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Insertion of monosubstituted allenes into stable oxapalladacycle I was studied. The aim of this
work was to define steric and electronic parameters of allenes that would allow for a regio- and
diastereoselective synthesis of 2,3-disubstituted 3,4-dihydro-2H-1-benzopyrans, which could not
be prepared via related catalytic protocols. Allenes with electron-donating alkyl substituents R
sterically unencumbered at the C-3 and C-4 carbons reacted with palladacycles I to afford
benzopyrans IV in good yields (45—81%), exclusively as cis diastereomers. Less than 10% of the
regioisomeric benzopyrans V was detected in the crude reaction mixtures. Methoxy 1,2-propadiene
afforded benzopyran IV in 98% yield as the ¢trans diastereomer in 92% de. In contrast, allenes
with electron-withdrawing substituents yielded benzopyrans V with an E double bond exclusively.
Nonracemic palladacycles featuring a palladium-bonded stereogenic carbon as the only element of
asymmetry underwent the allene insertion with 63—93% retention of the stereochemical information,
providing benzopyrans IV or V in 40—47% ee. These results demonstrated that O-bonded palladium
enolates did not operate as predominant intermediates in the insertion process. The study highlights
the configurational stability of carbon-bonded palladium ester enolates, especially notable in systems

lacking chiral nonracemic auxiliary ligands.

Introduction

Palladium-catalyzed annulation reactions have been
recognized as powerful tools for a rapid construction of
diverse heterocyclic and carbocyclic frameworks.! Among
these, transformations relying on carbopalladation of
allenes? to generate sr-allylpalladium intermediates, which
subsequently reacted in situ with internal nucleophiles,
proved to be extraordinarily versatile (Figure 1).? Utiliz-
ing heteroatoms or malonate carbanions as nucleophiles,

(1) (a) Nakamura, I.; Yamamoto, Y. Chem. Rev. 2004, 104, 2127—
2198. (b) Zeni, G.; Larock, R. C. Chem. Rev. 2004, 104, 2285—2309. (c)
Balme, G.; Bossharth, E.; Monteiro, N. Eur. JJ. Org. Chem. 2003, 4101—
4111. (d) Poli, G.; Giambastiani, G.; Heumann, A. Tetrahedron 2000,
56, 5959—5989. (e) Negishi, E.-1.; Coperet, C.; Ma, S.; Liou, S.-Y.; Liu,
F. Chem. Rev. 1996, 96, 365—393.

(2) (a) Ma, S. In Handbook of Organopalladium Chemistry for
Organic Synthesis, Negishi, E.-I., Ed.; John Wiley & Sons: New York,
2002; Chapter IV.7, pp 1491—1521. (b) Zimmer, R.; Dinesh, C. U
Nandanan, E.; Khan, F. A. Chem. Rev. 2000, 100, 3067—3125.

(3) (a) Watanabe, K.; Hiroi, K. Heterocycles 2003, 59, 453—457. (b)
Ma, S. Acc. Chem. Res. 2003, 36, 701—712. (¢) Bates, R. W.; Satcharoen,
V. Chem. Soc. Rev. 2002, 31, 12—21. (d) Grigg, R.; Savic, V.; Sridharan,
V.; Terrier, C. Tetrahedron 2002, 58, 8613—8620. (e) Grigg, R.; Koppen,
I.; Rasparini, M.; Sridharan, V. Chem. Commun. 2001, 964—965. (f)
Xiao, W.-J.; Alper, H. JJ. Org. Chem. 1999, 64, 9646—9652. (g) Gardiner,
M.; Grigg, R.; Sridharan, V.; Viker, N. Tetrahedron Lett. 1998, 39, 435—
438. (h) Larock, R. C.; Zenner, J. M. J. Org. Chem. 1999, 64, 7312—
7322. (i) Larock, R. C.; Tu, C.; Pace, P. J. Org. Chem. 1998, 63, 6859—
6866. (j) Larock, R. C.; Berrios-Pena, N. G.; Fried, C. A. J. Org. Chem.
1991, 56, 2615—2617. (k) Larock, R. C.; Zenner, J. M. J. Org. Chem.
1995, 60, 482—483.
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FIGURE 1. Palladium-catalyzed annulation reactions of
allenes.

the reactions afforded achiral heterocycles or carbocycles
via pathway 1, or chiral molecules with one stereogenic
center via pathway 2 (Figure 1).? However, with a single
exception,¥ the potential of these catalytic processes to
create two adjacent stereogenic carbons has yet to be
realized. The synthetic challenge consists in identifying
a system that would allow for a regio- and diastereo-
selective attack of nonstabilized carbon nucleophiles
(Nu = :CHY) at the substituted terminus of the z-allyl-
palladium intermediate (pathway 2, Figure 1).

Studies aimed at exploration of the fundamental
aspects of transition-metal-mediated transformations are
essential for successful application of these methods to
synthetic problems of ever-increasing complexity.* To-
ward this goal, we have initiated a program focused on
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FIGURE 2. General outline of the synthetic strategy.

asymmetric synthesis and reactivity of novel pallada-
cycles, exploring the “fate” of the metal-bonded sp3-
hybridized stereogenic carbon.® Benzannulated oxapal-
ladacycle I (Figure 2) was synthesized and shown to
participate in regioselective reactions with unsymmetri-
cal alkynes, yielding highly substituted nonracemic ben-
zopyrans.? Conceivably, insertion of monosubstituted
allenes? into oxapalladacycle I, occurring preferentially
into the Csp?—Pd bond,® would afford unique z-allylpal-
ladium complexes of oxygen- or carbon-bonded palladium
ester enolates II or IIL.” Intermediates IT or III would
collapse into 3,4-dihydro-2H-1-benzopyrans IV or V via
reductive elimination (Figure 2). Complexes IT and III
represent intermediates of hypothetical catalytic reac-
tions, in which nonstabilized ester enolates would attack
the palladium metal prior to the carbon—carbon bond
formation.® Thus, we envisioned that a systematic ex-
ploration of reactions between stable palladacycle I and
allenes would provide valuable data on the steric and
electronic parameters of allenes critical for achieving a
regio- and diastereoselective formation of contiguously

(4) (a) Crabtree, R. H. The Organometallic Chemistry of the Transi-
tion Metals, 3rd ed.; John Wiley and Sons: New York, 2001. (b)
Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. Principles
and Applications of Organotransition Metal Chemistry; University
Science Books: Mill Valley, 1987.

(5) (a) Lu, G.; Malinakova, H. C. JJ. Org. Chem. 2004, 69, 4701—
4715. (b) Portscheller, J. L.; Lilley, S. E.; Malinakova, H. C. Organo-
metallics 2003, 22, 2961—2971. (c) Portscheller, J. L.; Malinakova, H.
C. Org. Lett. 2002, 4, 3679—3681.

(6) Studies on the reactions of various unsaturated molecules (e.g.,
NOg, TsN3, CSy, COS, PhNSC) with benzannulated nickelacyclopen-
tanes provided unequivocal evidence for the insertion occurring
preferentially into the Csp2—Ni (aryl—nickel) bond, most likely as a
result of a chemoselective displacement of the more labile trialkyl-
phosphine ligand positioned ¢trans to the alkyl-Ni bond. Exceptions to
this regiochemical preference are known (e.g., for reactions of CO or
HyC=0). See: (a) Koo, K.; Hillhouse, G. L. J. Am. Chem. Soc. 1996,
15, 2669—2671. (b) Koo, K.; Hillhouse, G. L.; Rheingold, A. L.
Organometallics 1995, 14, 456—460. (c) Koo, K.; Hillhouse, G. L.
Organometallics 1995, 14, 4421—4423. (d) Campora, dJ.; Gutierrez, E.;
Monge, A.; Palma, P.; Poveda, M. L.; Ruiz, C.; Carmona, E. Organo-
metallics 1994, 13, 1728—1745. (e) Campora, J.; Llebaria, A.; Moreto,
J. M.; Poveda, M. L.; Carmona, E. Organometallics 1993, 12, 4032—
4038. (f) Carmona, E.; Gutierrea-Puebla, E.; Marin, J. M.; Monge, A.;
Paneque, M.; Poveda, M. L.; Ruiz, C. J. Am. Chem. Soc. 1989, 111,
2883—2891.
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substituted benzopyrans IV. Furthermore, reactions with
enantiomerically enriched palladacycles I would provide
insights into the bonding modes of palladium enolates
in intermediates II or ITI,’*7 and permit the assessment
of feasibility of asymmetry transfer from the palladium-
bonded stereogenic carbon.

Described herein is a highly regio- and diastereocon-
trolled preparation of 2,3-disubstituted 3,4-dihydro-4-
methylene-2H-1-benzopyrans IV from the stable palla-
dacycle I. Allenes featuring electron-donating alkyl
substituents R, sterically unencumbered at the C-3 and
C-4 carbons, reacted with palladacycles I to afford
benzopyrans IV in good yields (45 — 81%), exclusively
as cis diastereomers. Less than 10% of the regioisomeric
benzopyrans V was detected in the crude reaction mix-
tures. Methoxy 1,2-propadiene afforded benzopyran IV
in 98% yield as the trans diastereomer in 92% de.
Reactions with enantiomerically enriched palladacycle I
afforded several benzopyrans IV or V in 40—47% ee,
corresponding to 63—93% retention of the stereochemical
information embedded in the palladium-bonded stereo-
genic carbon, suggesting that O-bonded enolates do not
operate as the predominant intermediates on the path-
way to benzopyrans IV and V.

Studies described herein contribute to the rapidly
expanding areas of metal-mediated reactions with allenes
and the application of transition metal enolates in
carbon—carbon bond formation. Although transition-
metal-catalyzed cycloadditions and cyclizations involving
allenes are well-known,? examples of insertions of allenes
into stable metalacycles (C—M—C, M = Pd, Ni) are rare.!®
Reactions between allenes and stable cyclopalladated
complexes of amines and imines (C—Pd—N) have been
studied,!! and applied to the construction of a library of
achiral quaternized N-heterocycles for biological testing.?

(7) For examples of isolated late transition metal metalacycles
possessing similar enolate or sz-allyl structural motifs, see: (a) Ama-
rasinghe, S. K. C.; Heeg, M. J.; Montgomery, J. Organometallics 2001,
20, 370—372. (b) Fernandez-Rivas, C.; Cardenas, D. J.; Martin-Matute,
B.; Monge, A.; Gutierrez-Puebla, E.; Echavarren, A. M. Organometalics
2001, 20, 2998—3006. (c) Rasley, B. T.; Rapta, M.; Kulawiec, R. J.
Organometallics 1996, 15, 2852—2854. (d) Rau, B.; Hiittel, R. J.
Organomet. Chem. 1977, 139, 103—105. For examples of isolated
transition metal enolates and the discussion of their binding modes,
see: (e) Culkin, D. A.; Hartwig, J. F. Organometalics 2004, 23, 3398—
3416. (f) Tian, G.; Boyle, P. D.; Novak, B. M. Organometallics 2002,
21, 1462—1465. (g) Culkin, D. A.; Hartwig, J. F. J. Am. Chem. Soc.
2001, 123, 5816—5817. (h) Kayaki, Y.; Shimizu, I.; Yamamoto, A. Chem.
Lett. 1995, 1089—1090. (i) Stack, J. G.; Simpson, R. D.; Hollander, F.
J.; Bergman, R. G.; Heathcock, C. H. J. Am. Chem. Soc. 1990, 112,
2716—2729. (j) Burkhardt, E. R.; Bergmann, R. G.; Heathcock, C. H.
Organometallics 1990, 9, 30—44.

(8) “Soft” nucleophiles (derived from conjugate acids with pK, < 25)
have been shown to react with z-allylpalladium complexes at the allyl
ligand, approaching from the face opposite to the palladium metal. In
contrast, “hard” nucleophiles (derived from conjugate acids with
pK., > 25) preferentially attack s-allylpalladium complexes at the
palladium metal prior to the carbon—carbon bond formation via
reductive elimination, see: (a) Fiaud, J.-C.; Legros, J.-Y. J. Org. Chem.
1987, 52, 1907—1911. The pK, of ethyl 2-phenoxyacetate is estimated
to be in the range of pK, = 22—28; see: (b) Bordwell, F. G. Acc. Chem.
Res. 1988, 21, 456—463.

