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Abstract: In situ prepared CpoZrCI® catalyzes the formation of dioxolenium ions from a,p-
unsaturated epoxy esters. As a consequence of this activation process, acrylate, methacrylate and
crotonate derivatives undergo a rapid and stereoselective cationic [4+2)] cycloaddition with a wide
range of dienes. Ring-extended carboxylic acid derivatives are formed in 1-7 h at 0-21 °C and in 50-
90% yield after saponification of the intermediate diol esters. Simple Lewis acid catalysis by
Cp2ZrCI® can be excluded on the basis of the experimental results.

Introduction

Diels-Alder reactions2 are among the most efficient methods for stereocontrolied C,C-bond
formations, and particularly research aiming at extending the scope of the Lewis-acid catalyzed and
the intramolecular versions of the [4+2] cycloaddition has surged during the last decade.3.4 In the
normal-electron-demand Diels-Alder reaction, the main orbital interaction is between the HOMO of an
electron-rich diene and the LUMO of an electron-deficient dienophile. Since the most powerful
electron-withdrawing group is a carbocation, cycloadditions between neutral dienes and cationic
dienophiles would be expected to be both extremely facile and highly selective. The considerable
synthetic potential of cycloadditions with ionic components, e.g. polar cycloadditions,5 has been
recognized by a number of groups. Early studies of the chemistry of allyl cations established the
feasibility of ionic Diels-Alder processes.b In 1976, Baum and Viehe found that the reactivity of a,p-
unsaturated alkoxy iminium ions in pericyclic reactions exceeded that of acid chlorides and
aldehydes.” Subsequently, Bauld and coworkers used tris(p-bromophenyl)aminium hexachloro-
antimonate for the in situ ionization of conjugated dienes, styrenes, and enol ethers as well as vinyl
sulfides and N-vinyl amides in cation radical pericyclic reactions.8.9 Fast turnover at low temperatures
and high stereoselectivity were observed by Roush and Gassman in the acid promoted ionic Diels-
Alder reaction of 2-hydroxyethyl esters, acrolein acetals, and triethyl orthoacrylate.10.11 The cation
radical protocol as well as the use of allyl cations were also found to promote excellent levels of endo
selectivity in intramolecular Diels-Alder reactions.10.12 Recently, Saigo and coworkers have used the
Lewis acid (TiClg, TMSOT{) induced formation of dioxolenium ions from unsaturated 2,2-
dimethoxyethyl and 2-oxoalkyl esters for the preparation of Diels-Alder adducts with a variety of cyclic
and acyclic dienes.13

in prior studies, we have found that the cationic zirconocene species prepared in situ from

organozirconocene and catalytic amounts of AgCIO4 were efficiently initiating tandem epoxide
rearrangement-aldehyde addition cascades'4 and were compatible with a wide range of functional
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groups in the formation of dioxolanes?S and ortho esters16 from epoxy esters. In the latter reactions, it
was likely that dioxolenium ions 2 were formed as intermediate species preceding C,C- or C,0O-bond
formations (Scheme I).
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Dienophile in Cationic
Diels-Alder Reactions

This chemistry offers the intriguing prospect to use «,B-unsaturated dioxolenium ions of type 5
as dienophiles in cationic Diels-Alder processes. Dioxolane formation could be suppressed by the use
of non-transferable substituents R on zirconium, and the use of glycidol esters with n = 1 should
minimize ortho ester formation and thus provide cationic intermediates of sufficient lifetime for
intermolecular addition reactions to occur. Furthermore, the ready accessibility of glycidols of high
enantiometic purity and the considerable steric bulk exercised by the zirconocene moiety would allow
for face-selective attack of the diene on the activated n-bond. In the present paper, we report on our
exploratory studies of the generation and the reactivity of dienophiles 5 in the ionic Diels-Alder
reaction.

Results and Discussion

Treatment of a solution of crotonate 6 and 10 equiv of isoprene in CHoClo with catalytic
amounts of zirconocene dichloride (10 mol%) and silver(l) perchlorate (2 mol%) followed by an
agueous quench resulted in the formation of an approximately 2.5 : 1 mixture of cyclohexenes 8 and
9 in 83% yield (Scheme Il). Hydrolysis provided cyclohexenecarboxylic acid 10, which was converted
to the known17 benzyl ester 11 and methy! ester 12. During the cycloaddition, the reaction conditions
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have to be strictly anhydrous to avoid quenching of the reactive species, CpoZrCI®.18 In the presence
of coordinating solvents such as THF, for example, no product is formed. The reaction also failed if
Lewis acids such as BF3-etherate were used in place of zirconocene dichloride and Ag(l) salts.
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The para/meta regioselectivity of the zirconocene-catalyzed Diels-Alder reaction of 6 and
isoprene was excellent. it exceeded 96% (GC, 500 MHz NMR). In contrast, the thermal, uncatalyzed
cycloaddition provided a 76 : 24 mixture of regicisomers 12 and 13 (Scheme llI).

