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possibilities (2) and (5 )  suggest that enamines may not be 
unreactive in some Diels-Alder reactions of "normal" 
electron demand; this idea is being pursued. 
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Diels-Alder Reactions of a,@-Unsaturated Acyl-Iron 
Complexes 

Summary: Lewis acid catalyzed Diels-Alder reactions 
between alkyl-substituted 1B-butadienes and (ql-acrylo- 
yl)(tts-cyclopentadienyl)dicarbonyl(II) Complexes have been 
examined and were found to proceed in excellent yields 
under mild conditions. 

Sir: Acyl-metal complexes containing the ( q5-cyclo- 
pentadienyl)dicarbonyliron(II) unit and phosphine-sub- 
stituted analogues have recently emerged as very versatile 
intermediates for organic synthesist being easily converted 
into esters and amides,lb rendering a-protons acidic,ld and 
undergoing facile and stereoselective decarbonylation re- 
actions upon photolysis2 or treatment with rhodium(1) 
~atalysta .~ In addition, phosphine-substituted analogues 
of this unit have seen exciting applications in the area of 
asymmetric induction.la With these recent developments 
in mind, we were tempted to investigate the behavior of 
(q1-acryloyl)(~5-cyclopentadienyl)dicarbonyliron(II) com- 
plexes 1 (readily available by reaction of a,p-unsaturated 
acid chlorides with sodium [ (q6-cyclopentadienyl)di- 
~arbonylferrate]~ in Diels-Alder  reaction^;^ in this study 
we report the results of that investigation (Scheme I). 

Compound l b  would not react with cyclopentadiene or 
isoprene at  0 "C or in refluxing benzene. While the elec- 
tron-withdrawing ability of the acyl(q5-cyclo- 

Scheme I. Reaction of a,&Unsaturated Acyl-Iron 
Complexes wi th  Dienes a n d  Lewis Acids 
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pentadienyl)dicarbonyliron(II) group has not been evalu- 
ated quantitatively: chemical shifts of the olefinic carbons 
in compound l b  (Ca = 130.3, CB = 144.9) vs. those of ethyl 
crotonate (Ca = 123.3, Cp = 144.0) suggest that polariza- 
tion of the double bond by the acyl-metal group is con- 
siderably less than that of the carbomethoxy group. Upon 
addition of 1 equiv of ethylaluminum dichloride or di- 
ethylaluminum chloride, the reaction proceeds at  25 "C 
to give compound 3b in excellent yields (Table I, entries 
1 and 2). Ethylaluminum dichloride is the better of the 
two catalysts; reaction of l b  and isoprene with diethyl- 
aluminum chloride catalyst proceeds in only 38% yield in 
refluxing benzene, whereas the same reaction with ethy- 
laluminum dichloride catalyst proceeds in 81% yield at  
25 "C. The reacting species in alkylaluminum-catalyzed 
reactions of compound l b  is best represented by structure 
4; upon addition of ethylaluminum dichloride to compound 

O&I,Et 

4 5 

lb,  a species is produced having a carbon-13 signal a t  306 
ppm (acyl carbon)' which is more consistent with a 
Fischer-Carbene complex 4b rather than an acyl-metal 
c ~ m p l e x . ~ ~ ~  Analagous vinyl methoxycarbene complexes 
of chromium(0) (5) have been shown to be excellent 
dienophiles for Diels-Alder reactions.l0 Other Lewis acid 
catalysts, boron trifluoride etherate, titanium tetrachloride, 
and triethylaluminum, were not effective in promoting the 
desired reaction. 

(1) For recent examples, see: (a) Brown, S. L.; Davies, S. G.; Warner, 
P.; Jones, R. H.; Prout, K. J. Chem. Soc., Chem. Commun. 1985, 
1446-1447. (b) Djima, I.; Kwon, H. B. Chem. Lett. 1985,1327-1330. (c) 
Liebeskind, L. S.; Walker, M. E.; Helquist, P. Tetrahedron Lett. 1985, 
26. 

