
J. Org. Chem. 1988,53, 3373-3377 3373 

The first coupling was carried out by addition of the 
mainly p-fluoride (1) to 5 equiv of (diethyla1uminio)furan 
(3) a t  0 "C (eq 1). The reaction was monitored by TLC 
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P : a  =2.5: 1 crude yield 78% 
purified yield 45% 

and was over within 5 min. After quenching with a mix- 
ture of water, brine and a saturated solution of sodium 
hydrogen carbonate (1:l:l v:v:v), and workup,* the crude 
product (78% yield of reasonably pure material) was pu- 
rified by chromatography and recrystallization to give 
2-(2,3,4,6-tetra-0-benzyl-~-~-glycopyranosyl)furan as white 
crystals in 45% yield. 

The retention of configuration of this coupling reaction 
is demonstrated by the results given in Table I.9 The 
stereochemistry of the products was determined by de- 
coupling and 2-D COSY NMR experiments, in which the 
diastereotopic nature of the methylenes of the benzyl 
protecting groups caused considerable difficulties in the 
assignment of the anomeric protons. 

The mechanistic reasons for high retention of configu- 
ration in the coupling reaction is not yet known. For these 
examples though it appears that  oxonium ions are not 
likely to be intermediates. Posner had demonstrated 
stereospecificity in the case of a bridged 1,8anhydro sugar 
where one fluorine isomer reacted with retention of con- 
figuration a t  C-6 (cf. ref 3c). 

In contrast to the retention of configuration observed 
with couplings of pyranosyl fluorides, coupling with ribo- 
furanosyl fluorides gave predominantly the p-coupled 
products (Table I).9 In one experiment however, starting 
with an anomeric mixture of ribofuranosyl fluorides 6 and9 
and using an acidic workup, a separable 1:l mixture of 
anomeric (ribofuranosy1)furans 7 and 10 (56% total yield) 
was obtained. Having both anomers facilitated the as- 
signment of the stereochemistry of the coupled products, 
principally through NOE experiments. 

Thus for 7 (JIr2,  = 6.1 Hz) irradiation of H-1' gave NOE 
enhancements a t  H-3 (4.4%), H-4' (3.9%), and H-2' 
(3.8%). Irradiation of the two H-5' signals gave en- 
hancements a t  H-3' (4.5%) and H-4' (11.6%) but none at  
H-1', H-3, H-4, or H-5. 

(7) Chadwick, D. J.; Willbe, C. J. Chem. SOC., Perkin Trans. I1977, 
887. 

(8) Although this workup produces insoluble aluminum salts, it avoids 
the possibility of epimerization that is associated with an acidic workup. 

(9) All new compounds gave satisfactory spectral and analytical data. 
A representative experimental procedure is as follows. To a stirred 
solution of 1-methylpyrrole (0.82 mL, 9.2 mmol) in dry diethyl ether (30 
mL) under a nitrogen atmosphere was added freshly distilled tetra- 
methylethylenediamine (1.39 mL, 9.2 mmol) and n-butyllithium (2.5 M 
solution in hexanes) (3.7 mL, 9.2 mmol). The mixture was stirred at  room 
temperature for h and then cooled to -78 "C. After purging the 
solution with dry nitrogen, diethylahminum chloride (1.8 M solution in 
toluene) (5.1 mL, 9.2 mmol) was added and the mixture allowed to warm 
to room temperature and then stirred overnight. A white precipitate was 
formed. To this mixture cooled to 0 "C was added a nitrogen-purged 
solution of 2,3,4,6-tetra-0-benzyl-~-glucopyranosyl fluoride (a 2.5:l mix- 
ture of @:a anomers) in toluene (dried over 4A molecular sieves) (10 mL 
of solution, 1.00 g, 1.84 mmol), and the coupling was followed by TLC 
(80:20 hexanes/ethyl acetate). After 1 h the reaction was quenched with 
a mixture of water, brine, and a saturated sodium hydrogen carbonate 
solution (l : l : l ,  v:v:v, 60 mL) and stirred for h. The product was 
extracted with diethyl ether (3 X 50 mL) and the combined extracts were 
washed with 1 M hydrochloric acid (4 X 25 mL) and water (1 X 25 mL) 
and then dried (MgS04). Solvent removal and chromatography on 
Davisil eluting with hexanes/ethyl acetate (90:10), followed by recrys- 
tallization (hexanes/ethyl acetate) gave 2-(2,3,4,6-tetra-o-benzyl-@-~- 
glucopyranosy1)-1-methylpyrrole (0.77 g, 70%) as a white solid, mp 
107-108 "C. 
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For 10 (Jltz. = 9.8 Hz) irradiation of H-1' gave NOE 
enhancements a t  H-3 (4.7%), 2H-5' (4.9%), and H-2' 
(2.3%). Irradiation of the two H-5' signals gave en- 
hancement a t  H-1' (12.5%) (no enhancements a t  H-3' or 
H-4' were observed due to the proximity in chemical shifts 
of H-3', H-4', and H-5'). 