It is important to note that CpoZrCI® does not simply function as a Lewis acid in the activation
of the ester carbonyl group as shown in the resonance structures 14 and 15. Titanocene- and
zirconocene-based catalysts have been used in the Diels-Alder and Mukaiyama reactions with o,B-
unsaturated aldehydes and ketones,19 as well as acrylates.20 However, the activity of these
complexes is generally low, and long reaction times or the use of highly reactive diene components
are necessary to effect significant cycloaddition. Indeed, exposure of methyl crotonate and isoprene
to the zirconocene dichloride/silver perchlorate mixture led only to extensive polymerization of the
diene, and no cycloadduct was isolated after 1 h at 21 °C (Scheme Ill). Accordingly, the reactivity of
the cationic dienophile 7 appears to be considerably higher than that of the corresponding Lewis acid
adduct 14. Conversion of epoxy ester 6 with the relatively unreactive piperylene, for example,
provided 51% of the 3-cyclohexene-1-carboxylic acid 16 after 3 h at room temperature in the
presence of 2 mol% of in situ prepared CpaZrCI® (Scheme 1V). The general scope of the
zirconocene-catalyzed cationic Diels-Alder reaction of epoxy esters and 1,3-dienes is summarized in
Table 1.
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Table |. Cationic Diels-Alder Reaction Promoted by Catalytic CpaZrCla/AgClO4 (Scheme V).

entry epoxy ester diene reaction product? endo/ exo yield
' R R2 No. structure  No. time/temp. structure No. ratio? (%)¢
O
& OH
1 CHz H 6 /Q 21 7h/0°C 10 A 83

N
9]
E:
I
o
A
(o]
I

22 3h/21°C 16 51
&y
3- CHz H 6 @ 23 15h/0°C CO.H 24 2.7 :1 80
i/
4 CH3z H 6 © 25 6h/21°C COH 26 30:1 70
O

I
I
N
a

21 1h/21°C 28 - 83

g

»
I
I
l:‘)
O

n
X

23 15h/0°C

7 H H 27 © 25 6h/21°C

29 8:1 87

sb‘s

Iy
ot

30 110:1 60

8 H CHs 31 @ 23 25h/0°C
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a0nly the major product is shown. bRatios of the carboxylic acid products were determined by integration in
TH NMR and verified by GC analysis of the corresponding methy! esters. CYields are based on epoxy ester
and refer to chromatographically purified carboxylic acids; a five- to tenfold excess of diene was used. dRatio
of regioisomers exceeded 98 : 2. €Only one regioisomer was observed in TH NMR.
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The yields of the cycloaddition reaction of crotonate, acrylate, and methacrylate derivatives
and cyclic and acyclic dienes ranged from 51 to 87% based on epoxy ester and chromatographically
purified acid. As expected, cyclopentadiene was the most reactive diene in this series and the starting
material was consumed within 1-3 h at 0 °C. In general, however, the reactivity differences between
the dienes as well as the dienophiles in this cationic process tended to be quite small.
Cyclohexadiene (25) provided bicyclic addition products 26 and 30 with very high endo selectivities
(entries 4 and 7). In contrast, the use of cyclopentadiene (23) lead only to a surprisingly low 2.7 : 1
endo/exo selectivity with crotonate 6 (entry 3). The preference for the endo addition product increased
to 8 : 1 for acrylate 27 and methacrylate 31 (entries 6 and 8). The thermal cycloaddition of
methacrylates is known to provide an excess of the exo addition product,2! and Lewis catalyst
variants tend to result in low endo/exo selectivities with this dienophile.17a It is therefore quite
remarkable that in the cationic version methacrylate showed the same endo selectivity as acrylate
and considerably improved selectivity over crotonate in the cycloaddition to cyclopentadiene.