(2) For recent example, see: Bly, R. S.; Silverman, G. S.; Bly, R. K. 
Organometallics 1985, 4, 374-383. 

(3) Kuhlman, E. H.; Alexander, J. J. J. Organomet. Chem. 1979,174, 

(4) King, R. B.; Bisnette, M. B. J. Organmet. Chem. 1964,2, 15-37. 
Purification via flash chromatography on silicon gel leads to excellent 
yielda of the desired complexes. 

(5) Note added in proof: (Ferra-P-diketonato)BF, complexes con- 
taining alkenyl substituents undergo Diels-Alder reactions with 1,3-di- 
en@. Lenhert, P. G.; Lukehart, C. M.; Sacksteder, L. J. Am. Chem. SOC. 

81-87. 

1986,108,793-800. 

(6) Reactivity patterns from ref 1 suggest that the acyl-metal group 
behaves similarly to a carbomethoxy group. 

(7) Carbene complexes of this type (heteroatom substituted) typically 
have chemical shifts greater than 300 ppm; for a discussion, see: For- 
macek, V.; Kreiter, C. G. Angew. Chem., Znt. Ed. Engl. 1972,11,141-142. 
In a compound related to 3b (0-A1 replaced by H), the chemical shift of 
the carbene carbon is 314 ppm. Kuo, G. H.; Helquist, P.; Kerber, R. C. 
Organometallics 1984, 3, 806-808. 

(8) Infrared spectra of acyl-metal-aluminum chloride complexes 
suggest the carbene-complex resonance structure. Stimson, R. E.; 
Shriver, D. F. Znorg. Chem. 1980,19, 1141-1145. 

(9) For a review on the reactions of transition-metal carbene com- 
plexes, see: Doetz, K. H. Angew. Chem., Znt. Ed. Engl. 1984,23,587+08. 

(10) (a) Wulff, W. D.; Yang, D. C. J. Am. Chem. SOC. 1984, 106, 
7565-7567. (b) Wulff, W. D.; Yang, D. C. J. Am. Chem. SOC. 1983,105, 
6726-6727. 
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Table I. Reaction of Compound 4 wi th  Dienes 
temp, yield,"sd 

entry R diene catalyst "C endo:exo o,p:m % 
1 CH3 cyclopentadiene EtZAlC12 25 91:9" 84 
2 CH3 cyclopentadiene EtAlCl2 25 95:5" 87 
3 CH3 isoprene Et2AlClz 80 38 
4 CH3 isoprene EtZAlClz 25 77:23"sb 81 
5 CH, trans-piperylene EtAlClZ 55 65:35" >98% ortho' 72 
6 CH, 3-methyl-1,3-pentadiene EtAIClz 55 83:17a-c 81:19"J 73 
7 H cyclopentadiene EtAlC12 25 >98% endo' 99 
8 H isoprene EtAlClZ 25 86: 14",bf 95 

A Isolated yields (flash chromatography). The structure of the major product was confirmed by alternate synthesis. This ratio reflects 
the distribution in the major product only. All compounds gave satisfactory spectral data and combustion analysis; stereochemistries and 
regiochemistries were assigned based on 200-MHz 'H NMR data (see supplementary material). 'The other isomer was not isolated and 
could not be detected in the crude 'H NMR spectrum at 200 MHz. fThe  ratio was determined from integration of the cyclopentadienyl 
protons in the mixture. gThe major product was designated as ortho relative to the terminal methyl group of the diene. 