The coupling reaction has been attempted with other 
aluminated heterocycles (1-methylimidazole, thiophene, 
and thiazole) and benzene derivatives without much suc- 
cess.1o It is not yet clearly understood why these couplings 
fail, while those with aluminated 1-methylpyrrole and fu- 
ran succeed. The use of benzyl protecting groups on the 
sugar is also important, as the use of ester protecting 
groups (acetate or benzoate) results in either a substantial 
drop in yield or no reaction at  all. 

The synthetic and mechanistic aspects of these reactions 
are being actively pursued in these laboratories. The 
complete spectroscopic analysis and experimental details 
of these and other examples will be described elsewhere 
in due course. 

Acknowledgment is made to the National Institutes 
of Health (CA 36868-03) for financial support and to Dr. 
K. Belmore (University of Alabama) and Dr. R. Jones 
(Emory University) for NMR experiments. 

(10) The exception to this statement is the coupling between alumi- 
nated thiophene and the p-ribofuranosyl fluoride which proceeds in 
moderate yield. 

(11) Maeba, I.; Iwata, K.; Usami, F.; Furukawa, H. J .  Org. Chem. 1983, 
48, 2998. 
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Accelerated Inverse Electron Demand Diels-Alder 
Reactions of l-Oxa-1,3-butadienes: [4 + 21 
Cycloaddition Reactions of @,-punsaturated a-Keto 
Esters 

Summary: The demonstration and full investigation of 
the scope of the accelerated 47r participation of methyl 
trans-4-methoxy-2-oxo-3-butenoate (1) and methyl 
trans-4-pheny1-2-0~0-3-butenoate (2), electron-deficient 
l-oxa-1,3-butadienes bearing a C-2 electron-withdrawing 
substituent, in productive endo selective inverse electron 
demand Diels-Alder reactions suitable for the preparation 
of 2-alkoxy-3,4-dihydro-2H-pyran-6-carboxylates are de- 
tailed. 

Sir: The 47r participation of simple a$-unsaturated al- 
dehydes and ketones, electron-deficient heterodienes 
bearing a terminal oxygen atom, in LUMOdiene-controlled 
Diels-Alder reactions typically suffers from low conver- 
sions, competitive polymerization, and harsh reaction 

Consequently, a limited number of l-oxa- 
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Table I. Diels-Alder Reactions of Methyl trans -4-Methoxy-2-0~0-3-butenoate ( 1 )  and Methyl 
trans -4-Phenyl-2-oxo-3-butenoate (2) 
reaction conditions: 

entrv diene dienophile" equiv of 3, solvent, temp, "C (time, h) 
productb 

(endo:exo)' yieldd 

Li jC A0 (OE' 