Another dienophile that was examined, the methylglycidol ester of B,3-dimethylacrylate, failed
to provide [4+2] cycloaddition products with isoprene and cyclohexadiene.
Under the standard conditions, only rapid decomposition of the parent
epoxy ester was detected. A considerable destabilizing A1.3-strain in the
O-Zr(Ci)Cp, dioxolenium ion is probably responsible for this negative result.

|
X o]

The initial generation of only 2 mol% of CpsZrCI® by activation of zirconocene dichloride with
silver (I) salts was generally sufficient for all of these reactions to proceed to completion. Therefore,
the cationic catalyst must be efficiently regenerated once the intramolecular cyclization - Diels-Alder
addition process has occurred. Similar to the pathways postulated for epoxide rearrangements and
ortho ester formation,4.15 we propose that, after the cycloaddition of 34 and diene, an intermolecuiar
attack of the zirconium alkoxide on the dioxolenium ion 36 leads to the formation of the ortho ester
oligomer 37 and regenerates CpoZrCI® (Scheme VI).22 Hydrolysis of the ortho ester functionalities
upon aqueous workup provides diol esters 18 and 19. We have not found any spectroscopic evidence
for intramolecular charge recombination of 36 by formation of the trioxabicyclo[2.2.1]heptane 38.23.24
However, it is not unlikely that 38 is indeed the kinetically formed product and is subsequently rapidly
oligomerized by the cationic catalyst to give 37. Due to the increased stability of the more highly
delocalized dioxolenium ion 34 vs. 36,15.23¢ we would expect the inter- or intramolecular ortho ester
formation of 34 to be slow relative to diene capture. This difference in the rate of the charge-trapping
reaction of 34 and 36 is a crucial feature for the use of catalytic quantities of cationic zirconocene in
dienophile activation.
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Conclusions

Cationic and cation-radical induced Diels-Alder reactions are synthetically useful modifications
of [4+2] cycloadditions. The exceptional reactivity that is associated with a charge-activation of the
dienophile allows normally inert substrates to participate readily in the pericyclic process. Regio- and
stereoselectivity of the cycloaddition are greatly enhanced over the thermal reaction and often
comparable or superior to Lewis-acid catalyzed procedures. The use of cationic zirconocene and o,p-
unsaturated epoxy esters in the Diels-Alder reaction is especially attractive, since the preparation of
the dienophile is synthetically straightforward and stoichiometric amounts of zirconocene dichloride
are not necessary. The catalytically active species, CpoZrCI®, prepared in situ by addition of 2 mol%
of AgCIO4, promotes the rearrangement of the epoxy ester to the dioxolenium ion which participates
as a cationic dienophile in the accelerated Diels-Alder process. CpsZrCI® is probably continuously
recycled by intermolecular ortho ester formation of the Diels-Alder adduct. The mild reaction
conditions and the specificity of this novel cationic cycloaddition for epoxy ester moieties are
promising features for applications in the synthesis of highly functionalized target molecules. We are
currently extending our studies to asymmetric as well as intramolecular variants of this protocol.
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Experimental Section

General. Anhydrous solvents were freshly distilled from either sodium benzophenone ketyl,
P20s, or CaHp, All reactions were performed in oven-dried glassware under an argon or nitrogen
atmosphere. IR spectra were recorded on an IBM IR/32 spectrophotometer. NMR spectra were
recorded in CDCl3 on a Bruker AC-300 NMR spectrometer (300 MHz for TH NMR and 75 MHz for
13C NMR) and are reported in ppm relative to tetramethylsilane (5). Data are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad),
integration, and coupling constants. Mass spectra were obtained on a VG-70-70 HF. Analytical TLC
used Merck silica gel 60 F-254 plates, and flash silica gel chromatography was used to separate and
purify the crude reaction mixtures. GC analysis was performed on a Perkin-Elmer 8500 gas
chromatograph with an Econo-Cap SE-54, 0.54 mm ID, 30 m/ 1.2 p column.

General Procedure for Zr-Catalyzed Diels-Alder Additions: (frans)-4,6-Dimethyl-3-
cyclohexene-1-carboxylic acid (10). A solution of 30 mg (0.19 mmol) of crotonate 6 in 1 mL of
CH2Cl2 was treated at 0 °C with 130 mg (1.9 mmol) of isoprene, 6 mg (0.02 mmol) of Cp2ZrCl2 and
finally 1 mg (0.004 mmol) of AgCIO4. The reaction mixture was stirred for 7 h at 0 °C , treated with
saturated aqueous NaHCOg3 solution, and extracted with EtOAc (3x). The combined organic layers
were dried (Na2S04) and filtered through a pad of florisil. The solvent was removed in vacuo, and the
residue was purified by chromatography on SiO2 (EtOAc/hexanes, 1 : 2) to give 38 mg (83%) of a 2.5
: 1 mixture of diol esters 8 and 9 as a corlorless oil.

