mixture was
stirred at —78 °C for 15min to 2.5h. The reaction
progress was monitored by TLC. Upon the completion
of the reaction, the reaction flask was removed from the
cooling bath and the mixture was diluted with 25 mL of
ethyl ether and 25 mL H,O with vigorous stirring. The
nitroethane was then extracted from the organic layer with
three 10 mL portions 2.5 M NaOH. The combined aque-
ous layers were washed with three 2 mL portions of ethyl
ether. The combined organic layers were washed with
10 mL of water (1x), 10 mL of 1 N HCI (1x) and 10 mL of
brine (1x). The organic layer was then dried with
anhydrous MgSO,; and concentrated under reduced
pressure. The product was purified by flash chromato-
graphy. Data for 7: '"H NMR (250 MHz, CDCl5) 6 6.18
(s, 2H), 5.22-5.19 (m, 1H), 4.90-4.89 (m, 1H), 4.81 (d,
J=4.2Hz, 1H), 4.77 (d, J=4.0 Hz, 1H), 4.09-4.08 (m,
1H), 3.85-3.71 (m, 4H), 2.63-2.54 (m, 1H), 2.12 (d,
J=144Hz, 1H), 1.85 (s, 1H); *C NMR (62.9 MHz,
CDCI;) 6 142.1, 133.1, 129.7, 112.1, 79.6, 79.2, 78.8, 71.8,
62.1, 35.7; IR (cm™') 3426(s), 2951(s), 1652(m), 1429(m),
1405(m), 1341(m), 1321(m), 1126(s), 1056(s), 979(m),
954(m), 902(m), 885(m). Anal. Calcd for C;oH405: C,
65.39; H, 7.75. Found: C, 65.76; H, 7.62.
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