B I 
0 3 4 3  

5 6 

I 
OCH, OCH, 

3a 
1 

(295) 48 
(295) 82 
(295) 75e 
(295) 75f 

(295) 61g 

5.0, toluene, 110 (29) 1.8:l.O 
2.5, neat, 13 kbar, 24 (65) 5.7:l.O 
2.5, CH2C12, 6.2 kbar, 24 (108) 5.7:l.O 
2.5, CH2CI2, -78, 5 min, EtA1C12 (0.1 0.8:l.O 

equivj 

equiv) 
2.5, CHZCl,, -78, 5 min, TiCl, (0.1 1.0:3.0 

H3CY0cH3 H3C% OCH, H3 

bCH, 

1 

6 
7 

3b 
7 

2.5, CHzClZ, 40 (6) 
2.5, CHzClz, 13 kbar, 24 (48) 

(90) 63 
(85) 41 

1 3c a 9 
19:l 
3:l 

1.5. CH,Cl,, 9.5 kbar, 24 (48) (295) 50h 

(295) 46h 
(20) llh 

8 
9 

10 
1.7, benzene, 80 (20) 
1.2, CHZCl2, -78, 5 min, EtA1C12 (0.1 6:l 

equiv) 

2.0, CHZClz, 9.5 kbar, 24 (108) 

1.8, CH2Cl2, 9.5 kbar, 24 (108) 

1.8, CHZClz, 12 kbar, 24 (96) 

1.4, CHZClz, 13 kbar, 24 (98) 

1 3d 

10 11 
1:2 

H,C% ',+ H,C% CH3 

OCH, OCH, 

12 13 
1:l 

H l c A p : +  \COCHl H3cJyp COCH, 

OCH, CCH, 

14 15 
2.3:l 

16 17 
2: 1 

(295) 41' 11 

CH3 
(295) 51' 

1 

13 
3f 

'lC C H 

3g 

(85) 31' 

1 

14 (85) 39 
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Table I (Continued) 

reaction conditions: productb 
entry diene dienophile' equiv of 3, solvent, temp, "C (time, h) (endo:exo)c yieldd 

H 3 c ' v O C H 3  
H 3 C % F  OCH, + H 3 C w  OCH, 

1 OCH, OCH, 1 

15 .,q 
Ph 

16 
17 
18 

19 
20 

2 

2 

2 

21 

2 

22 

18 19 
1.0, CHzCl,, 13 kbar, 24 (84) 35:l 

H j C v  F H j C y @ o E '  

Ph Ph 
3a 

20 21 
10, benzene 80 (16) 4: 1 
20, neat, 6.2 kbar, 24 (124) 9:l 
2.5, CH2Cl2, -78, 5 min, EtAlC1, (0.15 1:2.5 

equiv) 

3b 
2.5, CHZC12, 40 (1.5) 
4.0, CH2C12, 6.2 kbar, 24 (124) 

(85) 15k 

(80) 73 
(295) 86 
(295) 94' 

b h  

22  
(80) 65 

Ph Ph 

23 3c 

2.0, CH2Cl2, 6.2 kbar, 24 (124) 25:l 
24 

(295) 78"' 

OCH, 

OCH, 

Ph Ph 

2 5  26 3d 

3.6, CHzClz, 10 kbar, 24 (96) 1:l 

H,cJy& H3 + H3C Jy& H3 

Ph Ph 

(295) 72' 