8: IR (neat) 3416, 2961, 2924, 1730, 1456, 1381, 1234, 1165, 1057 cm-1; TH NMR 5 5.33 (br s, 1 H),
414 (d,1H, J=11.2Hz),3.99 (d, 1 H, J=11.3 Hz), 3.47, 3.40 (AB, 2 H, J= 11.5 Hz), 2.9-2.7 (br, 2
H), 2.3-2.15 (m, 3 H), 2.1-1.9 (m, 2 H), 1.75-1.6 (m, 1 H), 1.63 (s, 3 H), 1.17 (s, 3 H), 0.90 (d, 3 H, J
=7.3 Hz); 13C NMR § 177.0, 133.5, 118.5, 72.0, 67.7, 66.9, 47.0, 37.9, 30.9, 28.9, 23.3, 21.3, 19.8;
MS (El) m/z (relative intensity) 224 ((M-H20]+, 2), 211 (4), 154 (15), 137 (20), 108 (100), 93 (50), 55
(20); HRMS (EIl) m/z calcd. for C12H1903 (M-CH20H): 211.1334, found: 211.1340.

A solution of 38 mg of 8 and 9 in 2 mL of THF was treated with 2 mL of 1 M LiOH, stirred at room
temperature overnight, concentrated in vacuo, and washed with Et2O. The aqueous layer was
acidified to pH 1 by addition of 3 M HCI, and extracted with EtoO (2x). The combined ether layers
were dried (Na2S04), concentrated, and chromatographed on SiO2 (EtOAc/hexanes, 1 : 3) to give 24
mg (100%) of 10 as a white solid: mp 80-82.5 °C (lit.25 84 °C); TH NMR & 5.36 (br s, 1 H), 2.25-2.15
{(m, 3 H), 2.10-1.90 (m, 2 H), 1.75-1.60 (m, 1 H), 1.65 (s, 3 H), 1.02 (d, 3 H, J = 6.2 Hz); 13C NMR 3
182.6, 133.5, 118.5, 46.8, 37.9, 30.8, 28.8, 23.4, 19.8; MS (El) m/z (relative intensity) 154 (M+, 20),
120 (80), 108 (30), 93 (40), 70 (100).

Phenylmethyl (trans)-4,6-Dimethyl-3-cyclohexene-1-carboxylate (11). To a solution of 18
mg (0.12 mmol) of acid 10 in 1 mL of dry methanol was added 8 mg (0.06 mmol) of powdered
K2CO3. The mixture was stirred until the solid had dissolved, methanol was removed, and 1 mL of
dry DMF was added foliowed by 25 mg (0.14 mmol) of benzyl bromide. The reaction mixture was
stirred overnight, HoO was added, and the solution was extracted with EtoO (2x). The combined ether
layers were dried (Na2S04), concentrated in vacuo, and chromatographed on SiO2 (EtOAc/hexanes,
1 : 10) to yield 21 mg (74%) of 11172 as a corlorless oil: 1H NMR § 7.5-7.3 (m, 5 H), 5.35 (s, 1 H),
5.14 (s, 2 H), 2.3-1.6 (m, 6 H), 1.64 (s, 3 H), 0.94 (d, 3H, J= 6.3 Hz).

Methyl (frans)-4,6-Dimethyi-3-cyciohexene-1-carboxylate (12). To a solution of 20 mg
{0.13 mmol) of acid 10 in 1 mL of dry methanol was added 9 mg (0.065 mmol) of powdered K2CO3.
The mixture was stirred until the solid had dissolved, methanol was removed, and 1 mL of dry DMF
was added followed by 22 mg (0.15 mmol) of iodomethane. The reaction mixture was stirred
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overnight, HoO was added, and the solution was extracted with EtoO (2x). The combined ether layers
were dried (Na2S04), concentrated, and chromatographed on Si0o (EtOAc/hexanes, 1 : 10) to give
18 mg (80%) of 12170 as a corlorless oil: TH NMR § 5.34 (s, 1 H), 3.68 (s, 3 H), 2.3-1.65 (m, 6 H),
1.64 (s, 3H),0.94 (d, 3H, J=6.2 Hz).