Table 11. Reaction of Dienes with a.B-Unsaturated Esters 
~~ 

entry diene dienophile endo:exo o,p:m ref 
isoprene 
isoprene 
isoprene 
isoprene 
trans-pi- 

perylene 
trans-pi- 

perylene 
trans-pi- 

perylene 
cyclo- 

pentadi- 
ene 

cyclo- 
pentadi- 
ene 

methyl acrylate 
methyl acrylate/A1C13 
methyl crotonate 
ethyl crotonate/EtAlCl, 
methyl acrylate 

methyl acrylate/A1C13 

methyl crotonate 

methyl acrylate 

methyl acrylate/AlCl, 

7030 
95:5 

1oo:o 
97:3 

57:43 8812 

95:5 982 

4951 91:9 

7822 

94:6 

11 
14 
11 
15 
16 

16 

11,17 

11 

18 

In the reaction of compound 4 with dienes, the regio- 
chemistry and stereochemistry observed were consistent 
with that generally observed in Diels-Alder reactions.'l 
The preferred mode of addition is endo (entries 1, 2, 5,6, 
7); very high endo selectivity is observed in reactions with 
cyclopentadiene, while only modest endo selectivity is 
observed with 1-methyl-substituted butadienes (entries 5, 
6). The reaction also proceeds to give ortho-para selec- 
tivity (entries 3,4,5,8), and a terminal substituent controls 
the regioselectivity to a greater extent than an internal 
substituent (entry 6)." In general, the regioselectivities 
and stereoselectivities observed in the reaction of 4 with 
dienes are comparable with those observed for aluminum 
chloride catalyzed reactions of acrylates and crotonates 
with dienes (Table II).13 The exception is reactions with 
isoprene; in this case the regioselectivity observed is sub- 
stantially less than that observed in reactions with a,P- 
unsaturatsd esters and aluminum chloride. Also, crotonate 
esters show an increase in regioselectivity with respect to 
acrylates in reactions with isoprene, while the crotonyl iron 

(11) Onishchenko, A. S. In Diene Synthesis; Israel Program for Sci- 
entific Translations: Jerusalem, 1964. 

(12) Titov, Y. A. Russ. Chem. Rev. 1962, 31, 267-283. 
(13) An authentic sample was prepared by the following sequence: (a) 

Diels-Alder reaction of isoprene and ethyl crotonate, (b) ester hydrolysis; 
(c) formation of acid chloride; (d) conversion of the acid chloride to 
compound 2b. 

(14) Inukai, T.; Kojima, T. J.  Org. Chem. 1966,31, 1121-1123. 
(15) J. W. Herndon, unpublished ob~ervations.'~ 
(16) Inukai, T.; Kojima, T. J. Org. Chem. 1967, 32, 869-871. 
(17) Overman, L. E.; Mendelson, L. T.; Jacobsen, E. J. J. Am. Chem. 

SOC. 1983,105,6629-6637. 
(18) Inukai, T.; Kojima, T. J. Org. Chem. 1966, 31, 2032-2033. 
(19) Assignments were based on analogy to chemical shifts of a related 

compound. Casey, C. P.; Miles, W. H.; Tukada, H. J. Am. Chem. Sac. 
1986,107, 2924-2931. 

Data; Verlag Chemie: New York, 1979. 
(20) Bremsen, W.; Emst, L.; Franke, B. In Carbon-I3 NMR Spectral 

Table  111. Carbon-13 Chemical Shif ts  of Crotonyl 
Compounds 

entry x C1 C2 C3 ref 
1 -Fe(C5H5)(C0h 252.3 130.3 144.9 19 
2 -Fp/EtA1Cl2 adduct 303.8 143.8 147.8 
3 -OCZH5 166.1 123.3 144.0 20 
4 -OC2H5/EtA1Cl2 adduct 174.8 120.3 159.0 

complex 4b is less regioselective than the corresponding 
acryloyl complex 4a. A possible explanation for this effect 
can be found in Table 111. Upon complexation with alu- 
minum, the carbon-13 chemical shifts of the a- and P- 
olefinic carbons in 4b become nearly indentical, whereas 
these difference in chemical shifts of the corresponding 
carbons in ethyl crotonate increases upon complexation 
with the Lewis acid catalyst, suggesting a decrease in po- 
larization in the double bond upon complexation with 
aluminum in the iron case and thus a decrease in regios- 
electivity. 