2 3e 27 28 
23 6.0, CH2Cl2, 10 kbar, 24 (96) 3: 1 (295) 49 

' Dienophiles 3a (ethyl vinyl ether), 3b (1,l-dimethoxyethylene), and 3g (4-methoxy-3-buten-2-one) were obtained from commercial 
sources. Dienophiles 3c, 3d, 313, and 3f were prepared as previously described: ref 12, 13, 14, and 15 respectively. bAll products exhibited 
the expected or previously reported IH NMR, IR, and MS characteristics consistent with the assigned structure. All new compounds gave 
satisfactory HRMS exact mass information. 'The  endo:exo ratio was obtained from 'H NMR analysis (200 or 300 MHz) of the crude 
reaction mixture. dIsolated yield of purified product isolated by chromatography (SiO,). The  yield in parentheses is the 70 yield estimated 
by IH NMR analysis of the crude mixture prior to purification on SiO,. The  [4 + 21 cycloadducts are not completely stable to contact with 
SiO,, alumina, or Florisil; see ref 18. e T h e  minimum reaction time was determined to be 50 h. 'The endo:exo ratio was found to vary from 
0 .81  to  1:6, and longer reaction times (30 min) resulted in exclusive formation of 6 (by epimerization). XUnder identical reaction conditions 
(0.1 equiv, -78 "C, 5 min), Cu(BFJZ, BF3.0Et,, and Ti(O-i-Pr)&l provided cycloadducts 5/6 in the following yields [ (80) 45, (60) 29, (25) 01 
and endo:exo ratios (1:2, 2:1, -1. ZnC1, promoted the cycloaddition [2.5 equiv, CH,Cl,, 24 OC, 10 min, 5:6 = 2:1, (40) 241, but longer reaction 
times led to complex mixtures. hOnly 8 could be isolated (SiO,). Epimerization [EtAlCl, (0.1 equiv), CH,Clz, -78 OC, 30 min] of 8 provided 
a 1:9 mixture of 8 and its C-2 epimer 8a. 'The  diastereomers could be separated by flash chromatography. jA 2.31 ratio of 14/15 was 
observed in the 'H NMR spectrum of the crude reaction mixture. Chromatography (SiO,) led to  the isolation of 14 only. Compound 18 
was not stable to contact with SiO,, alumina, or Florisil. 'Longer reaction times (10 min) resulted in a 1:4 mixture of 20/21 (by epimeri- 
zation). Only 23 could be isolated. 
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1,3-butadiene structural variations and modified reaction 
conditions have been successfully introduced that have 
permitted the productive or accelerated 4x participation 
of a,@-unsaturated carbonyl compounds in [4 + 21 cyclo- 
addition reactions. These include the use of intramolecular 
 cycloaddition^,^ l-oxa-1,3-butadienes bearing a C-3 elec- 
tron-withdrawing ~ubs t i tuent ,~  as well as the use of Lewis 
acid catalyzed5 and pressure-promoted6 cycloaddition re- 
action conditions. In the conduct of synthetic efforts ap- 
plicable to the preparation of the carbohydrate compo- 
nents of naturally occurring antitumor antibiotics including 
bleomycin, we have examined alternative approaches to 
predictably accelerate the 4x participation of l-oxa-1,3- 
butadienes in LUMOdiene-controlled Diels-Alder  reaction^.^ 

Herein, we detail studies that demonstrate the accel- 
erated, productive participation of P,y-unsaturated a-keto 
esters in endo selective inverse electron demand Diels- 
Alder reactions suitable for the diastereoselective prepa- 
ration of 2-alkoxy-3,4-dihydro-2H-pyran-6-carboxylates. 
The expected enhanced reactivity of P,y-unsaturated a- 
keto esters was based on the predictable stabilization of 
the l-oxa-1,3-butadiene LUMO achieved through the 
noncomplementar$ addition of a C-2 electron-withdrawing 
~ubst i tuent .~ The results of the initial investigation of the 
[4 + 21 cycloaddition reactions of methyl trans-4-meth- 
oxy-2-oxo-3-butenoate (1) lo and methyl trans-4-phenyl-2- 
oxo-3-butenoate (2),11 representative P,y-unsaturated a- 
keto esters, with a full range of electron-rich dienophiles 
3a-h12-15 are summarized in Table I, eq 1. 

Communications 

(1) Desimoni, G.; Tacconi, G. Chem. Rev. 1975, 75, 651. 
(2) Boger, D. L.; Weinreb, S. M. Hetero Diels-Alder Methodology in 

Organic Synthesis; Academic: New York, 1987. 
(3) For recent examples, see: Snider, B. B.; Duncia, J .  V. J.  Org. 

Chem. 1980,45,3461. Snider, B. B.; Roush, D. M.; Killinger, T. A. J .  Am. 
Chem. Sac. 1979,101,6023. Snider, B. B.; Roush, D. M. J .  Org. Chem. 
1979,44,4229. Cookson, R. C.; Tuddenham, R. M. J.  Chem. SOC., Perkin 
Trans. 1 1978, 678. Martin, S. F.; Benage, B. Tetrahedron Lett. 1984, 
25, 4863. Martin, S. F.; Benage, B.; Williamson, S. A.; Brown, S. P. 
Tetrahedron 1986,42, 2903. Tietze, L. F.; Beifuss, U. Tetrahedron Lett. 
1986,27, 1767. See also ref 2 and 4. 