(1,2-cis-1,6-trans)-2,6-Dimethyl-3-cyclohexene-1-carboxylic acid (16). According to the
general procedure, 70 mg (0.45 mmol) of crotonate 6, 300 mg (4.48 mmol) of piperylene, 13 mg
(0.045 mmol) of Cp22rCl2 and 2 mg (0.009 mmol) of AgCIO4 afforded 35 mg (51%) of 16 as a white
solid: mp 76.5-77.5 °C (lit.17a 74-75.5°C); IR (neat) 3017, 2965, 2930, 2872, 2829, 1705, 1659, 1460,
1417, 1306, 1236, 1186, 1116, 933, 910, 713 cm-1; TH NMR § 5.70-5.50 (m, 2 H), 2.65-1.60 (m, 5 H),
1.04 (d, 3 H, J=6.7 Hz),0.99 (d, 3H, J = 7.1 Hz); 13C NMR § 180.8, 131.2, 125.2, 50.6, 33.3, 31.6,
24.7,20.2, 17.3; MS (El) m/z (relative intensity) 154 (M+, 25), 109 (100), 93 (40), 68 (70), 55 (40);
HRMS (El) m/z calcd. for CgH1402: 154.0994, found: 154.0989.

(2-endo,3-exo)-3-Methylbicyclo[2.2.1]hept-5-ene-2-carboxylic acid (24). According to the
general procedure, 50 mg (0.32 mmol) of crotonate 6, 210 mg (3.2 mmol) of cyclopentadiene, 9 mg
(0.032 mmol) of Cp2ZrCl2 and 1 mg (0.006 mmol) of AgCIO4 afforded 41 mg (80%) of a 2.7 : 1
mixture of 24 and its (3-endo,2-exo)-isomer as a white solid.

24:26 THNMR §6.27 (dd, 1 H, J= 5.6, 3.1 Hz), 6.03 (dd, 1 H, J=5.6, 2.8 Hz), 3.13 (br s, 1 H), 2.48
(brs, 1 H), 2.45-2.35 (m, 1 H), 1.85-1.75 (m, 1 H), 1.55 (d, 1 H, J = 8.6 Hz), 1.45 (d, 1 H, J = 8.6 Hz),
1.18 (d,3 H, J=7.1 Hz).

(2-endo,3-exo)-3-Methylbicyclo[2.2.2]oct-5-ene-2-carboxylic acid (26). According to the
general procedure, 50 mg (0.32 mmol) of crotonate 6, 250 mg (3.2 mmol) of 1,3-cyclohexadiene, 9
mg (0.032 mmol) of Cp2ZrCl2 and 1 mg (0.006 mmol) of AgCIO4 afforded 37 mg (70%) of a 30 : 1
mixture of 2627 and its (3-endo,2-exo)-isomer as a white solid: mp 101.2-102.4 °C: IR (neat) 3049,
2959, 2928, 2874, 1699, 1471, 1458, 1319, 1296, 1261, 949, 866, 696 cm™1; TH NMR § 6.42 (t, 1 H,
J=73Hz),6.15( 1H, J=7.3Hz),29-2.8 (m, 1 H), 2.3-2.2 (m, 1 H), 2.05-2.0 (m, 1 H), 1.9-1.0 (m,
5H), 1.12 (d, 3 H, J = 6.9 Hz); 13C NMR 5 181.9, 137.0, 130.9, 51.4, 35.7, 35.6, 32.8, 25.8, 19.8,
17.8; MS (El) m/z (relative intensity) 166 (M+, 10), 93 (10), 80 (100), 66 (30).

4-Methyl-3-cyclohexene-1-carboxylic acid (28). According to the general procedure, 50 mg
(0.35 mmol) of acrylate 27, 230 mg (3.5 mmol) of isoprene, 10 mg (0.035 mmol) of Cp2ZrCiz and 2
mg (0.007 mmol) of AgCIO4 afforded 40 mg (83%) of 28 as a white solid: mp 95.8-96.6 °C (lit.28 97-
99 °C); TH NMR 5 5.37 (br s, 1 H), 2.60-2.50 (m, 1 H), 2.3-2.20 (m, 2 H), 2.1-1.95 (m, 3 H), 1.8-1.6
(m, 1 H),1.65 (s, 3 H); 13C NMR & 182.8, 133.9, 119.1, 39.1, 29.2, 27.4, 25.3, 23.5,