(9) For examples of transition-metal-catalyzed inter- and intramo-
lecular cycloaddition and annulation reactions involving allenes; see:
(a) Brummond, K. M.; Mitasev, B. Org. Lett. 2004, 6, 2245—2248. (b)
Hashmi, A. S. K. Angew. Chem., Int. Ed. 2000, 39, 3590—3593. (c)
Wender, P. A.; Glorius, F.; Craig, O.; Langkopf, E.; Love, J. A. J. Am.
Chem. Soc. 1999, 121, 56348—5349. (d) Lautens, M.; Klute, W.; Tam,
W. Chem. Rev. 1996, 96, 49—92. (e) Wender, P. A.; Jenkins, T. E.;
Suzuki, S. J. Am. Chem. Soc. 1995, 117, 1843—1844.

(10) (a) Campora, dJ.; Palma, P.; Carmona, E. Coord. Chem. Rev.
1999, 193—195, 207—281. (b) Stephan, C.; Munz, C.; Dieck, H. T. /.
Organomet. Chem. 1994, 468, 273—278.
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The regio- and stereochemistry of these transformations
has been rationalized relying on the mechanistic work
pertaining to the “classical” palladium-catalyzed allyla-
tion reaction (Tsuji—Trost reaction).!® However, the
involvement of nonstabilized palladium ester enolates®
in the described process makes the prediction of the
regiochemical outcome rather uncertain.!3d Nonstabilized
enolates, as preformed zinc or silyl enolates, were used
successfully in palladium-catalyzed arylations of esters.!*

Various synthetic strategies'1° have been developed
for the assembly of the pharmaceutically significant 3,4-
dihydro-2H-1-benzopyran (chroman) core.?’ Known meth-
odologies exploit cycloaddition reactions,'® mechanisti-
cally diverse intramolecular cyclizations terminated either
via carbon—carbon'®7or carbon—oxygen'® bond forma-

(11) (a) Diederen, J. J. H.; Sinkeldam, R. W.; Friithauf, H.-W_;
Hiemstra, H.; Vrieze, K. Tetrahedron Lett. 1999, 40, 4255—4258. (b)
Diederen, J. J. H.; Frithauf, H.-W.; Hiemstra, H.; Vrieze, K. Tetrahe-
dron Lett. 1998, 39, 4111—4114. (c) Chenbroyen, J.; Pfeffer, M.; Sirlin,
C. Tetrahedron Lett. 1996, 37, 7263—7266.

(12) Sirlin, C.; Chengebroyen, J.; Konrath, R.; Ebeling, G.; Raad,
I.; Dupont, J.; Paschaki, M.; Kotzyba-Hibert, F.; Harf-Monteil, C.;
Pfeffer, M. Eur. J. Org. Chem. 2004, 1724—1731.

(13) (a) Trost, B. M.; Crawley, M. L. Chem. Rev. 2003, 103, 2921—
2943. (b) Trost, B. M.; Van Vranken, D. L. Chem. Rev. 1996, 96, 395—
422. (c) Frost, C. G.; Howarth, J.; Williams, J. M. J. Tetrahedron:
Asymmetry 1992, 3, 1089—1122. (d) Keinan, E.; Roth, Z. J. Org. Chem.
1983, 48, 1769—-1772.

(14) (a) Culkin, D. A.; Hartwig, J. F. Acc. Chem. Res. 2003, 36, 234—
245. (b) Hama, T.; Liu, X.; Culkin, D. A.; Hartwig, J. F. J. Am. Chem.
Soc. 2003, 123, 11176—11177. (c¢) Jorgensen, M.; Lee, S.; Liu, X
Wolkowski, J. P.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 12557—
12565.

(15) For approaches to 3,4-dihydro-2H-1-benzopyrans via cycload-
ditions or the Claisen rearrangement, see: (a) Jones, R. M.; Selenski,
C.; Pettus, T. R. R. J. Org. Chem. 2002, 67, 6911-6915. (b) Zhao, Q.;
Han, F.; Romero, D. L. J. Org. Chem. 2002, 67, 3317—3322. (c) Ismail,
F. M. D.; Hilton, M. J.; Stefinovic, M. Tetrahedron Lett. 1992, 33, 3795—
3796.

(16) For approaches to 3,4-dihydro-2H-1-benzopyrans via intramo-
lecular cyclizations involving the formation of the C-4—C-9 bond in
the last step using radical, metal-catalyzed, or cationic reactions, see:
(a) Youn, S. W.; Pastine, S. J.; Sames, D. Org. Lett. 2004, 6, 581—584.
(b) Barluenga, J.; Trincado, M.; Rubio, E.; Gonzalez, J. M. J. Am. Chem.
Soc. 2004, 126, 3416—3417. (c) Pave, G.; Usse-Versluys, S.; Viaud-
Massuard, M.-C.; Guillaumet, G. Org. Lett. 2003, 5, 4253—4256. (d)
Shezad, N.; Clifford, A. A.; Rayner, C. M. Tetrahedron Lett. 2001, 42,
323—325. (e) Catellani, M.; Chiusoli, G. P.; Fagnola, M. C.; Solari, G.
Tetrahedron Lett. 1994, 35, 5919—5922.

(17) For approaches to 3,4-dihydro-2H-1-benzopyrans via intramo-
lecular cyclizations involving the formation of the C-3—C-4 bond in
the last step, see: (a) Kang, H.-Y.; Kim, Y.-T\; Yu, Y.-K,; Cha, J. H;
Cho, Y. S.; Koh, H. Y. Synlett 2004, 45—48. (b) Berge, J.; Claridge, S.;
Mann, A.; Muller, C.; Tyrrell, E. Tetrahedron Lett. 1997, 38, 685—
686.

(18) For approaches to 3,4-dihydro-2H-1-benzopyrans via intramo-
lecular cyclizations involving the formation of O—C-2 (a—c) and O—C-8
bonds (d, e) in the last step, see: (a) Hamamoto, H.; Hata, K.; Nambu,
H.; Shiozaki, Y.; Tohma, H.; Kita, Y. Tetrahedron Lett. 2004, 2293—
2295. (b) Trost, B. M.; Shen, H. C.; Dong, L.; Surivet, J.-P.J. Am. Chem.
Soc. 2003, 125, 9276—92717. (c) Zaveri, N. T. Org. Lett. 2001, 3, 843—
846. (d) Li, L.; Chan, T. H. Org. Lett. 2001, 3, 739—741. (e) Torraca,
K. E.; Kuwabe, S.-I.; Buchwald, S. L. J. Am. Chem. Soc. 2000, 122,
12907—-12908.

(19) For approaches to 3,4-dihydro-2H-1-benzopyrans via elaboration
of 4H-chromones; see: Eguchi, T.; Hoshino, Y. Bull. Chem. Soc. Jpn.
2001, 74, 967—970.

(20) For selected examples of biologically active benzopyrans, see:
(a) Thomas, G. P.; Gerlach, U.; Antzelevitch, C. J. Cardiovasc.
Pharmacol. 2003, 41, 140—147. (b) Palozza, P.; Piccioni, E.; Avanzi,
L.; Vertuani, S.; Calviello, G.; Manfredini, S. Free Radical Biol. Med.
2002, 33, 1724—1735. (¢) Iwasaki, T.; Mihara, S.-I.; Shimamura, T.;
Kawakami, M.; Masui, M.; Hayasaki-Kajiwara, Y.; Naya, N.; Ninomiya,
M.; Fujimoto, M.; Nakajima, M. J. Cardiovasc. Pharmacol. 2001, 37,
471-482. (d) Comoy, C.; Guerin, V.; Pfeiffer, B.; Rettori, M.-C.; Renard,
P.; Guillaumet, G. Bioorg. Med. Chem. 2000, 8, 483—495. (e) Mannhold,
R.; Cruciani, G.; Weber, H.; Lemoine, H.; Derix, A.; Weichel, C.;
Clementi, M. J. Med. Chem. 1999, 42, 981—991. (f) Tronchet, J. M. J.;
Zerelli, S.; Bernardinelli, G. JJ. Carbohydr. Chem. 1999, 18, 343—359.
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3a: R' = H (73%, ref 5c)
3b: R' = CF, (88%)
3cC: R' = OMe (79%)

tions, or the elaboration of chromone substrates.’® No-
tably, the described convergent strategy allows for the
formation of benzopyrans with adjacent stereogenic
centers at C-2 and C-3 carbons from achiral organic
substrates and establishes a rational foundation for a
future design of a new catalytic protocol.

Results and Discussion

Electronically differentiated palladacycles 4b,c were
prepared according to the protocol developed for palla-
dacycle 4a (Scheme 1).%¢ Aryl iodides 1b,c were obtained
via O-alkylation of the corresponding 2-iodophenols,?!
accessible via standard directed ortho-metalation proto-
cols.?? Oxidative addition of palladium(0) (Pdsdbas) in the
presence of N,N,N,N'-tetramethyl-1,2-ethylenediamine
ligand (TMEDA) afforded complexes 2a—c (77—81%),
which readily underwent an intramolecular displacement
of iodide by an ester enolate upon treatment with
t-BuOK. The ring closure afforded stable palladacycles
3a—c in good yields (73—88%) after chromatography on
basic alumina. Although AgNO; additive was not neces-
sary for the success of the ring closure, its presence
allowed for a more convenient product isolation.? Ligand
exchange reactions of palladacycles 3a—c¢ with triphen-
ylphosphine (PPh;) delivered palladacycles 4a—c as
moisture- and air-stable white crystalline solids. Al-
though a one-pot method for a direct conversion of the
aryl iodide la into palladacycle 4a was previously
developed,® the three-step procedure shown in Scheme
1 proved to be satisfactory, providing palladacycles 4a—c¢
in 56—70% yields from aryl iodides 1la—c.

Initially, the reaction of palladacycles 4a and 4¢ with
electron-deficient ethyl 2,3-butadienoate and 3,4-penta-
dien-2-one was studied (Scheme 2). Insertions of allenes

(21) Ramakrishnan, V. T.; Kagan, J. J. Org. Chem. 1970, 35, 2901—
2904.

(22) (a) Miller, J. A.; Coleman, M. C.; Matthews, R. S. J. Org. Chem.
1993, 58, 2637—2639. (b) Weeratunga, G.; Jaworska-Sobiesiak, A.;
Horne, S. Can. J. Chem. 1987, 65, 2019—2023.
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(69%) from 4a (19%) from 4a

into palladacycles 4a and 4c required elevated temper-
atures to provide high yields of products 5a (93%), 5¢
(94%), 6 (69%), and 7 (19%). The carbon—carbon bond
formations occurred exclusively at the internal and the
unsubstituted terminal carbons of the allene, and a
double bond isomerization apparently gave rise to the
minor product 7. The geometry of the double bond in
benzopyrans 5a, 5¢, and 6 was unequivocally established
as E via NOE 'H NMR experiments indicating enhance-
ment of the signal for the C-5 aromatic proton (7.14—
7.59 ppm) upon irradiation of the vinylic protons (6.36—
6.76 ppm).

In contrast, the insertion of allenes featuring electron-
donating substituents into palladacycles 4a—c afforded
benzopyrans of type IV preferentially. The desired 2,3-
disubstituted benzopyrans 8 —22 were produced in mod-
erate to good yields (45—98%) with excellent diastereo-
control (Table 1). Reactions of palladacycles 4a,b with
methoxy 1,2-propadiene afforded exclusively benzopyrans
8 and 9, as chromatographically inseparable mixtures of
trans (major) and cis diastereomers in 98% and 77% yield,
and with 92% and 90% de, respectively.?® A reaction of
palladacycle 4a with methoxy 1,2-propadiene performed
at room temperature afforded benzopyran 8 in a dimin-
ished yield, and the replacement of THF solvent with 1,2-
dichloroethane caused a decrease in the diastereoselec-
tivity to 68% de (83% yield). The insertion of 1,2-
nonadiene into palladacycles 4a—c also favored the
2,3-disubstituted benzopyrans 10, 12, and 13 with syn-
thetically practical 10:1 regioselectivity (entries 3—5,
Table 1).2* Regioisomeric benzopyrans 10 and 11 were
isolated as a chromatographically inseparable mixture
in a combined yield of 84% and 91:9 ratio of regioisomers
10 and 11 (entry 3, Table 1).?* Replacement of THF
solvent with 1,2-dichloroethane, benzene, or DMF at
80 °C resulted in a decrease in regioselectivity, yielding

(23) Structures and the ratio of cis/trans benzopyrans 8 and 9 were
established by 1D and 2D NMR data on the mixtures of trans and cis
isomers 8a,b and 9a,b, including the examination of long-range 'H—
13C connectivities obtained from HMBC 2D NMR experiments, and a
series of NOE experiments. For details, see Supporting Information.