(4) Tietze, L. F. In Selectiuity-A Goal fo r  Synthetic Efficiency; 
Trost, B. M., Bartmann, W., Ed.; Verlag-Chemie: Weinheim, 1984; pp 
299-315. See also ref 2. 

(5) For recent examples, see: Denmark, S. E.; Sternberg, J. A. J.  Am. 
Chem. SOC. 1986, 108, 8277. Yamamoto, Y.; Suzuki, H.; Mora-Oka, Y. 
Chem. Lett. 1986,73. Danishefsky, S.; Bednanski, M. Tetrahedron Lett. 
1984,25,721. Hall, S.  S.; Weber, G. F.; Dussan, A. J. J.  Org. Chem. 1978, 
43, 661. 

(6) Sera, A.; Uchida, T.; Matsumoto, K. Synthesis 1985, 1 and 999. 
(7) For review of heterodiene Diels-Alder approaches to carbohy- 

drates, see: Schmidt, R. R. Pure Appl .  Chem. 1987,59,415. McGarvey, 
G. J.; Kimura, M.; Oh, T.; Williams, J. M. J .  Carbohydr. Chem. 1984,3, 
125. Danishefsky, S. Ace. Chem. Res. 1981,14, 400. For selected exam- 
ples of [4 + 21 cycloadditions of l-oxa-1,3-butadienes bearing a C-2 
electron-withdrawing substituent, see: Apparao, S.; Maier, M. E.; 
Schmidt, R. R. Synthesis 1987, 10, 900. Tietze, L. F.; Voss, E. Tetra- 
hedron Lett. 1986,27, 6181. Santelli, M.; Douniazad, E. A,; Jellal, A. J .  
Org. Chem. 1986, 5 1 ,  1199. El-Abed, D.; Jellal, A.; Santelli, M. Tetra- 
hedron Lett. 1984, 25, 4503. Ismail, Z. M.; Hoffman, H. M. R. Angeu. 
Chem., Int. Ed. Engl. 1982, 21, 859. 

(8) In contrast to the complementary C-3 addition of an electron- 
withdrawing substituent to the l-oxa-1,3-butadiene ~ y s t e m , ~  the non- 
complementary C-2 addition of an electron-withdrawing substituent 
would not be expected to additionally stabilize a developing zwitterionic 
or diradical transition state for a [4 + 21 cycloaddition reaction. 

(9) In a refined comparison with full structure optimization (MOPAC, 
AM1 Hamiltonian, Version 1.00) including a final, single geometry SCF 
calculation with CI (CI = 2 ) ,  the E (LUMO) for methyl trans-4-meth- 
oxy-2-ox0-3-butenoate (1) proved substantially lower (0.706 eV) than that 
of trans-3-methoxypropenal. A full summary is provided as supple- 
mentarv material. 

(10) i'rowitzsch, W. 2. Naturforsch., B: Anorg. Chem., Org. Chem. 

(11) Reimer, M. J .  Am. Chem. SOC. 1924, 46, 783. 
(12) Rautenstrauch, V.; Buchi. G.: Wuest, H. J .  Am. Chem. Soc. 1974, 

1977, 32B(9), 1068. 

96, 2576. 
(13) Bakker, C. G.; Scheeren, J. W.; Nivard, R. J. F. Recl. Trau. Chim. 

Pays-Bas 1981, 100, 13. 