(2-endo)-Bicyclo[2.2.1]hept-5-ene-2-carboxylic acid (29). According to the general
procedure, 50 mg (0.35 mmol) of acrylate 27, 230 mg (3.5 mmol) of cyclopentadiene, 10 mg (0.035
mmol) of Cp2ZrCi2 and 2 mg (0.007 mmol) of AgCIO4 afforded 42 mg (87%) of an 8 : 1 mixture of 29
29%and its (2-exo)-isomer as a corlorless oil: IR (neat) 2974, 1701, 1419, 1336, 1275, 1236, 1111,
910, 839, 708 cm™1; TH NMR 5 6.20 (dd, 1 H, J=5.6, 3.0 Hz), 5.99 (dd, 1 H, J= 5.6, 2.9 Hz), 3.23 (br
s, 1 H), 3.05-2.85 (m, 2 H), 2.0-1.85 (m, 1 H), 1.5-1.2 (m, 3 H); 13C NMR § 181.4, 138.0, 132.5, 49.8,
45.8, 43.3, 42.6, 29.2; MS (El) m/z (relative intensity) 138 (M+, 5), 91 (10), 66 (100), 43 (40).

(2-endo)-Bicyclio[2.2.2]oct-5-ene-2-carboxylic acid (30). According to the general
procedure, 50 mg (0.35 mmol) of acrylate 27, 280 mg (3.5 mmol) of 1,3-cyclohexadiene, 10 mg
(0.035 mmol) of Cp2ZrCl2 and 2 mg (0.007 mmol) of AgCIO4 afforded 32 mg (60%) of a 110 : 1
mixture of 30 and its (2-exo)-isomer as a white solid: mp 53.0-54.2 °C (1it.30 56-57 °C); TH NMR §
6.32 (t, 1H,J=7.7Hz),6.17 (t, 1 H, J = 7.7 Hz), 3.1-2.9 (m, 1 H), 2.75-2.55 (m, 2 H), 2.0-1.15(m, 6
H).
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2-exo-Methylbicyclo[2.2.1]hept-5-ene-2-endo-carboxylic acid (32). According to the
general procedure, 50 mg (0.32 mmol) of methacrylate 31, 210 mg (3.2 mmol) of cyclopentadiene, 9
mg (0.032 mmol) of Cp2ZrCl2 and 1 mg (0.006 mmol) of AgCIO4 afforded 36 mg (74%) of an 8 : 1
mixture of 3230 and its 2-endo-methyl isomer as a white solid: TH NMR 8 6.23 (dd, 1 H, J = 5.6, 3.1
Hz), 6.09 (dd, 1 H, J= 5.6, 3.1 Hz), 3.05-3.02 (m, 1 H), 2.88-2.75(m, 1 H),2.43 (dd, 1 H, J=12.1, 3.9
Hz), 1.5-1.4 (m, 2 H), 1.16 (s, 3H), 0.86 (d, 1 H, J= 12.1 Hz); 13C NMR 5 185.8, 138.8, 133.6, 50.5,
49.6,49.1, 42.9, 37.4,24.3.

Acknowledgment. This work has been supported in part by Upjohn Co. W. X. thanks the University of
Pittsburgh for a Mellon Predoctoral Fellowship.

References and Notes

1.  Eli Lilly Grantee, 1993-1994; Alfred P. Sloan Research Fellow, 1994-1998; recipient of an
American Cyanamid Faculty Award and the Ruzicka Award (1994).

2. Diels, O.; Alder, K. Liebigs Ann. Chem. 1928, 460, 98.

3. For representative recent work, see: (a) Kobayashi, S.; Araki, M.; Hachiya, I. J. Org. Chem.
1994, 59, 3758. (b) Maruoka, K.; Qishi, M.; Shiohara, K.; Yamamoto, H. Tetrahedron 1994, 50,
8983. (c) Motoyama, Y.; Mikami, K. J. Chem. Soc. Chem. Comm. 1994, 7, 1563. (d) Boger, D.
L.; Zhu, Y. J. Org. Chem. 1994, 59, 3453. (e) Oppolzer, W.; Seletsky, B. M.; Bernardinelli, G.
Tetrahedron Lett. 1994, 35, 3509. (f) Grieco, P. A.; Handy, S. T.; Beck, J. P. Tetrahedron Lett.
1994, 35, 2663. (g) Corey, E. J.; Guzman-Perez, A.; Loh, T. P. J. Am. Chem. Soc. 1994, 116,
3611. (h) Evans, D. A.; Miller, S. J.; Lectka, T. J. Am. Chem. Soc. 1993, 115, 6460.