(24) Structures and the ratio of benzopyrans 10 and 11 were
established by 1D and 2D NMR data acquired on the mixture of
chromatographically inseparable products 10, and 11, including the
examination of long-range 'H—13C connectivities obtained from HMBC
2D NMR experiments, and a series of NOE experiments. Analogous
spectroscopic studies (1D and 2D NMR, NOE) were performed on the
mixtures of products 14 with 15 (entry 6, Table 1), 18 with 19 (entry
9, Table 1), and pure isolated benzopyrans 12, 13, 16, 17, 20, 21, 22,
and 23. For details, see Supporting Information.
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products 10 and 11 in 85:15 ratio. The exclusive forma-
tion of the cis diastereomer 10 and E isomer of 11, as
shown in Table 1, was confirmed by NOE 'H NMR
experiments.?* To evaluate the role of electronic effects
in the palladacycles, 1,2-nonadiene was reacted with
functionalized palladacycles 4b,c (entries 4 and 5). Allene
insertion into the electron deficient palladacycle 4b
proved sluggish, and the reaction time had to be extended
to provide a pure 2,3-disubstituted benzopyran 12 in a
moderate yield 56% (entry 4). The presence of a methoxy
substituent in palladacycle 4¢ did not significantly effect
the reaction rate, and benzopyran 13 could be isolated
as a pure single diastereomer in an excellent 78% yield
after 19 h (entry 5). NOE 'H NMR experiments confirmed
the assignment of cis relative stereochemistry for ben-
zopyrans 12 and 13.2* In both cases (entries 4 and 5),
the regioisomeric benzopyrans of type V were detected
in the crude reaction mixtures in less than 10% of the
content of the major products 12 and 13. However, these
products could not be isolated in a sufficient purity to
permit a complete characterization.

Branching in the alkyl substituents (R) in 6-methyl-
1,2-heptadiene (entries 6—8) and in 5-ethyl-1,2-nonadiene
(entries 9—11) did not exert any effect on regio- or
diastereoselectivities. 2,3-Disubstituted benzopyrans 14
(as an inseparable mixture with 8% of regioisomer 15),
16, 17, 18 (as an inseparable mixture with 10% of
regioisomer 19), 20, and 21 were isolated in excellent
yields as single diastereoisomers.?* With the exception
of entry 11,% isolation and a complete characterization
of benzopyrans of type V, detected in the crude mixtures
from experiments in entries 7, 8, and 10 in less than 10%
of the content of the major isomer, was unsuccessful.

However, steric factors were found to affect the regio-
selectivity. The insertion of an allene featuring a qua-
ternary carbon at the C-5 position into palladacycle 4a
afforded the 2,3-disubstituted benzopyran 22 in only 45%
yield, along with the regioisomeric benzopyran 23 in 23%
yield (entry 12). Both products were isolated as pure
compounds, with stereochemistry consistent with previ-
ous experiments.?* Disubstitution at the C-4 carbon in
cyclohexyl allene reversed the regiochemical preference,
and its reaction with palladacycle 4a provided a chro-
matographically inseparable mixture of benzopyrans 24
and 25 in 72% yield and 22:78 ratio favoring benzopyran
25 (entry 13, Table 1).26 The stereochemical outcome (cis
isomer of 24, E double bond in 25) remained unaltered.26

(25) From the experiment described in entry 11 (Table 1), 7% yield
of (E)-3,4-dihydro-2-ethoxycarbonyl-4-(3-ethylheptylidene)-8-methoxy-
2H-1-benzopyran (below) was isolated in 95% purity, and the structure
assignment was confirmed by 1D and 2D NMR spectroscopic analyses
and by an NOE experiment. Irradiation of the signal for the vinylic
proton at 6 6.10 (t) ppm led to the NOE enhancement of the signal at
0 7.10 (dd) ppm corresponding to the aromatic proton at C-5.

NOE o~
LN
\Hs H
I
H
O~ "COOEt
OMe

(26) Structures and the ratio of benzopyrans 24 and 25 were
established by 1D and 2D NMR experiments and NOE studies on the
mixture of chromatographically inseparable products 24, and 25. For
details, see Supporting Information.
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TABLE 1. Synthesis of 2,3-Disubstituted 3,4-Dihydro-2H-1-benzopyrans

RE
PhsP_  PPhy ” B2 |
de H \
H H
"
O COOEt - 0~ ~COOEt 0~ ~COOEt
THF, 50°C Rt R

R' 4a-c
palladacycle R? (allene) time (h) product(s) yield (%)
dlj%’\ﬂ‘e @HSU:OMe
H H
0”7V cooEt 0" YCooEt
R R 98
1 4a:R'=H OMe 54h 8a s 8b (96 : 4)¢
77
2 4b: R'=CF, OMe 94 h 9a . 9b (95 : 5)¢
H |
H H
07 YCooEt 07 " COOEt
R R 84
4a:R'=H n-hexyl 10 h* 10 . 11 91 : 9
4 4b: R'=CF, n-hexyl 72h 12 56°¢
5 4C: R'=OMe n-hexyl 19h 13 78¢
H H
0" VcooEt 0” " COOEt
: a 84
4a:R'=H 3-methylbutyl 22 h 14 . 15 (92 : 8)®
7 4b: R'=CF, 3-methylbutyl 90 h 16 49¢
4c: R'=0OMe 3-methylbutyl 19h 17 72¢
H |
\H H
O” "COOEt O” "COOEt
R' R' 64
9 4a:R'=H 2-ethylhexyl 20 h 18 * 19 (90 : 10)®
10 4b: R' = CF, 2-ethylhexyl 90 h 20 52¢
11 4¢: R'=OMe 2-ethylhexyl 19h 21 d 81¢
Ph
H | Ph
H H
O" "COOEt O~ "COOEt
H H
12 4a:R'=H (2-methyl-2- 20 h 22 (45%) 23 (23 %) 68¢
phenyl)propyl
H H
O” "COOEt O~ "COOEt
H H 72
13 4a:R'=H cyclohexyl 18 h 24 . 25 (22:78)%

2 Yield of an inseparable mixture of isomers. ® Reaction was run under reflux of THF. ¢ Yield of a pure product. ¢ A 7% yield of the
minor product was isolated in 95% purity (ref 25). ¢ Combined yield of isolated pure products.

Finally, disubstitution at the C-3 terminal carbon of the yield, along with an inseparable mixture of benzopyran
allene severely reduced the efficiency of the insertion. 27 and diene 28 in a combined 37% yield and 28:72 ratio
Treatment of palladacycle 4a with 3-methyl-1,2-butadi- favoring diene 28 (Scheme 3).2” Diene 28 was formed via

ene led to 2,3,3-trisubstituted benzopyran 26 in 33% B-hydride elimination from the intermediates II/ITI.28
8270 J. Org. Chem., Vol. 69, No. 24, 2004
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PPh,

Pd H

N

o TCOOEt

H H
R}%\ H “&(\\ OMe
v\ _PPhy Vo PPh,
H OO 547
C, Co
O COOEt O>\COOEt
Via Vib

l R l R

|
|
Pd
Pd —_ H
'\HO O)YO

° OE
a2 % e Mee maa
! l l l
IV (cis) or V (E) IV (trans) or V (E) IV (trans) orV (2) IV (cis) or V(2)
7,
Ma? (5) = Pa = a?(R)

o/\/o

lla?

OEt

@Auxiliary ligands (PPhg) were omitted for clarity.

FIGURE 3. Plausible mechanism.

SCHEME 3
PhsP  PPhy

©:Pd H
oxcooa

4a

|
H + H +
O” "COOEt O "COOEt

26 (33%) 27

THF
50°C
39h

0" > COOEt

(28:72) 28
(37%)

The results outlined in Table 1 and Scheme 3 define a
synthetically useful range of monosubstituted allenes
that react with palladacycles 4a—c to afford regio- and
stereoselectively 2,3-disubstituted 3,4-dihydro-2H-1-ben-
zopyrans. Monosubstituted allenes featuring an aryl
substituent, 1,3- or 1,2-disubstituted allenes with a
methoxy or an ester and an alkyl substituent, or sym-
metrical 1,3-dialkyl-substituted allenes provided complex
mixtures of the insertion products.

(27) The ratio of products 27:28 (28:72) was determined from the
integration of 'H NMR signals at 4.89 (t) ppm for proton H? in
benzopyran 27 and at 5.13 (s) ppm for one vinylic proton in product
28.

(28) Ma, S.; Negishi, E.-I. J. Org. Chem. 1994, 59, 4730—4732.

To rationalize the regio- and stereochemical outcome
of the described process, a model outlined in Figure 3
was considered. Allene insertion into palladacycle I would
proceed with regiochemistry permitting the formation of
stabilized syn or anti isomers of the diastereomeric
m-allylpalladium complexes IIla—d (Figure 3).>11-12 Re-
ductive elimination at the substituted carbon of the allyl
ligand in complexes IIIa or IIId would afford the
observed cis isomers of benzopyrans IV. In contrast,
complexes IITb and IIlc would lead to #rans isomers of
benzopyrans IV. Reductive elimination at the unsubsti-
tuted allyl termini of complexes IIla and IITb would
provide the observed E isomers of products V, while
complexes IIIc and IIId would yield Z isomers (Figure
3). The presented results indicate that in the absence of
an extreme steric hindrance, regiochemistry of the reduc-
tive elimination is controlled by the electronic nature of
the substituent R (Schemes 2 and 3 and Table 1),'3¢ in a
manner analogous to the Tsuji—Trost reaction. Thus,
nucleophiles attack allylic termini that are better able
to accommodate a partial positive charge, e.g., unsubsti-
tuted carbons in allyls bearing electron-withdrawing
groups,?® and carbons bearing an electron-donating (e.g.,
alkoxy) group.?® The stability of the resulting Pd(0)—
alkene complexes of electron-deficient double bonds may
also contribute to the regiocontrol.3! A preferential
formation of the E double bond in heterocycles arising

(29) For examples of a regioselective attack of nucleophiles at the
unsubstituted termini of -allylpalladium complexes bearing electron-
withdrawing substituents, see: (a) Prat, M.; Ribas, J.; Moreno-Manas,
M. Tetrahedron 1992, 48, 1695—1706. (b) Tanikaga, R.; Jun, T. X.; Kaji,
A. J. Chem. Soc., Perkin Trans. 1 1990, 1185—1191. (¢) Ono, N.;
Hamamoto, I.; Kaji, A. J. Chem. Soc., Perkin Trans. 1 1986, 1439—
1443. (d) Tsuji, J.; Ueno. H.; Kobayashi, Y.; Okumoto, H. Tetrahedron
Lett. 1981, 22, 2573—2574.
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from allene insertions into stable cyclopalladated com-
plexes was observed,'? while the catalytic processes
yielded both E and Z products or E/Z mixtures.®»* Steric
interactions between the aromatic ring and the group R
may destabilize syn allyl palladium complexes IIlc and
IIId, explaining the absence of the Z isomers of benzo-
pyrans V among the products (Figure 3).