1, P-OCH3 3 4. e m 0  4. elC 

2, F-CIHS - * O r  

Inspection of the examples provided in Table I illustrate 
that 1 and 2 are more reactive than simple a,P-unsaturated 
ketones and aldehydes2J6 in [4 + 21 cycloaddition reactions 
with electron-rich dienophiles. Both 1 and 2 exhibited 
excellent thermal reactivity with ethyl vinyl ether (80-110 
"C) and 1,l-dimethoxyethylene (40 "C, 1.5-6 h) cleanly 
providing the [4 + 21 cycloadducts. The thermal, pres- 
sure-promoted, and Lewis acid catalyzed 14 + 21 cyclo- 
addition reaction of 1 and 2 proved to proceed predomi- 
nantly through an endo transition state, the endo selec- 
tivity predictably increased as the temperature of the re- 
action was decreased and the pressure increased (25 "C, 
6-13 kbar > 40-110 "C, 1 atm), and the diene 2 possessing 
a C-4 phenyl substituent proved slightly more endo se- 
lective than diene 1. The observed endo selectivity and 
the exclusive preservation of dienophile olefin geometry 
(entries 8-10, 21) observed in the reactions of 1 and 2 are 
characteristic of a concerted [4 + 21 cycloaddition reaction. 
The presence of the a-dicarbonyl in 1 and 2 facilitated the 
Lewis acid catalyzed [4 + 21 cycloadditions of the dienes, 
and of the catalysts surveyed (Table I, entries 4 and 51, 
ethylaluminum dichloride proved to be the most effective 
and manageable (0.1 equiv of EtA1C12, -78 "C, <5 min). 
In the Lewis acid catalyzed cycloadditions of 1 and 2, the 
endo:exo product ratio proved dependent on the reaction 
conditions. Under the conditions of Lewis acid catalysis, 
the predominant, kinetic endo [4 + 21 cycloadducts suffer 
C-2 epimerization to provide the more stable isomer.17 
The extent of epimerization proved dependent on the re- 
action conditions, and as the reaction time, reaction tem- 
perature, and amount of catalyst were increased, the extent 
of observable C-2 epimerization increased. These empirical 
observations were confirmed by the subjection of 5 and 8 
to the reaction conditions (0.1 equiv of EtAlCl,, -78 "C, 
5 and 30 min, respectively) cleanly affording the more 
stable C-2 epimers.'; 

The thermal, pressure-promoted, and Lewis acid cata- 
lyzed [4 + 21 cycloaddition reactions of P,y-unsaturated 
a-keto esters, e.g., 1 and 2, provide a productive, endo 
selective LUMOd,,,,-controlled [4 + 21 cycloaddition re- 
action of l-oxa-1,3-butadienes. The endo selectivity ob- 
served under thermal reaction conditions may be enhanced 
through use of pressure-promoted reaction conditions. 
Conventional Lewis acids effectively catalyze the [4 + 21 
cycloaddition to afford predominant, kinetic endo [4 + 21 
cycloadducts which subsequently suffer epimerization 
((2-2) to yield the thermodynamically stable products. The 

(14) Hoff, S.; Brandsma, L.; Arens, J .  F. Recl. Trau. Chim. Pays-Bas 
1968, 87, 916. 

(15) Banville, J.; Brassard, P. J. Chem. Soc., Perkin Trans. I 1976, 
1852. 

(16) For representative comparisons, see: Eskenazi, C.; Maitte, P. C. 
R. Seances Acad. Sei., Ser. C 1974,279,233. Berti, G.; Catelani, G.; Magi, 
S.; Monti, L. G a m .  Chim. Ital. 1980, 110, 173. Berti, G.; Catelani, G.; 
Calonna, F.; Monti, L. Tetrahedron 1982,38,3067. Anselmi, C.; Catelani, 
G.; Monti, L. Gazz .  Chim. Ital. 1983, 113, 167. 

(17) John, R. A.; Schmid, V.; Wyler, H. Helu. Chim. Acta 1987, 70,600. 
(18) Purification of the cycloadducts was best achieved by rapid 

chromatography @io2; 45:l packing ratio; flow rate 3 mL/min; 10-33% 
EtOAc/hexane) or by flash chromatography on SiO, deactivated with 1% 
triethylamine with EtOAc/hexane as the eluant. For example, chroma- 
tography of pure 5 [141 mg, Si02 (6.3 g); 2.2 X 5.0 cm; 3 mL/min; 33% 
EtOAc/hexane] afforded a 91% recovery of 5 (128 mg). Chromatography 
of a pure 2:l mixture of 16 and 17 [54 mg, Si02 (5.8 gj; 1.8 X 5.0 cm; 3 
mL/min; 33% EtOAc/hexane] afforded a 67% recovery of a 2:l  mixture 
of 16 and 17 (36 mg). 
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continued exploration of the [4 + 21 cycloaddition reactions 
of P,y-unsaturated a-keto esters and their applications are 
in progress and will be reported in due course. 