4. For reviews, see: (a) Oh, T.; Reilly, M. Org. Prep. Proc. Int. 1994, 26, 129. (b) Oppolzer, W. In
"Comprehensive Organic Synthesis", Paquette, L. A.; Trost, B. M.; Fleming, I., Eds.; Pergamon:
New York, 1991; Vol. 5; pp 315-399. (c) Roush, W. R. In "Comprehensive Organic Synthesis",
Paquette, L. A.; Trost, B. M.; Fleming, 1., Eds.; Pergamon: New York, 1991; Vol. 5; pp 513-550.
(d) Deslongchamps, P. Aldrichim. Acta 1991, 24, 43. (e) Roush, W. R. Adv. Cycloadd. 1990, 2,
91. (f) Carruthers, W. Cycloaddition reactions in organic synthesis; Pergamon: New York, 1990.
(9) Fringuelli, F.; Taticchi, A. Org. Prep. Proc. int. 1990, 22, 131. (h) Craig, D. Chem. Soc. Rev.
1987, 16, 187. (i) Salakhov, M. S.; Ismailov, S. A. Russ. Chem. Rev. 1986, 55, 1145. (j) Fallis,
A. G. Can. J. Chem. 1984, 62, 183. (k) Taber, D. F. In "Intramolecular Diels-Alder Reactions
and Alder Ene Reactions", Springer, New York, 1984. (l) Ciganek, E. Org. React. 1984, 32, 1.
(m) Sustmann, R.; Sauer, J. Angew. Chem. Int. Ed. Engl. 1980, 19, 779. (n) Brieger, G.;
Bennett, J. N. Chem. Rev. 1980, 80, 63. (o) Oppolzer, W. Angew. Chem. Int. Ed. Engl. 1977,
16,10.

5.  Schmidt, R. R. Angew. Chem. Int. Ed. Engl. 1973, 12, 212,

6. (a) Poutsma, M. L. J. Org. Chem. 1968, 33, 4080. (b) Vathke-Ernst, H.; Hoffmann, H. M. R.
Chem. Ber. 1981, 114, 1464. (c) Hoffmann, H. M. R.; Vathke-Ernst, H. Chem. Ber. 1981, 114,
2208. (d) Escher, A.; Ubersax, B.; Neuenschwander, M. Chimia 1981, 35, 251, and references
cited in these papers.

7. (a) Baum, J. S.; Viehe, H. G. J. Org. Chem. 1976, 41, 183. For asymmetric versions of this
process, see: (b) Jung, M. E.; Vaccaro, W. D.; Buszek, K. R. Tetrahedron Lett. 1989, 30, 1893.
(c) Kouklovsky, C.; Pouilhes, A.; Langlois, Y. J. Am. Chem. Soc. 1990, 112, 6672.



10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

Zirconocene-catalyzed Diels—Alder reactions 4561

(a) Bellville, D. J.; Wirth, D. D.; Bauld, N. L. J. Am. Chem. Soc. 1981, 103, 718. (b) Bellville, D.
J.; Bauld, N. L. J. Am. Chem. Soc. 1982, 104, 2665. (c) Bauld, N. L.; Bellville, D. J.; Pabon, R.;
Chelsky, R.; Green, G. J. Am. Chem. Soc. 1983, 105, 2378. (d) Pabon, R. A.; Bellville, D. J.;
Bauld, N. L. J. Am. Chem. Soc. 1983, 105, 5158. (e) Kim, T.; Pye, R. J.; Bauld, N. L. J. Am.
Chem. Soc. 1990, 112, 6285. (f) Bauld, N. L. J. Am. Chem. Soc. 1992, 114, 5800.

For a review, see: Bauld, N. L.; Bellville, D. J.; Harirchian, B.; Lorenz, K. T.; Pabon, R. A.;
Reynolds, D. W.; Wirth, D. D.; Chiou, H.-S.; Marsh, B. K. Acc. Chem. Res. 1987, 20, 371.
Roush, W. R.; Gillis, H. R.; Essenfeld, A. P. J. Org. Chem. 1984, 49, 4674.

(a) Gassman, P. G.; Singleton, D. A.; Wilwerding, J. J.; Chavan, S. P. J. Am. Chem. Soc. 1987,
109, 2182. (b) Gassman, P. G.; Chavan, S. P. J. Org. Chem. 1988, 53, 2392. (c) Gassman, P.
G.; Chavan, S. P. Tetrahedron Lett. 1988, 29, 3407.

(a) Harirchian, B.; Bauld, N. L. Tetrahedron Lett. 1987, 28, 927. (b) Gassman, P. G.; Singleton,
D. A. J. Am. Chem. Soc. 1984, 106, 6085. (c) Gassman, P. G.; Singleton, D. A. J. Org. Chem.
1986, 571, 3075.