The excellent diastereocontrol in preparation of ben-
zopyrans IV could arise via two plausible pathways.
Assuming the interconversion of complexes ITIa—d present
in equilibrium is faster than reductive elimination,!3b32
the differences in rates of reductive elimination from
complexes IIla—d would control the cis/trans selectivity.
Interconversion of complexes IIla—d would occur via the
n3—nl—n? slippage mechanism.3? Alternatively, on condi-
tion that the rate of interconversion of complexes III is
relatively slow in comparison to the rate of reductive
elimination, the rates of formation of complexes ITI would
control the diastereoselectivity. Migratory insertion of
allenes into the carbon—palladium bond** would be
expected to involve insertion of the unsubstituted termi-
nal double bond of allenes, approaching from the less
sterically hindered allene face,3® as shown by transition
state VIa. The observed selective formation of cis ben-
zopyrans from alkyl-substituted allenes suggests that
complex ITTa might be formed preferentially (Figure 3).
The reasons for a stereodivergent outcome of reactions
with 1-methoxy-1,2-propadiene remain unclear. Possibly,

(30) For examples of a regioselective attack of nucleophiles at the
substituted termini of s-allylpalladium complexes bearing electron-
donating substituents, see: (a) Trost, B. M.; Jakel, C.; Plietker, B. J.
Am. Chem. Soc. 2003, 125, 4438—4439 (b) Vicart, N.; Cazes, B.; Gore,
J. Tetrahedron Lett. 1995, 36, 5635—538. (c) Chaptal, N.; Colovray-
Gotteland, V.; Grandjean, C.; Cazes, B.; Gore, J. Tetrahedron Lett.
1991, 32, 1795—1798. (¢) Akermark, B.; Hansson, S.; Krakenberger,
B.; Vitagliano, A.; Zetterberg, K. Organometallics 1984, 3, 679—682.

(31) For the discussion of the potential significance of the stability
of the Pd(0)—alkene complexes, formed upon alkylation, for the
regiocontrol of the nucleophilic attack at unsymmetrically substituted
m-allylpalladium complexes in the Tsuji—Trost reactions, see: (a) Trost,
B. M.; Verhoeven, T. R. J. Am. Chem. Soc. 1980, 102, 4730—4743. (b)
Trost, B. M.; Weber, L.; Strege, P.; Fullerton, T. J.; Dietsche, T. J. J.
Am. Chem. Soc. 1978, 100, 3426—3435.

(32) For studies demonstrating the stereocontrol of palladium-
catalyzed allylic alkylation by controling the relative rates of anti-syn
isomerization of s-allylpalladium intermediates and the rate of the
nucleophilic attack, see: (a) Sjogren, M. P. T.; Hansson, S.; Akermark,
B. Organometallics 1994, 13, 1963—1971. (b) Akermark, B.; Hansson,
S.; Vitagliano, A. J. Am. Chem. Soc. 1990, 112, 4587—4588.

(33) For the discussion of the of 73—n'—7? slippage mechanism and
relevant mechanistic studies, see: (a) Breutel, C.; Pregosin, P. S.;
Salzmann, Togni, A. J. Am. Chem. Soc. 1994, 116, 4067—4068. (b)
Pregosin, P. S.; Ruegger, H.; Salzmann, R.; Albinati, A.; Lianza, F.;
Kunz, R. W. Organometallics 1994, 13, 83—90. (c¢) Consiglio, G.;
Waymouth, R. M. Chem. Rev. 1989, 89, 257—276.

(34) For studies on the mechanistic aspects of the migratory
insertion of allenes into carbon—transition metal bonds, see: (a)
Canovese, L.; Visentin, F.; Chessa, G.; Santo, C.; Ugliagliati, P.;
Bandoli, G. J. Organomet. Chem. 2002, 650, 43—56. (b) Canovese, L.;
Visentin, F.; Chessa, G.; Uguagliati, P.; Bandoli, G. Organometallics
2000, 19, 1461—1463. (¢) Delis, J. G. P.; Groen, J. H.; Vrieze, K.; van
Leeuwen, W. N. M. P. Organometallics 1997, 16, 551-562. (d)
Ankersmit, H. A.; Veldman, N.; Spek, A. L.; Eriksen, K.; Goubitz, K.;
Vriese, K.; van Koten, G. Inorg. Chim. Acta 1996, 252, 203—219. (e)
Groen, J. H.; Elsevier: C. dJ.; Vrieze, K.; Smeets, W. J. J.; Spek, A. L.
Organometallics 1996, 15, 3445—3455. (f) Ruelke, R. E.; Kliphuis, D.;
Elsevier, C. J.; Fraanje, J.; Goubitz, K.; van Leeuwen, P. W. N. M,;
Vrieze, K. J. Chem. Soc., Chem. Commun. 1994, 1817—1819. (g) Cazes,
B. Pure Appl. Chem. 1990, 62, 1867—1878. (h) Reference 2a and
references cited within.

(35) An analogous transition state has been proposed in a study
investigating the stereocontrol in carbopalladation of chiral nonracemic
allenes; see: (a) Kato, F.; Hiroi, K. Chem. Pharm. Bull. 2004, 52, 95—
103. (b) Kato, F.; Hiratsuka, Y.; Mitsui, T.; Watanabe, T.; Hiroi, K.
Heterocycles 1999, 50, 83—87.
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SCHEME 4
Me,N  NMe, Me. ;:2 Me
! Pd,dba, ve ™\ MNye
benzene Pd.
0>Scooet —™ !
R 0" COOEt
R1
1a:R'=H (+)-29a: R' = H (85%, ref 5a)
1C: R' = OMe (+)-29c: R' = OMe (82%)
t-BuOK
THF
PhP, PPh, PPh, Me‘Q,Me
Pd Jcooet < Me N\ / me
b CH,Cl, Pd
o H 54 COOEt
R1 (o) /H
R1
(-)-4a: R' =H (91%, ref 5a) (-)-30a: R'=H

(99%, 64% de, ref 5a)

(-)-30c: R' =OMe
(63%, 50% de)

(-)-4c: R' = OMe (71%)

a strong electronic effect of the methoxy substituent could
cause the migratory insertion to occur into the less
electron-rich internal double bond®® of 1-methoxy-1,2-
propadiene as shown in the transition state VIb to
provide selectively intermediate IIIb and subsequently
trans benzopyrans 8 and 9 (Figure 3, Table 1). At present,
in the absence of kinetic data, the mechanism of stereo-
induction cannot be defined more precisely.

The bonding mode of the ester enolate ligands was
expected to have a significant effect on stereoinduction.
Conceivably, oxygen-bonded enolate complexes ITa—d
could be involved as intermediates en route to benzo-
pyrans IV and V (Figures 1 and 3).” To provide an insight
into the nature of the reactive intermediates, insertion
of allenes into enantiomerically enriched palladacycles
(—)-4a and (—)-4c was investigated, reasoning that the
isolation of racemic benzopyrans would support the
involvement of O-bonded palladium enolates ITa—d
(Figure 3). Preparation of enantiomerically enriched
palladacycle 4a from complexes (+)-29a and (—)-30a
(64% de) was previously demonstrated.’® The original
procedure®® was easily adopted for the preparation of
complex (+)-29¢ and palladacycle (—)-30c in 50% de
(Scheme 4).3" Regrettably, an analytical technique ca-
pable of an independent assignment of the enantiomeric
purity of palladacycles (—)-4a and (—)-4e, arising via
ligand exchange reaction on diastereomerically enriched
palladacycles (—)-30a and (—)-30¢, could not be identi-
fied.?® In analogy to our earlier study,’® palladacycles (—)-

(36) Hartley, F. R. Chem. Rev. 1969, 69, 799—844.

(37) The diastereomeric composition of palladacycle (—)-30c was
established by integration of 'H NMR signals corresponding to the
methine protons attached to the palladium-bonded sp?-hybridized
carbon: a singlet at 5.75 (s) ppm for the major diastereomer of (—)-
30c and a singlet at 5.35 (s) ppm for the minor diastereomer of 30c.
Absolute configuration (S) of the palladium-bonded stereogenic carbon
in palladacycle (—)-30a was unequivocally established as described in
ref 5a. In analogy, the absolute configuration of the palladium-bonded
stereogenic carbon in palladacycle (—)-30c was tentatively assigned
as (S).



Contiguously Substituted 3,4-Dihydro-2H-1-benzopyrans

SCHEME 5

Ph,P, PPhg H. OMe

Pd H
COOEt
©; % ﬂ/ WH
o H
0~ YCOOEt
R1 —_—
o\ — THF (92% de)
(-)-4a: R'=H 50°C
(from (-)-30a 54 h (+)-8a (94%, 40.3% ee)

with 64% de)
H n-hexyl

(-)-4c: R =OMe
(from (-)-30c

with 50% de)

THF OMe

19h (+)-13 (72%, 41.0% ee)

H/ COOEt
I

~H
0" "COOEt

DCE OMe

75°C
24h (+)-5¢ (88%, 46.7% ee)

4a and (—)-4c¢ were presumed to be obtained in enanti-
omeric excesses equal or lower than 64% ee and 50% ee,
respectively (Scheme 4).3° Insertion of 1-methoxy-2,3-
propadiene, 1,2-nonadiene, and ethyl-2,3-butadienoate
into palladacycles (—)-4a (presumably 64% ee)®® and (—)-
4c (presumably 50% ee)?? afforded nonracemic benzopy-
rans (+)-8a (40.3% ee), (+)-13 (41.0% ee), and (+)-5¢
(46.7% ee),* indicating 63%, 82%, and 93% retention of
the stereochemical information, respectively (Scheme 5).4!
Isolation of enantiomerically enriched benzopyrans IV
and V demonstrates that, at least to the extent indicated

(38) All attempts at resolving chromatographic signals for the
enantiomers of complexes (—)-4a and (—)-4¢ via HPLC on CHIRALPAK
AD, AS and CHIRACEL OD chiral stationary phases failed. Further-
more, 'H NMR and 3P NMR of complexes (—)-4a and (—)-4¢ run in
the presence of Eu(hfc)s chiral shift reagent did not provide a sufficient
resolution to ascertain the enantiomeric excess.

(39) The ligand exchange reaction has been shown to proceed
without affecting the configurational integrity of the metal-bonded
stereocenter. Stability of a Pd—C bond during a ligand exchange
process has been previously established; see: (a) Pfeffer, M.; Spencer,
J.; Maassarani, F.; DeCian, A.; Fisher, J. Tetrahedron: Asymmetry
1994, 5, 321—324. It has been used for the preparation of enantio-
merically enriched transition metal complexes with achiral ligands;
see: (b) Ryabov, A. D.; Panyashkina, I. M.; Polyakov, V. A.; Howard,
J. A. K,; Kuzmina, L. G.; Datt, M. S.; Sacht, C. Organometallics 1998,
17, 3615—3618. (¢) Garcia-Ruano, J. L.; Gonzalez, A. N.; Barcena, A.
I.; Camazon, M. J.; Navarro-Ranninger, C. Tetrahedron: Asymmetry
1996, 7, 139—148. However, partial racemization of palladacycles (—)-
4a and (—)-4¢ during the reaction or an alteration of the enantiomeric
composition during isolation cannot be completely ruled out. For
studies evaluating the stability of palladacycle (—)-4a against racem-
ization, see ref 5a.

(40) Enantiomeric excess of heterocycles (+)-8a, (+)-13, and (+)-5¢
was measured by chiral phase HPLC analysis on CHIRALPAK AD
chiral stationary phase.

(41) The insertion reaction likely proceeded with the retention of
the absolute configuration at the palladium-bonded stereogenic carbon.
However, the absolute configuration of the nonracemic benzopyrans
(+)-8a, (+)-13, and (+)-5¢ was not established. It is generally accepted
that migratory insertion reactions proceed with a retention of the
absolute configuration at the metal-bonded carbon; see: (a) Flood, T.
C. In Topics in Inorganic and Organometallic Stereochemistry; Geof-
froy, G., Allinger, N. L., Eliel, E. L., Eds.; Wiley-Interscience: New
York, 1981; Vol. 12, pp 37—117. (b) Bock, P. L.; Boschetto, D. J.;
Rasmussen, J. R.; Demers, J. P.; Whitesides, G. M. J. Am. Chem. Soc.
1974, 96, 2814—2824.
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by the percentage of retention of the stereochemical
information (63—93%), O-bonded palladium enolates
ITa—d are not involved as intermediates on the pathway
leading to benzopyrans IV and V.