Acknowledgment. We gratefully acknowledge the fi- 
nancial support of the National Institutes of Health (CA 
41986,42056), the Alfred P. Sloan Foundation, and Mo- 
lecular Design, Ltd. (software). We thank Dan Severance 
for his assistance with computational studies. 

Supplementary Material Available: Representative ex- 
perimental procedures, full spectral and physical characterizations 
of 1, 2, 5-8, 10-14, 16-18, 20-23, 25-28, and a summary of the 
semiempirical computational (MOPAC, AM1 Hamiltonian) com- 
parison of 1 and trans-3-methoxypropenal including HOMO and 
LUMO three-dimensional molecular orbital plots (21 pages). 
Ordering information is given on any current masthead page. 

(19) National Institutes of Health research career development award 
Alfred P. Sloan research fellow, recipient, 1983-1988 (CA 01134). 

1985-1989. 

Dale L. Boger,*>l9 Kirk D. Robarge 
Department of Chemistry 

Purdue University 
Wes t  Lafayette,  Indiana 47907 

Received February 19, 1988 

Acyl Radicals: Functionalized Free Radicals for 
Intramolecular Cyclization Reactions 

Summary:  A study describing the use of phenyl seleno- 
esters as direct precursors to acyl radicals suitable for the 
initiation of intramolecular free-radical cyclization reac- 
tions is detailed. 

Sir: The rapid emergence of intramolecular free-radical 
cyclization reactions as a means of constructing carbocyclic 
systems can be attributed largely to the compatibility of 
most functional groups to the reaction conditions relative 
to the corresponding ionic reactions.lV2 The required re- 
action conditions permit useful functionality to be em- 
ployed at  the reaction centers (initiator, terminator groups) 
without the need for protection or masking of proximal 
or distal functionality. Consequently, a wide variety of 
functionalized precursors suitable for initiation of intra- 
molecular free-radical cyclization reactions have been in- 
troduced and include a-acylamino sulfides and  selenide^,^ 
P-bromo  acetal^,^ vinyl bromide~/iodides,~ and a-bromo 
or a-seleno ketones and esters.6 Surprisingly, only selected 
and isolated reports of the intramolecular free-radical 
cyclization reactions of acyl derivatives have been de- 

(1) Giese, B. Radicals in Organic Synthesis; Pergamon Press: New 
York. 1986. 

(2) (a) Ramaiah, M. Tetrahedron 1987, 43, 3541. (b) Hart, D. J. 
Science (Washington, D.C.) 1984,223, 883. 

(3) (a) Hart, D. J.; Tsai, Y.-M. J.  Am. Chem. SOC. 1982,104,1430. (b) 
Hart, D. J.; Choi, J.-K.; Burnett, D. A.; Tsai, Y.-M. J.  Am. Chem. SOC. 
1984,106,8201. (c) Keck, G. E.; Enholm, E. J. Tetrahedron Lett. 1985, 
26, 3311. 

(4) Stork, G.; Mook, R., Jr.; Biller, S. A.; Rychnovsky, S. D. J .  Am. 
Chem. SOC. 1983, 105, 3741. 

(5) (a) Stork, G. Selectiuity: A Goal for Synthetic Efficiency; Bart- 
mann, W., Trost, B. M., Eds.; VerlagChemie: Weinheim, 1984; p 281. 
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scribedl despite their synthetic potential as fundamental 
functionalized free radicals. Herein we report that phenyl 
selenoesters serve as excellent precursors to acyl radicals 
suitable for use in intramolecular free-radical cyclization 
reactions. 