In a typical procedure, to a solution of compound l b  
(0.315 g, 1.28 mmol) in benzene (8 mL) under nitrogen at  
25 "C was added a solution of ethylaluminum dichloride 
in hexane (1.0 M, 1.3 mL, 1.3 mmol),2l followed by addition 
of cyclopentadiene (0.3 mL). The mixture was allowed to 
stir 2 h a t  25 "C or until complete as diagnosed by TLC. 
The reaction mixture was cooled to 0 O C ,  aqueous ammonia 
solution (2 mL) was added, and the mixture was allowed 
to stir 2 min. The mixture was filtered through alumina 
and washed exhaustively with methylene chloride. The 
solvent was removed on a rotary evaporator and the res- 
idue was purified via flash chromatography on silica gel. 

The Diels-Alder reaction using acyl-iron complexes is 
very mild, high-yielding reaction and in many cases gives 
very high regio- and stereoselectivity. The produds of the 
reaction are air-stable and the acyl-iron grouping is subject 
to a wide variety of further manipulations which have 
potential applications in organic synthesis. We are pres- 
ently examining further reactions of these aluminum- 
complexed acyl-metal complexes and their potential ap- 
plications. 
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An Effective Strategy for Acyclic Synthesis via 
Iterative Rearrangement of Allylic Glycolates. 
Synthesis of a Pine Sawfly Pheromone 

Summary: The stereocontrolled preparation of extended 
acyclic systems using the iterative enolate Claisen rear- 
rangement of allylic glycolates is described. This strategy 
has been demonstrated in the stereospecific synthesis of 
a pine sawfly pheromone. 

Sir: The development of stereoselective techniques for use 
in the linear elaboration of complex acyclic targets has been 
a focus of considerable attention in recent years.'+ While 
linear construction of extended acyclic systems offers 
unique synthetic advantages, this strategy places rigorous 
demands on the complement of reactions employed in the 
homologation of a nascent acyclic intermediate. Since 
stereochemical heterogeneity a t  any stage of a linear se- 
quence will be propagated in subsequent transformations, 
the degree of stereocontrol required of each reaction in the 
sequence is high. 

The Claisen and related [3,3] and [2,3] sigmatropic re- 
arrangements occupy a prominent position among the 
procedures which can effectively homologate an existing 
acyclic intermediate with stereochemical induction at  
newly formed, remote chiral centers.lp3 A powerful and 
potentially general strategy for acyclic synthesis is one in 
which the acyclic framework is developed by an iterative 
series consisting of sigmatropic rearrangement followed by 
nucleophilic homologation of the rearrangement product 

(1) Bartlett, P. A. Tetrahedron 1980, 36, 2. 
(2) (a) Lipshutz, B. H.; Kozlowski, J. A. J. Org. Chem. 1984,49,1147. 

(b) Kabuki, T.; Lee, A. W. M.; Ma, P.; Martin, V. S.; Masamune, S.; 
Sharpless, K. B.; Tuddenham, D.; Walker, F. J. Ibid. 1982,47, 1373. (c) 
Adams, C. E. Walker, F. J.; Sharpless, K. B. Ibid. 1985, 50, 420. (d) 
Nicolaou, K. C.; Uenishi, J. J. Chem. SOC., Chem. Commun. 1982,1292. 
(e) Nagaoka, H.; Kishi, Y. Tetrahedron 1981, 37, 3873. 

(3) For a review see: Hill, R. K. In Asymmetric Synthesis; Morrison, 
J. D., Ed.; Academic Press: New York, 1984; Vol. 3, p 503. For recent 
examples, see: (a) Martinez, G. R.; Grieco, P. A.; Williams, E.; Kanai, K.; 
Srinivasan, C. V. B. J. Am. Chem. SOC. 1982, 104, 1436. (b) Ziegler, F. 
E.; Wester, R. T. Tetrahedron Lett. 1984,25,617. (c) Heathcock, C. H.; 
Jarvi, E. T. Ibid. 1982, 23, 2825. (d) Midland, M. M.; Kwon, Y. C. 
Tetrahedron Lett. 1985,26,5013,5017. (e) Midland, M. M.; Tsai, D. J.4. 
J. Org. Chem. 1984,49,1842. (0 Sayo, N.; h u m 4  K.; Mikami, K.; Nakai, 
T. Tetrahedron Lett. 1984,25,565. (g) Overman, L. E.; Lin, N.-H. J. Org. 
Chem. 1985,50, 3669. 