Efforts at extending the described protocol to reactions
with azapalladacycles analogous to I (NTf or NTs group
instead of O in I)°* have failed.*? Initial attempts at
catalytic reactions between aryl iodide 1a and 1-methoxy-
2,3-propadiene or 1,2-nonadiene, either utilizing reagents
developed for the known corresponding catalytic reac-
tions*? or employing somewhat stronger bases,* have not
succeeded. Realization of a catalytic protocol will likely
require the application of preformed metal (Zn) or silyl
ester enolates under mild reaction conditions.*

Conclusions

A new avenue for a rapid and convergent construction
of synthetically valuable 2,3-disubstituted 3,4-dihydro-
2H-1-benzopyrans, which could not be prepared via
established palladium-catalyzed annulations, has been
demonstrated. The protocol generates two adjacent ste-
reogenic centers and allows for a rapid generation of
diverse potentially medicinally relevant benzopyrans.
The insertion of monosubstituted allenes possessing
methoxy or sterically unencumbered alkyl substituents
into unique palladacycles with a metal-bonded stereo-
genic carbon proceeded with a high regiocontrol (>10:1)
and with complete diastereocontrol to afford benzopyrans
IV (Figure 2) in 45—98% yields. Allenes bearing electron-
withdrawing substituents afforded benzopyrans V, ex-
clusively with E double bond geometry (Figure 2).
Nonracemic benzopyrans featuring a palladium-bonded
stereogenic carbon as the only element of asymmetry
reacted with 63—93% retention of the stereochemical
information to afford benzopyrans IV or V (three ex-
amples) in 40—47% ee, implying that C-bonded palladium
ester enolates III, rather than O-bonded enolates II
(Figure 3), were operating as the predominant intermedi-
ates. These studies, along with our earlier work,® point
to a high configurational stability of carbon-bonded
palladium ester enolates, especially notable in a system
lacking chiral nonracemic auxiliary ligands.” Results
described herein highlight the synthetic potential of high
enantiopurity organometallics with a metal-bonded sp?-
hybridized stereogenic carbon*® and currently are being
applied toward the design of a catalytic protocol.

Experimental Section

General Procedure for Synthesis of Phenoxyacetates
1b and 1c. To a suspension of the phenols (10 mmol) and
KyCO3 (10.0 g, 72.5 mmol) in acetone (50 mL) at room
temperature under argon was added ethyl bromoacetate (1.55
mL, 2.338 g, 14.00 mmol), and the suspension was refluxed.

(42) Reasoning that the presence of relatively electron-deficient
groups (NSO9R) in palladacycle I might significantly disfavor the
reductive elimination event (see ref 7e), preparation and reactivity of
azapalladacycles with diverse N-protecting groups is being investi-
gated.

(43) The following experimental conditions were employed: 5 mol
% Pd(OAc)2, 5 mol % PPhg, NayCOs;, n-BusNCl, DMF, 80 °C (see
ref 3j).

(44) The following experimental conditions were employed. Condi-
tions A: Pdodbas, PPhs, t-BuOK, THF, 65 °C. Conditions B: Pd.dbas,
PPh;, KHMDS, THF, 65 °C.

(45) Malinakova, H. C. Chem. Eur. J. 2004, 10, 2636—2646.
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The reaction mixtures were filtered, and solvents were re-
moved under reduced pressure to afford the crude products.
The crude products were separated by flash chromatography
over silica eluting with mixtures of EtOAc/hexane to afford
aryl iodides 1b and 1c as colorless oils.

Ethyl (2-Iodo-6-(trifluoromethyl)phenoxy)acetate (1b).
2-Todo-6-(trifluoromethyl)phenol??? (2.880 g, 10.00 mmol) was
treated according to the procedure described above, refluxing
the reaction mixture for 24 h and eluting with EtOAc/hexane
(1:15) mixture to afford aryl iodide 1b (3.555 g, 95%) as a
colorless oil: Ry= 0.43 (EtOAc/hexane 1:9); '"H NMR (400 MHz,
CDCl3) 0799, J =79 Hz, 1 H), 7.60 (d, J = 7.8 Hz, 1 H),
7.00 (t,J =79 Hz, 1 H), 4.61 (s, 2 H), 4.33 (q, J = 7.1 Hz, 2
H), 1.34 (t, J = 7.1 Hz, 3 H); 13C NMR (100 MHz, CDCl;) 6
167.5,155.7,143.8, 127.4 (q, J (33C—F) = 5.0 Hz), 126.7, 125.4
(q, J (BBC—1F) = 31.2 Hz), 122.5 (q, J (33C—1F) = 271.6 Haz),
92.7,70.6, 61.4, 14.1; IR (neat, cm™1) 1765 (s), 1450 (s), 1434
(s); HRMS (FAB) caled for C1:H14NOsFsI (M + NH4") 391.9971,
found 391.9976.

Ethyl (2-Iodo-6-methoxyphenoxy)acetate (1c). 2-Iodo-
6-methoxyphenol??® (2.500 g, 10.00 mmol) was treated accord-
ing to the procedure described above, refluxing the reaction
mixture for 20 h and eluting with EtOAc/hexane (1:10) mixture
to afford aryl iodide 1c (3.161 g, 94%) as a colorless oil: Ry =
0.19 (EtOAc/hexane 1:9); 'H NMR (400 MHz, CDCl;) 6 7.35
(dd, J = 7.9 Hz, 1.5 Hz, 1 H), 6.87 (dd, J = 8.20 Hz, 1.5 Hz, 1
H), 6.79 (t,J = 7.9 Hz, 1 H), 4.59 (s, 2 H), 4.29 (q, J = 7.1 Hz,
2 H), 3.81 (s, 3 H), 1.32 (t, J = 7.1 Hz, 3 H); 3C NMR (100
MHz, CDCl3) 6 168.8, 152.1, 147.0, 130.7, 126.1, 112.7, 91.9,
69.2,61.1,55.9, 14.2; IR (neat, cm™') 1761 (s), 1029 (s); HRMS
(FAB) calced for C11H1404I (M + H*) 336.9937, found 336.9929.

General Procedure for Synthesis of Palladium(II)
Complexes 2b,c. To a solution of tris(dibenzylideneacetone)-
dipalladium(0) (Pdsdbas) (1.0 mmol) in benzene (30 mL) at
room temperature under argon was added N,N,N',N'-tetra-
methyl-1,2-ethylenediamine (TMEDA) (4.0 mmol) and a solu-
tion of the aryl iodide (2.20 mmol) in benzene (5.0 mL). The
reaction mixture was stirred at 55 °C for 30 min. The sus-
pension was filtered through a plug of Celite, and solvents
were removed under reduced pressure to afford a crude
product. The crude product was purified by flash chromatog-
raphy over silica, eluting with EtOAc/hexane (1:10) to remove
excess dibenzylideneacetone (dba) and subsequently with
EtOAc/hexane (1:1) to afford palladium(II) complexes 2b,c as
yellow solids.

[2-(Ethoxycarbonylmethoxy)-3-(trifluoromethyl)phen-
ylliodo(tetramethylethylenediamine)palladium (2b).
Treatment of Pd.dbas (1.832 g, 2.0 mmol), TMEDA (1.20 mL,
0.930 g, 8.0 mmol), and aryl iodide 1b (1.646 g, 4.4 mmol)
according to the procedure described above afforded palladium-
(IT) complex 2b (1.926 g, 81%) as a yellow solid: mp 125—127
°C (EtOAc/hexane 1:1); Ry= 0.21 (EtOAc/hexane 1:1); 'H NMR
(500 MHz, CDCl3) 6 7.65 (d,J = 7.3 Hz, 1 H), 7.09 (d, J = 7.3
Hz,1H), 6.83 (t,J = 7.5 Hz, 1 H),5.68(d,J =16.1 Hz, 1 H),
454 (d,J =16.1 H, 1 H), 4.34—4.27 (m, 1 H), 4.24—4.12 (m,
1 H), 2.95—-2.85 (m, 1 H), 2.72 (s, 3 H), 2.67 (s, 3 H), 2.65—
2.61 (m, 3 H), 2.59 (s, 3 H), 2.28 (s, 3 H), 1.31 (t, J = 7.1 Hz,
3 H); 3C NMR (125 MHz, CDCl3) 6 171.1, 158.2, 143.8, 136.2,
123.8 (q, J (BC—19F) = 272.1 Hz), 122.8 (q, J (13C—1F) = 29.1
Hz), 122.1, 121.5 (q, J (¥)C—2F) = 5.1 Hz), 69.9, 62.2, 60.5,
58.8, 50.8, 50.4, 50.3, 49.5, 14.3; IR (KBr, cm™!) 1754 (s), 1745
(s), 1314 (s), 802 (m), 784 (m), 678 (m); HRMS (FAB) caled for
C17H30N30305IF3Pd (M + NH4+) 614.0319, found 614.0314.

[2-(Ethoxycarbonylmethoxy)-3-methoxyphenylliodo-
(tetramethylethylenediamine)palladium (2¢). Treatment
of Pdadbas (2.289 g, 2.50 mmol), TMEDA (1.60 mL, 1.162 g,
10.0 mmol), and aryl iodide 1c¢ (1.849 g, 5.50 mmol) according
to the procedure described above afforded palladium(II) com-
plex 2¢ (2.150 g, 77%) as a yellow solid: mp 154—156 °C
(EtOAc/hexane 1:1); Ry = 0.12 (EtOAc/hexane 1:1); 'H NMR
(400 MHz, CDCl;3) 6 6.86 (d,J = 7.6 Hz, 1 H), 6.72 (t,J = 7.7
Hz,1H),6.45(d,J =7.8 Hz,1H),5.10 (d,J = 15.7 Hz, 1 H),
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4.69 (d,J = 15.7 Hz, 1 H), 4.31-4.19 (m, 2 H), 3.75 (s, 3 H),
2.85—2.75 (m, 1 H), 2.68 (s, 3 H), 2.67 (s, 3 H), 2.65—2.55 (m,
3 H), 2.58 (s, 3 H), 2.40 (s, 3 H), 1.30 (t, J = 7.1 Hz, 3 H); 13C
NMR (100 MHz, CDCl3) ¢ 170.9, 151.6, 148.2, 135.5, 130.4,
122.8,106.7, 67.7, 62.2, 60.3, 58.6, 54.9, 50.7, 50.4, 50.0, 49.5,
14.3; IR (KBr, cm™1) 1729 (s), 1035 (s), 801 (m), 771 (m); HRMS
(FAB) caled for C17H33N304IPd (M + NH4") 576.0551, found
576.0537.

General Procedure for Synthesis of Palladacycles
3b,c. To a suspension of the palladium(II) iodo complex (1.0
mmol) and silver nitrate (2.0 mmol) in THF (20—25 mL) was
added ¢-BuOK (1.0 M solution in THF, 1.20 mL, 1.20 mmol).
The reaction mixture was stirred for 10 min at room temper-
ature and subsequently filtered through a plug of Celite and
basic alumina, eluting with EtOAc/hexane (2:1). Solvents were
removed under reduced pressure to afford palladacycles 3b,c
as white solids.