Phenyl selenoesters 1, readily available from the corre- 
sponding carboxylic acids: have been reported to undergo 
reduction to the corresponding aldehydes and alkanes 
(decarbonylation and reduction) in the presence of tri- 
alkyltin hydrides and a free-radical initiator through 
generation of acyl radicals, eq l.9 This observation and 

RC-SePh- R RC.  f l  < 2H (1 ) 
H .  

1 R .  - RH 

the report that  the free-radical generated from phenyl 
selenocarbonates effectively participate in intramolecular 
free-radical cyclization  reaction^^^,^ suggested that in the 
presence of a proximal, unsaturated functionality (C=C, 
C=C) the acyl radicals generated under such conditions 
possess the capability to cyclize directly to ketones 2, eq 
2, competitive with intermolecular reduction and intra- 

molecular decarbony1ation.l0 The results summarized in 
Table I illustrate that the intramolecular free-radical cy- 
clization reactions of acyl radicals generated from phenyl 
selenoesters proceed efficiently and in most cases with little 
or no competing reduction or decarbonylation." This 
contrasts the comparable attempts to productively gen- 
erate and trap acyl radicals in intramolecular free-radical 
cyclization reactions employing the corresponding acid 
chlorides7a and phenyl thioesters as precursors; Table I, 
entries 2 and 3. 

The productive participation of acyl radicals generated 
from phenyl selenoesters in intramolecular free-radical 
cyclization reactions has proven independent of the free- 
radical acceptor group and both activated (C=CC02R) 
and unactivated (C=C) 7r-systems serve as suitable in- 
tramolecular acceptors. In the absence of directing 
functionality (e.g., C=CC02R) the intramolecular acyl 
radical-alkene cyclization reactions follow the anticipated 
mode of cyclization:2 5-Exo-Trig > 6-Exo-Trig) 5-Exo-Trig 

(7) (a) Cekovic, Z. Tetrahedron Lett. 1972, 9, 749. (b) Walsh, E. J., 
Jr.; Messinger, J. M.; Grudoski, D. A.; Allchin, C. A. Tetrahedron Lett. 
1980,21, 4409. (c) Bachi, M. D.; Bosch, E. Tetrahedron Lett. 1986,27, 
641. (d) Corey, E. J.; Singh, A. K.; Bakshi, R. K. J.  Am. Chem. SOC. 1987, 
109, 6187. (e) Coveney, D. J.; Patel, V. F.; Pattenden, G. Tetrahedron 
Lett. 1987,28,5949. Patel, V. F.; Pattenden, G. Tetrahedron Lett. 1988, 
29, 707. (f) Delduc, P.; Tailhan, C.; Zard, S. Z. J .  Chem. SOC., Chem. 
Commun. 1988, 308. 
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Chem. 1981,46, 1215. Nicolaou, K. C.; Claremon, D. A.; Barnette, W. E.; 
Seitz, S. P. J .  Am. Chem. SOC. 1979, 101, 3704. 

(9) Acid chlorides: (a) Kuivila, H. G.; Walsh, E. J., Jr .  J .  Am. Chem. 
SOC. 1966, 88, 571, 576. (b) Kuivila, H. G. Synthesis 1970, 499. (c) 
Kupchik, E. J.; Kiesel, R. J. J .  Org. Chem. 1966,31, 456. (d) Kaplan, L. 
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J.; Heuberger, C.; Graf, W. Helu. Chin. Acta 1980, 63, 2328. 

(10) In a typical procedure, a solution of the phenyl selenoester 1 
(0.0074.010 M) and a,a'-azobis(isobutyronitri1e) (AIBN, ca. 0.05 equiv) 
in refluxing benzene was treated dropwise (syringe pump, 2 h) with a 
solution of tri-n-butyltin hydride (Bu3SnH, 1.2 equiv) in benzene, and the 
solution was warmed a t  reflux for an additional 0.5-1.0 h. 

(11) At present only one instance (Table I, entry 15) of competitive 
decarbonylation has been observed and presumably is the direct result 
of generation (and cyclization) of a stabilized benzylic radical. 
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