(4) (a) Cohen, N.; Eichel, W.; Lopresti, R. J.; Neukom, C.; Saucy, G. 
J. Org. Chem. 1976,41,3505,3512. (b) Chan, K.-K.; Cohen, N.; DeNoble, 
J. P.; Specian, A. C.; Saucy, G. Ibid. 1976, 41, 3497. (c) Chan, K.-K.; 
Specian, A. C.; Saucy, G. Ibid. 1978,43,3435. (d) Midland, M. M.; Tsai, 
D. J.-S. J. Am. Chem. SOC. 1985,107, 3915. 

Scheme I" 

- 
EBz ' 3: R = H  

a c  4: R =COCHzOBz 
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10 11 

(?I-1 
(a) BzOCHZCOCl, pyridine; (b) LDA, Me,SiCl, 

THF, 78-0 O C ;  (c) LiAlH,; (d) (C0CU2, Me,SO, NEg; (e) ((IQ-1- 
propenyl)~CuLi, E t O ,  -78 O C ,  MgBr2.EtO; (0 aqueous NH,CI, 
CHzNz, EtzO; (9) Pd-C, Hz, MeOH; (h) MsCl, pyridine. 

Reagents: 

to give a new substrate for rearrangement.4 Practical re- 
alization of this approach has been complicated by loss of 
stereochemical fidelity during either the rearrangement 
or homologation6 step. Recently, we and others have in- 
vestigated the enolate Claisen rearrangement of allylic 
glycolates and demonstrated the potential of this system 
as an entry to functionalized acyclic intermediates? The 
high diastereoselectivity exhibited in the rearrangement 
of allylic glycolates and the potential of the resulting a- 
alkoxy esters for further stereoselective homologation, via 
chelation-controlled addition of vinyl nucleophiles, sug- 
gested to us that these substrates are uniquely suited for 
incorporation into an iterative sigmatropic sequence. 

The effectiveness of the glycolate Claisen sequence as 
an iterative vehicle for acyclic homologation is demon- 

(5 )  An alternative solution to the problem of stereoselective homolo- 
gation in an iterative sigmatropic sequence is represented by new pro- 
cedures for asymmetric reduction of acetylenic ketones. See: (a) Mid- 
land, M. M.; Kwon, Y. C. Tetrahedron Lett. 1985,26,5021. (b) Chan, 
K.-K.; Saucy, C. J. Org. Chem. 1977,42, 3828. (c) Cohen, N.; Lopresti, 
R. J.; Neukom, C.; Saucy, G. Ibid. 1980,45, 582. (d) Midland, M. M.; 
Tramontano, A.; Kazubski, A.; Graham, R. S.; Tsai, D. J.-S.; Cardin, D. 
B. Tetrahedron 1984,40, 1371. 

(6) (a) Bartlett, P. A.; Tanzella, D. J.; Barstow, J. F. J. Org. Chem. 
1982,47, 3941. (b) Sato, T.; Tajima, K.; Fujisawa, T. Tetrahedron Lett. 
1983,24, 729. (c) Kallmerten, J.; Gould, T. J. Tetrahedron Lett. 1983, 
24,5177. (d) Burke, S. D.; Fobare, W. F.; Pacofsky, G. J. J. Org. Chem. 
1983,48, 5221. (e) Fujisawa, T.; Kohama, H.; Tajima, K.; Sato, T. Ibid. 
1984,49, 5155. (0 Kallmerten, J.; Gould, T. J. Ibid. 1985,50, 1128. (9)  
Kallmerten, J.; Gould, T. J. Ibid. 1986, 51, 1152. 
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