(Ethoxycarbonylmethineoxy-3-trifluoromethyl-1,2-
phenylene)(tetramethylethylenediamine)palladium (3b).
Palladium(II) complex 2b (1.740 g, 2.916 mmol), AgNOs (1.02
g, 6.0 mmol), and ¢-BuOK (3.50 mL, 3.50 mmol) were treated
according to the procedure described above to afford pallada-
cycle 3b (1.20 g, 88%) as a white solid: mp 198—200 °C dec
(EtOAc/hexane 2:1); Ry = 0.27 (EtOAc/hexane 3:1); 'H NMR
(500 MHz, CDCl3) 6 7.16 (t,JJ = 6.8 Hz, 2 H), 6.64 (t,J = 7.6
Hz, 1 H), 5.85 (s, 1 H), 4.19—-4.09 (m, 1 H), 4.02—3.95 (m, 1
H), 2.92 (td, J = 13.8 Hz, 3.0 Hz, 1 H), 2.85 (s, 3 H), 2.85—
2.78 (m, 1 H), 2.81 (s, 3 H), 2.69 (s, 3 H), 2.58 (s, 3 H), 2.45
(dt, J = 13.5 Hz, 3.2 Hz, 1 H), 2.33 (dt, J = 13.0 Hz, 3.2 Hz,
1H), 1.15 (t,J = 7.1 Hz, 3 H); 3C NMR (125 MHz, CDCl;) 6
177.2, 169.9, 140.4, 136.9, 124.5 (q, J (13C—1°F) = 270.1 Hz),
122.4 (q, J (3C—YF) = 4.9 Hz), 116.9, 110.9 (q, J (*C—YF) =
30.7 Hz), 88.9, 60.9, 60.4, 59.5, 51.3, 51.0, 49.5, 46.4, 14.1; IR
(KBr, cm™1) 1679 (s), 1328 (s), 801(m), 741 (m); HRMS (FAB)
caled for C17H26N203FsPd (M + H') 469.0930, found 469.0938.

(Ethoxycarbonylmethineoxy-3-methoxy-1,2-phenyl-
ene)(tetramethylethylenediamine)palladium (3c). Pal-
ladium(II) complex 2¢ (1.850 g, 3.310 mmol), AgNO; (1.125 g,
6.62 mmol), and #-BuOK (4.00 mL, 4.00 mmol) were treated
according to the procedure described above to afford pallada-
cycle 3¢ (1.120 g, 79%) as a white solid: mp 165—167 °C
(EtOAc/hexane 2:1); R = 0.20 (EtOAc/hexane 3:1); 'TH NMR
(400 MHz, CDCls) 6 6.66—6.56 (m, 3 H), 5.82 (s, 1 H), 4.10
(qd, J = 7.1 Hz, 1.1 Hz, 2 H), 3.81 (s, 3 H), 2.94 (td, J = 12.4
Hz, 3.1 Hz, 1 H), 2.85 (s, 3 H), 2.85—2.73 (m, 1 H), 2.81 (s, 3
H), 2.71 (s, 3 H), 2.55 (s, 3 H), 2.41 (dt, J = 13.5 Hz, 2.9 Hz,
1 H), 2.28 (dt, J = 12.8 Hz, 3.1 Hz, 1 H), 1.18 (t, J = 7.1 Hz,
3 H); 13C NMR (100 MHz, CDCl;) 6 177.8, 162.2, 143.7, 137.7,
125.9,117.3,109.6, 87.9, 61.0, 60.5, 59.4, 56.2, 51.3,51.1, 49.4,
46.2, 14.3; IR (KBr, cm™?) 1707 (s), 1153 (s), 803 (m); HRMS
(FAB) caled for Ci7H29N2O4Pd (M + H') 431.1162, found
431.1161.

General Procedure for Synthesis of Palladacycles
4b,c. A solution of palladacycle 3b,c (1.0 mmol) and triphen-
ylphosphine (PPhs) (3.5 mmol) in methylene chloride (13.0—
14.0 mL) was stirred at room temperature under argon for
the indicated period of time. The solvent was removed under
reduced pressure to afford a crude product. Trituration of the
crude product with minimum amounts of hexane and ether
afforded palladacycles 4b,c as white solids.

(Ethoxycarbonylmethineoxy-3-trifluoromethyl-1,2-
phenylene)bis(triphenylphosphine)palladium (4b). Treat-
ment of palladacycle 3b (1.071 g, 2.285 mmol) and PPhs (2.098
g, 8.0 mmol) for 1 h according to the general procedure
described above afforded palladacycle 4b (1.970 g, 98%) as a
white solid: mp 216—219 °C dec (ether); Ry = 0.63 (EtOAc/
hexane 1:1); 'H NMR (400 MHz, CDCls) 6 7.66 (dd, J = 11.9
Hz, 7.7 Hz, 1 H), 7.50 (t,J = 8.7 Hz, 6 H), 7.31—7.28 (m, 9 H),
7.23 (t,JJ =7.3Hz,3H), 7.16 (t,J = 7.3 Hz, 6 H), 7.05 (t,J =
6.3 Hz, 6 H), 6.54 (t, J = 5.8 Hz, 1 H), 6.06 (t,J = 7.4 Hz, 1
H), 5.67 (dd, J = 10.5 Hz, 7.6 Hz, 1 H), 4.16—4.08 (m, 1 H),
3.93-3.85 (m, 1 H), 1.01 (t, J = 7.1 Hz, 3 H); 3C NMR (100
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MHz, CDCls) 6 175.3, 169.5, 150.5 (dd, J(13C—31P) = 105.5 Hz,
10.8 Hz), 144.3 (d, J(13C—3'P) = 8.9 Hz), 135.3 (d, J(13C—31P)
=13.0 Hz), 134.5 (d, J(13C—3'P) = 12.9 Hz), 133.3, 133.0, 132.8,
132.4, 132.0 (d, J(13C—31P) = 9.8 Hz), 131.9 (d, J(3C—3P) =
2.6 Hz), 129.9 (d, J(3C—31P) = 7.6 Hz), 128.4 (d, J(BC—31P) =
12.1 Hz), 128.0 (d, J(*C—3'P) = 9.8 Hz), 127.8 (d, J(13C—31P)
= 9.6 Hz), 124.8 (d, JA3C—19F) = 270.1 Hz), 122.7 (d, J(13C—
31P) = 4.9 Hz), 116.8 (dd, J(3C—3'P) = 8.5 Hz, 3.3 Hz), 111.2
(d, J(BC—31P) = 33.1 Hz), 122.7 (d, J(3C—3'P) = 4.9 Hz), 116.8
(dd, J(3C—31P) = 8.5 Hz, 3.3 Hz), 98.2 (dd, J(13C—31P) = 83.3
Hz, 5.7 Hz), 59.1, 14.3; 1P NMR (162 MHz, CDCls) 6 25.2 (d,
J=296Hz 1P), 299 (d, J = 29.6 Hz, 1 P); IR (KBr, cm™1)
1680 (w), 1433 (s), 1320 (s), 695 (s); HRMS (FAB) calcd for
C47H4oF305P,Pd (M + H*) 877.1440, found 877.1476.

(Ethoxycarbonylmethineoxy-3-methoxy-1,2-phenyl-
ene)bis(triphenylphosphine)palladium (4¢). Treatment of
palladacycle 3¢ (0.944 g, 2.19 mmol) and PPhs (2.010 g, 7.669
mmol) for 2 h according to the procedure described above
afforded palladacycle 4¢ (1.720 g, 94%) as a white solid: mp
155—158 °C (ether); Ry = 0.48 (EtOAc/hexane 3:1); 'H NMR
(400 MHz, CDCls) 6 7.50 (t, J = 9.1 Hz, 6 H), 7.35—7.29 (m, 6
H),7.27(d,J =5.6 Hz, 3 H), 7.20 (t,J = 7.7 Hz, 3 H), 7.15 (t,
J=6.4Hz 6H),7.04(t,J =71Hz, 6 H),6.45(d,J = 7.4 Hz,
1 H), 6.04—5.95 (m, 2 H), 5.49 (dd, J = 10.9 Hz, 7.6 Hz, 1 H),
4.19—4.11 (m, 1 H), 3.87—3.80 (m, 1 H), 3.80 (s, 3 H), 1.01 (t,
J = 7.1 Hz, 3 H); 13C NMR (100 MHz, CDCl;) ¢ 175.7, 161.9
(d, J(3C—31P) = 4.1 Hz), 148.8 (dd, J(1*C—31P) = 104.8 Hz,
11.1 Hz), 144.2 (d, J(*C—31P) = 3.9 Hz), 135.3 (d, J(*C—31P)
=13.0 Hz), 134.5 (d, J(**C—3'P) = 12.8 Hz), 133.7, 133.4, 133.2
(d, J(3C—31P) = 11.5 Hz), 132.9, 132.6, 129.7 (dd, J(**C—31P)
= 9.8 Hz, 1.8 Hz), 127.9 (d, J(}3C—31P) = 9.7 Hz), 127.7 (d,
J(3C—31P) = 9.6 Hz), 117.3 (d, J(*3C—31P) = 9.9 Hz), 108.6,
97.6 (dd, J(*3C—31P) = 83.7 Hz, 6.2 Hz), 58.9, 55.9, 14.4; 3P
NMR (162 MHz, CDCl3) 6 29.3 (d, J = 28.4 Hz, 1 P), 25.1 (d,
J =28.1 Hz, 1 P); IR (KBr, cm™1!) 1711 (s), 1434 (m), 695 (s),
510 (m); HRMS (FAB) calcd for C47H4204P5Pd (M*) 838.1593,
found 838.1584.

(—)-(Ethoxycarbonylmethineoxy-3-methoxy-1,2-phen-
ylene)bis(triphenylphosphine)palladium [(—)-4c]. Treat-
ment of palladacycle (—)- 30¢ (50% de) (vide infra) (0.422 g,
0.87 mmol) and PPh; (1.826 g, 6.96 mmol) for 31 h according
to the procedure described above afforded palladacycle (—)-4¢
(0.521 g, 71%) as a pale yellow solid: mp 152—155 °C (ether);
[a]?°p — 21.9 (¢ 1.03 CHCly).

General Procedure for Synthesis of 2H-1-3,4-Dihy-
drobenzopyrans. To a solution of the oxapalladacycle (0.185
mmol) in THF or 1,2-dichloroethane (5.0 mL) at room tem-
perature under argon was added a solution of the allene
(0.555—1.110 mmol) in THF or 1,2-dichloroethane (0.60 mL).
Reaction mixtures were heated at the indicated temperature
for the indicated time period. The solvent was removed under
reduced pressure, and the crude product was separated by
flash chromatography over silica, eluting with EtOAc/hexane
or ether/hexane mixtures to afford 2H-1—3,4-dihydrobenzopy-
rans as colorless or yellow oils or solids.

(E)-Ethyl (2,3-Dihydro-2-ethoxycarbonyl-4H-1-ben-
zopyran-4-ylidene)-acetate (5a). Treatment of oxapallada-
cycle 4a (0.150 g, 0.185 mmol) and ethyl 2,3-butadiene (0.083
g, 0.74 mmol) at 75 °C in 1,2-dichloroethane for 24 h according
to the procedure described above, eluting with ether/hexane
(1:6), afforded benzopyran 5a (0.050 g, 93%) as a colorless oil
that solidified upon standing: mp 30—32 °C (ether/hexanes
1:6); Ry = 0.50 (EtOAc/hexane 1:3); 'H NMR (500 MHz, CDCl3)
0 7.56 (dd, J = 8.0 Hz, 1.0 Hz, 1 H), 7.30 (td, J = 7.7 Hz, 1.1
Hz, 1 H), 7.00 (d, J = 8.2 Hz, 1 H), 6.94 (t,J = 7.3 Hz, 1 H),
6.36 (s br, 1 H), 4.77 (dd, J = 8.7 Hz, 4.2 Hz, 1 H), 4.35—4.18
(m, 4 H), 3.74 (ddd, J = 16.5 Hz, 4.2 Hz, 1.3 Hz, 1 H), 3.53
(ddd, J = 16.5 Hz, 8.7 Hz, 1.6 Hz, 1 H), 1.31 (t,J = 7.1 Hz, 3
H), 1.26 (t, J = 7.1 Hz, 3 H); 13C NMR (125 MHz, CDCl;) 6
169.6, 166.4, 154.9, 144.9, 132.1, 124.3, 121.6, 120.2, 118.2,
111.5, 73.6, 61.6, 60.0, 28.6, 14.3, 14.1; IR (KBr, cm™1) 1756
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(m), 1707 (s), 1481 (m), 1461 (m), 1172 (s), 758 (m); HRMS
(ES) calced for C16H2NOs (M + NH4 ") 308.1498, found 308.1514.