(a) Hashimoto, Y.; Saigo, K.; Machida, S.; Hasegawa, M. Tetrahedron Lett. 1990, 31, 5625. (b)
Hashimoto, Y.; Nagashima, T.; Hasegawa, M.; Saigo, K. Chem. Lett. 1992, 1353. (c)
Hashimoto, Y.; Nagashima, T.; Kobayashi, K.; Hasegawa, M.; Saigo, K. Tetrahedron 1993, 49,
6349.

(a) Wipf, P.; Xu, W. J. Org. Chem. 1993, 58, 825. (b) See also: Suzuki, K. Pure Appl. Chem.
1994, 66, 1557.

Wipt, P.; Xu, W. J. Org. Chem. 1993, 58, 5880.

Wipf, P.; Kim, H., manuscript in preparation.

(a) Evans, D. A.; Chapman, K. T.; Bisaha, J. J. Am. Chem. Soc. 1988, 110, 1238. (b) Kugatova-
Shemyakina, G. P.; Rozhkova, L. I.; Gramenitskaya, V. N.; Andreev, V. M. J. Org. Chem. USSR
1970, 6, 2459.

For a review of the chemistry of cationic zirconium complexes, see: Jordan, R. F. Adv.
Organomet. Chem. 1991, 32, 325.

(a) Hollis, T. K.; Robinson, N. P.; Bosnich, B. J. Am. Chem. Soc. 1992, 114, 5464. (b) Hollis, T.
K.; Odenkirk, W.; Robinson, N. P.; Whelan, J.; Bosnich, B. Tetrahedron 1993, 49, 5415.

Hong, Y.; Kuntz, B. A.; Collins, S. Organometallics 1993, 12, 964.

(a) Martin, J. G.; Hill, R. K. Chem. Rev. 1961, 61, 537. (b) Yoon, T.; Danishefsky, S. J.; de Gala,
S. Angew. Chem. Int. Ed. Engl. 1994, 33, 853.

Only five-membered ring (1,3-dioxolane) substructures are shown for 37. However, it is possible
that a mixture of cis- and trans-isomers of five- and six-membered rings (1,3-dioxanes) are
formed. This is especially likely if the oligomerization involves the intermediate bicyclic ortho
ester 38. For the product analysis of the cationic polymerization of 2,6,7-
trioxabicyclo[2.2.1]heptanes, see: Yokoyama, Y.; Padias, A. B.; De Blauwe, F.; Hall, H. K.
Macromolecules 1980, 13, 252.

For the preparation and stability studies of trioxabicycloheptanes, see: (a) Hall, H. K.;
DeBlauwe, F.; Pyriadi, T. J. Am. Chem. Soc. 1975, 97, 3854. (b) McClelland, R. A.; Gedge, S.;
Bohonek, J. J. Org. Chem. 1981, 46, 886. (c) Burt, R. A.; Chiang, Y.; Hall, H. K.; Kresge, A. J.
J. Am. Chem. Soc. 1982, 104, 3687.

An TH and 13C NMR investigation of the reaction between propanoate 39 and cationic
zirconocene in the absence of trapping agents revealed no indication for the formation of bicycle
40. Starting epoxy ester slowly disappeared at 21 °C, and a colorless residue precipitated from



4562

25,
26.
27.
28.
29.
30.

P. WIPF and W. XU

the CHoClo solution. The precipitate was soluble in DMSO-dg, and showed complex signals in
TH and 13C NMR. No ester carbonyl function was detectable. Upon addition of D20, two ester
signals appeared at 174.0 and 173.8 ppm. The NMR data were in accordance with a mixture of
diol esters 41 and 42.

Cp,2rCl, (10 mol%),

AgClO4 (2 mol%), o
o) CH,CL
WO\)Q precipitate [ g/LK
g 3h,21°C 0
39 40
DO
o o oD
oo \)kOJE
oD oD
41 42

Alder, K.; Vogt, W. Ann. 1949, 564, 120.

Lawson, K. R.; Singleton, A.; Whitham, G. H. J. Chem. Soc. Perkin Trans. 11984, 865.
Brouwer, H.; Stothers, J. B.; Tan, C. T. Org. Magn. Res. 1977, 9, 360.

Kuehne, M. E.; Horne, D. A. J. Org. Chem. 1975, 40, 1287.

Janssen, A. J. M.; Klunder, A. J. H., Zwanenburg, B. Tetrahedron 1991, 47, 5513.

Boehme, W. R.; Schipper, E.; Scharpf, W. G.; Nichols, J. J. Am. Chem. Soc. 1958, 80, 5488.

(Received 31 August 1994)