(E)-Ethyl (2,3-Dihydro-2-ethoxycarbonyl-8-methoxy-
4H-1-benzopyran-4-ylidene)-acetate (5c). Treatment of
oxapalladacycle 4¢ (0.155 g, 0.185 mmol) and ethyl 2,3-
butadiene (0.083 g, 0.74 mmol) at 75 °C in 1,2-dichloroethane
for 24 h according to the procedure described above, eluting
with EtOAc/hexane (1:6), afforded benzopyran 5¢ (0.056 g,
94%) as a white solid: mp 96—98 °C (EtOAc/hexanes 1:6);
Ry = 0.41 (EtOAc/hexane 3:1); 'H NMR (400 MHz, CDCls) 6
7.14 (dd, J = 6.3 Hz, 3.2 Hz, 1 H), 6.94—6.81 (m, 2 H), 6.35 (s
br, 1 H), 4.91 (dd, J = 6.9 Hz, 4.9 Hz, 1 H), 4.20 (qd, J = 7.1
Hz, 2.1 Hz, 4 H), 3.9 (s, 3 H), 3.77 (ddd, J = 16.4 Hz, 6.9 Hz,
1.4 Hz,1H), 3.53(ddd, J = 16.4 Hz, 4.8 Hz, 1.7 Hz, 1 H), 1.30
(t,J = 7.1 Hz, 3 H), 1.21 (t, J = 7.1 Hz, 3 H); 3C NMR (100
MHz, CDCl3) 6 169.4, 166.3, 148.9, 144.7, 144.5, 120.9, 120.8,
115.9, 113.2, 112.2, 73.6, 61.5, 60.0, 56.1, 28.1, 14.2, 14.0; IR
(KBr, em™1) 1737 (s), 1701 (s), 1195 (s), 1037 (m), 856 (m), 779
(m); HRMS (FAB) caled for C17H200¢ (M™) 320.1260, found
320.1262.

Preparation of (+)-5¢. Treatment of oxapalladacycle (—)-
4c (generated from complex (—)-30c with 50% de) (0.155 g,
0.185 mmol) and ethyl 2,3-butadiene (0.083 g, 0.74 mmol) at
75 °C in 1,2-dichloroethane for 24 h according to the procedure
described above, eluting with EtOAc/hexane (1:6), afforded
benzopyran (+)-5¢ (0.052 g, 88%) as a slightly yellow solid in
46.7% ee (by HPLC): mp 94—96 °C (EtOAc/hexanes 1:6); [a]*’p
+18.4 (¢ 1.52 CH,Cly).

(E)-3,4-Dihydro-2-ethoxycarbonyl-4-(2-oxopropylidene)-
2H-1-benzopyran (6) and 2-Ethoxycarbonyl-4-methyl-
carbonylmethyl-2H-1-benzopyran (7). Treatment of oxa-
palladacycle 4a (0.150 g, 0.185 mmol) and 3,4-pentadiene-2-
one? (0.046 g, 0.555 mmol) at 50 °C in THF for 9 h according
to the procedure described above, eluting with EtOAc/hexane
(1:4), afforded benzopyran 6 (0.033 g, 69%) and benzopyran 7
(0.009 g, 19%) as pure yellow oils that solidified on standing,
providing yellow solids.

Analytical data for benzopyran 6: mp 64—66 °C (EtOAc/
hexanes 1:4); Ry = 0.34 (EtOAc/hexane 1:3); 'H NMR (500
MHz, CDCl3) 6 7.59 (dd, J = 8.0 Hz, 1.2 Hz, 1 H), 7.32 (t,J =
7.7Hz, 1 H),7.00(d,J =80Hz 1H),6.96(t,J=79Hz 1
H), 6.76 (s br, 1 H), 4.73 (dd, J = 8.7 Hz, 4.4 Hz, 1 H), 4.23 (q,
J=17.1Hz,2H),3.68(ddd, J = 16.9 Hz, 4.4 Hz, 1.5 Hz, 1 H),
3.50 (ddd, J = 16.9 Hz, 8.6 Hz, 1.7 Hz, 1 H), 2.31 (s, 3 H), 1.24
(t, J = 14.2 Hz, 3 H); 13C NMR (125 MHz, CDCl3) 6 198.2,
169.7, 155.8, 143.2, 132.4, 124.1, 121.6, 120.2, 118.4, 117.9,
73.6, 61.6, 32.3, 28.9, 14.1; IR (KBr, cm™1) 1744 (s), 1677 (s),
1591 (s), 1227 (s), 756 (m); HRMS (ES) caled for C15H20NO4
(M + NH4*) 278.1392, found 278.1390.

Analytical data for benzopyran 7: mp 47—49 °C (EtOAc/
hexanes 1:4); Ry = 0.23 (EtOAc/hexane 1:3); 'H NMR (500
MHz, CDCls) 6 7.18 (t,J = 7.4 Hz, 1 H), 7.03 (d, J = 7.6 Hz,
1H),6.96 (d,J = 8.1 Hz, 1 H), 6.90 (t,J = 7.5 Hz, 1 H), 5.79
(d,J =4.3Hz,1H),5.38(d,J =4.3 Hz, 1 H), 4.27—-4.18 (m,
2 H), 3.51 (d, J = 15.8 Hz, 1 H), 3.43 (d, J = 15.8 Hz, 1 H),
2.16 (s, 3 H), 1.27 (t, J = 7.1 Hz, 3 H); *C NMR (125 MHz,
CDCl3) 6 205.7, 169.4, 152.9, 130.2, 129.7, 123.7, 121.8, 120.9,
119.6, 116.5, 73.2, 61.6, 47.4, 28.8, 14.1; IR (KBr, cm™!) 1741
(s), 1736 (s), 1197 (s), HRMS (ES) caled for C15sH2NO4 (M +
NH,*) 278.1392, found 278.1366.

trans-3,4-Dihydro-2-ethoxycarbonyl-3-methoxy-4-meth-
ylene-2H-1-benzopyran (8a) and cis-3,4-Dihydro-2-eth-
oxycarbonyl-3-methoxy-4-methylene-2H-1-benzopyran
(8b) (96:4). Treatment of oxapalladacycle 4a (0.150 g, 0.185
mmol) and 1-methoxy-1,2-propadiene*’ (0.078 g, 1.11 mmol)
at 50 °C in THF for 54 h in a pressure tube according to the
procedure described above, eluting with EtOAc/hexane (1:3),

(46) For the preparation of 3,4-pentadiene-2-one, see: Constantieux,
T.; Buono, G. Org. Synth. 2002, 78, 135—141.

(47) For the preparation of 1-methoxy-1,2-propadiene, see: Brands-
ma, L.; Verkruijsse, H. D. Synthesis of Acetylenes, Allenes and
Cumulenes; Elsevier: New York, 1981.
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afforded a chromatographically inseparable mixture of ben-
zopyrans 8a and 8b (96:4 by 'H NMR) (0.045 g, 98%) as a
yellow oil: Ry = 0.48 (EtOAc/hexane 1:3); 'TH NMR (500 MHz,
CDCl3) 6 7.54 (dd, J = 7.8 Hz, 1.2 Hz, 0.04 H), 7.47 (dd, J =
7.8 Hz, 1.2 Hz,0.96 H), 7.23 (td, J = 7.6 Hz, 1.5 Hz, 1 H), 7.04
(d,J = 8.2 Hz, 0.04 H), 6.98 (dd, J = 8.2 Hz, J = 0.7 Hz, 0.96
H), 6.93 (td, J = 7.8 Hz, 1.0 Hz, 1 H), 5.76 (s, 0.04 H), 5.69 (s,
0.96 H), 5.18 (s, 0.04 H), 5.12 (s, 0.96 H), 5.07 (d, J = 2.8 Hz,
0.96 H), 4.69 (d, J = 1.5 Hz, 0.04 H), 4.31 (d, J = 1.3 Hz, 0.04
H), 4.24 (d, J = 2.7 Hz, 0.96 H), 4.20—4.11 (m, 2 H), 3.35 (s,
2.88 H), 3.27 (s, 0.12 H), 1.37 (t, J = 7.1 Hz, 0.12 H), 1.18 (4,
J =17.1Hz, 2.88 H); 3C NMR (125 MHz, CDCls) 6 168.7, 152.1,
133.6, 130.2, (130.0), 125.0, (124.9), (121.6), 121.3, 119.2,
(117.6), 116.9, 112.9, (112.4), 77.2, 76.8, (61.7), 61.6, 56.1,
(56.0), (14.2), 14.0 (signals for the minor diastastereomer are
given in parentheses); IR (neat, cm™1) 1756 (s), 1731 (m), 1483
(m), 1457 (m), 1191 (m), 1119 (m), 754 (m); HRMS (ES) calcd
for Cl4H20NO4 (M + NH4+) 2661392, found 266.1404.
Preparation of (+)-8a. Treatment of oxapalladacycle (—)-
4a (generated from complex (—)-30a with 64% de) (0.150 g,
0.185 mmol) and 1-methoxy-1,2-propadiene*” (0.078 g, 1.11
mmol) at 50 °C in THF for 54 h according to the procedure
described above, eluting with EtOAc/hexane (1:3), afforded an
inseparable mixture of benzopyrans (+)-8a and 8b (96:4 by
H NMR) (0.043 g, 94%) as a yellow oil in 40.3% ee for (+)-8a
(by HPLC): [a]?°p +18.3 (¢ 1.25 CH2Cly).
trans-3,4-Dihydro-2-ethoxycarbonyl-3-methoxy-4-meth-
ylene-8-trifluoromethyl-2H-1-benzopyran (9a) and cis-
3,4-Dihydro-2-ethoxycarbonyl-3-methoxy-4-methylene-
8-trifluoromethyl-2H-1-benzopyran (9b) (95:5). Treatment
of oxapalladacycle 4b (0.162 g, 0.185 mmol) and 1-methoxy-
1,2-propadiene?” (0.078 g, 1.11 mmol) at 50 °C in THF for 94
h in a pressure tube according to the procedure described
above, eluting with EtOAc/hexane (1:10), afforded a chromato-
graphically inseparable mixture of benzopyrans 9a and 9b
(95:5 by 'TH NMR) (0.045 g, 77%) as a yellow oil that solidified
on standing, providing a yellow solid: mp 50—52 °C (EtOAc/
hexane 1:10), Ry = 0.23 (EtOAc/hexane 1:9); 'H NMR (400
MHz, CDCls) 6 7.68 (d, J = 7.9 Hz, 0.05 H), 7.64 (d, J = 7.8
Hz, 0.95 H), 7.52 (d, J = 7.6 Hz, 1 H), 6.98 (t, J = 7.7 Hz, 1
H), 5.77 (s, 0.05 H), 5.73 (s, 0.95 H), 5.28 (s, 0.05 H), 5.20—
5.19 (m, 1.95 H), 4.25 (d, J = 2.4 Hz, 1 H), 4.21-4.06 (m, 2
H), 3.35 (s, 2.85 H), 3.28 (s, 0.15 H), 1.35 (t, J = 7.1 Hz, 0.15
H), 1.15 (t,J = 7.1 Hz, 2.85 H); 3C NMR (100 MHz, CDCls) 0
168.0, (167.4), 150.2, (150.2), 132.6, 128.8, 127.4 (q, J (33C—
BF) = 5.1 Hz), 123.4 (q, J (13C—1°F) = 271.0 Hz), 120.6, 120.5,
118.3 (q, J (3C—"F) = 31.2 Hz), 114.7, (113.6), 77.4, 76.5, 61.7,
(56.3), 56.1, (14.01), 13.9 (signals for the minor diastereomer
are given in parentheses); IR (neat, cm™!) 1754 (s), 1453 (m),
1115 (s), 1022 (m); HRMS (ES) caled for C15sH19NO4F3 (M +
NH,") 334.1266, found 334.1244.
cis-3,4-Dihydro-2-ethoxycarbonyl-3-(1-hexyl)-4-meth-
ylene-2H-1-benzopyran (10) and (E)-3,4-Dihydro-2-ethoxy-
carbonyl-4-(heptylidene)-2H-1-benzopyran (11) (91:9).
Treatment of oxapalladacycle 4a (0.150 g, 0.185 mmol) and
1,2-nonadiene*® (0.069 g, 0.555 mmol) at reflux in THF for 10
h according to the procedure described above, eluting with
ether/hexane (1:6), afforded a chromatographically inseparable
mixture of benzopyrans 10 and 11 (91:9 by 'H NMR) (0.047 g,
84%) as a yellow oil: R;= 0.65 (EtOAc/hexane 1:3); 'TH NMR
(500 MHz, CDCl;) 6 7.49 (dd, J = 7.9 Hz, 1.3 Hz, 0.09 H), 7.45
(dd, J = 7.8 Hz, 1.5 Hz, 0.91 H), 7.21 (td, J = 7.7 Hz, 1.5 Hz,
0.91 H), 7.14 (td, J = 7.7 Hz, 1.4 Hz, 0.09 H), 6.96 (d, J = 8.3
Hz, 0.09 H), 693 (d, J = 8.2 Hz, 091 H), 6.91 (1,
J=T9Hz, 1H),6.09 (t,J = 7.4 Hz, 0.09 H), 5.47 (s, 0.91 H),
4.87(s,091H),4.78(d,J =1.7Hz,0.91 H),4.75 (dd, J = 7.4
Hz, 4.4 Hz, 0.09 H), 4.23—4.21 (m, 0.18 H), 4.13 (q, J = 7.1
Hz, 1.82 H), 2.89 (dd, J = 7.6 Hz, 4.3 Hz, 0.18 H), 2.83 (td,

(48) For the preparation of alkyl-substituted allenes, see: Moreau,
J. L.; Gaudemar, M. J. Organomet. Chem. 1976, 108, 159—164 and
ref 47.
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J =17.6 Hz, 1.6 Hz, 0.91 H), 2.19 (qd, J = 7.3 Hz, 2.4 Hz, 0.18
H), 1.61-1.56 (m, 0.91 H), 1.51-1.43 (m, 0.91 H), 1.36 (q,
J =142 Hz, 7.2 Hz, 2 H), 1.31-1.25 (m, 6 H), 1.16 (t,J = 7.1
Hz, 3 H), 0.90 (t,J = 6.7 Hz, 0.27 H), 0.86 (t, J = 6.8 Hz, 2.73
H); 13C NMR (125 MHz, CDCls) 6 170.7, (170.4), (152.6), 152.1,
137.7, 129.7, (128.4), (125.7), 124.9, (124.7), (123.4), (122.6),
(121.2), 120.9, 120.3, (117.4), 116.6, 109.5, 77.2, (73.9), (61.4),
61.2,42.8, 31.8, 31.7, (29.7), (29.5), (29.0), 28.9, (27.8), (27.7),
27.1, (22.6), 22.5, (14.2), 14.1, (14.06), 14.02 (signals for the
minor regioisomer are given in parentheses); IR (neat, cm™1)
1757 (s), 1733 (m), 1456 (m), 1188 (m), 752 (m); HRMS (ES)
caled for C19H30NO3 (M + NH4") 320.2226, found 320.2215.
cis-3,4-Dihydro-2-ethoxycarbonyl-3-(1-hexyl)-4-meth-
ylene-8-trifluoromethyl-2H-1-benzopyran (12). Treatment
of oxapalladacycle 4b (0.150 g, 0.185 mmol) and 1,2-nona-
diene*® (0.069 g, 0.555 mmol) at 50 °C in THF for 72 h in a
pressure tube, according to the procedure described above,
eluting with EtOAc/hexane (1:20), afforded benzopyran 12
(0.038 g, 56%) as a yellow oil: Ry = 0.45 (EtOAc/hexane 1:9);
H NMR (500 MHz, CDCl;) 6 7.63 (d, J = 7.3 Hz, 1 H), 7.50
(d,J =17.7Hz,1H),6.95 (t,J =7.7Hz 1H), 552 (s, 1 H),
4.96 (s, 1 H),491 (d,J = 1.6 Hz, 1 H), 4.21-4.04 (m, 2 H),
2.87 (ddd, J = 8.3 Hz, 6.1 Hz, 1.5 Hz, 1 H), 1.64—1.57 (m, 1
H), 1.50—-1.41 (m, 1 H), 1.37-1.25 (m, 8 H), 1.15 (t, J = 9.1
Hz, 3 H), 0.86 (t,J = 7.1 Hz, 3 H); 1*C NMR (125 MHz, CDCl5)
6 169.9, 150.2, 136.6, 128.7, 127.1 (q, J(**C—F) = 5.1 Hz),
123.5 (q, J (B3C—1°F) = 271.0 Hz), 121.6, 120.1, 118.2 (q, J
(13C—-YF) = 31.0 Hz), 111.3, 77.7, 61.3, 42.4, 31.7, 29.7, 28.9,
26.9, 22.5, 14.02, 14.00; IR (neat, cm™') 1758 (s), 1736 (m),
1451 (s), 1133 (m), 753 (w); HRMS (ES™) caled for CooHogNO3F's
(M + NH4*") 388.2100, found 388.2129.
cis-3,4-Dihydro-2-ethoxycarbonyl-3-(1-hexyl)-8-meth-
oxy-4-methylene-2H-1-benzopyran (13). Treatment of oxa-
palladacycle 4¢ (0.155 g, 0.185 mmol) and 1,2-nonadiene*®
(0.069 g, 0.555 mmol) at 50 °C in THF for 19 h according to
the procedure described above, eluting with EtOAc/hexane (1:
5) and including an additional purification by preparative thin-
layer chromatography over silica eluting with EtOAc/hexane
(1:10), afforded benzopyran 13 (0.048 g, 78%) as a yellow oil:
Ry = 0.48 (EtOAc/hexane 1:3); 'H NMR (400 MHz, CDCls) ¢
7.06 (dd, J = 7.3 Hz, 1.9 Hz, 1 H), 6.86—6.80 (m, 2 H), 5.47 (s,
1H),491(d,J =1.6 Hz, 1 H), 4.88 (s, 1 H), 4.17-4.05 (m, 2
H), 3.89 (s, 3 H), 2.81 (ddd, J = 8.2 Hz, 6.4 Hz, 1.4 Hz, 1 H),
1.65—1.58 (m, 1 H), 1.56—1.42 (m, 1 H), 1.37-1.31 (m, 1 H),
1.29-1.23 (m, 7 H), 1.13 (t,J = 7.1 Hz, 3 H), 0.85 (t,J = 6.9
Hz, 3 H); 1*C NMR (100 MHz, CDCl;) 6 170.4, 148.1, 141.6,
137.4, 120.9, 120.4, 116.8, 111.3, 110.2, 77.4, 61.1, 56.1,42.7,
31.8, 31.7, 28.9, 27.0, 22.5, 14.07, 14.02; IR (neat, cm™1) 1756
(s), 1731 (m), 1579 (m), 1265 (m), 739 (m); HRMS (ES) caled
for CooH3:NO4 (M + NH,4*") 350.2331, found 350.2319.
Preparation of (+)-13. Treatment of oxapalladacycle (—)-
4c¢ (generated from complex (—)-830c¢ with 50% de) (0.155 g,
0.185 mmol) and 1,2-nonadiene*® (0.069 g, 0.555 mmol) at 50
°C in THF for 19 h according to the procedure described above,
eluting with EtOAc/hexane (1:5) and including an additional
purification by preparative thin-layer chromatography over
silica eluting with EtOAc/hexane (1:10), afforded benzopyran
(+)-13 (0.044 g, 72%) as a yellow oil in 41.0% ee (by HPLC):
[a]?°p +6.0 (¢ 1.50 CHyCly).
cis-3,4-Dihydro-2-ethoxycarbonyl-3-(3-methyl-1-butyl)-
4-methylene-2H-1-benzopyran (14) and (E)-3,4-Dihydro-
2-ethoxycarbonyl-4-(4-methylpentylidene)-2H-1-benzopy-
ran (15) (92:8). Treatment of oxapalladacycle 4a (0.150 g,
0.185 mmol) and 6-methyl-1,2-heptadiene®® (0.061 g, 0.555
mmol) at 50 °C in THF for 22 h according to the procedure
described above, eluting with EtOAc/hexane (1:10), afforded
a chromatographically inseparable mixture of benzopyrans 14
and 15 (92:8 by 'H NMR) (0.045 g, 84%) as a yellow oil: Ry=
0.77 (EtOAc/hexane 1:3); 'H NMR (500 MHz, CDCl;) 6 7.48
(dd, J = 7.8 Hz, 1.4 Hz, 0.08 H), 7.45 (dd, J = 7.8 Hz, 1.5 Hz,
0.92 H), 7.21 (td, J = 7.8 Hz, 1.5 Hz, 0.92 H), 7.14 (td, J = 7.7
Hz, 1.4 Hz, 0.08 H), 6.96 (dd, J = 8.4 Hz, 0.9 Hz, 0.08 H), 6.93
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(d,J = 8.3 Hz, 0.92 H), 6.90 (td, J = 7.5 Hz, 1.0 Hz, 1 H), 6.08
(t,J = 7.4 Hz, 0.08 H), 5.47 (s, 0.92 H), 4.87 (s, 0.92 H), 4.79
(d,J = 1.7 Hz, 0.92 H), 4.75 (dd, J = 7.3 Hz, 4.5 Hz, 0.08 H),
4.28—-4.20 (m, 0.16 H), 4.13 (qd, J = 7.1 Hz, 1.4 Hz, 1.84 H),
2.89 (t, J = 8.2 Hz, 0.16 H), 2.79 (ddd, J = 8.4 Hz, 6.3 Hz, 1.6
Hz, 0.92 H), 2.19 (ddd, J = 15.1 Hz, 7.4 Hz, 2.6 Hz, 0.16 H),
1.63—1.57 (m, 0.92 H), 1.52—1.43 (m, 1.92 H), 1.37—1.30 (m,
0.08 H), 1.29—-1.23 (m, 1.92 H), 1.16 (t, J = 7.1 Hz, 3 H), 0.93
(d, J = 6.6 Hz, 0.48 H), 0.86 (d, J = 6.6 Hz, 2.76 H), 0.84 (d,
J = 6.6 Hz, 2.76 H); 13C NMR (125 MHz, CDCl;) ¢ 170.7,
(170.4), (152.6), 152.1, 137.7, 129.7, (128.4), (125.5), 124.9,
(124.8), (123.4), (122.5), (121.2), 121.0, 120.2, (117.4), 116.6,
109.6, 77.3, (73.9), (61.4), 61.2, 43.1, (38.6), 36.3, 29.7, 27.8,
(27.7), (27.6), (25.5), 22.6, 22.5, (22.4), (22.3), (14.1), 14.1
(signals for the minor regioisomer are given in parentheses);
IR (neat, em™1) 1757 (s), 1732 (m), 1481 (m), 1457 (s), 1188
(8), 752 (m); HRMS (ES) caled for C15H3503 (M + H*) 289.1804,
found 289.1800.
cis-3,4-Dihydro-2-ethoxycarbonyl-3-(3-methyl-1-butyl)-
4-methylene-8-trifluoromethyl-2H-1-benzopyran (16).
Treatment of oxapalladacycle 4b (0.162 g, 0.185 mmol) and
6-methyl-1,2-heptadiene*® (0.061 g, 0.555 mmol) at 50 °C in
THF for 90 h in a pressure tube according to the procedure
described above, eluting with EtOAc/hexane (1:20), afforded
benzopyran 16 (0.032 g, 49%) as a yellow oil: Ry= 0.44 (EtOAc/
hexane 1:9); 'TH NMR (400 MHz, CDCl;3) 6 7.63 (d, J = 7.8 Hz,
1H),750(d,J=176Hz 1H),6.95(,J="76Hz 1H),5.52
(s,1H),4.95(s,1H),4.91(d,J = 1.6 Hz, 1 H), 4.16—4.06 (m,
2 H), 2.83 (ddd, J = 8.4 Hz, 6.2 Hz, 1.48 Hz, 1 H), 1.63—1.60
(m, 1 H), 1.56—1.42 (m, 2 H), 1.27-1.22 (m, 2 H), 1.13 (t, J =
7.1 Hz, 3 H), 0.86 (d, J = 6.6 Hz, 3 H), 0.83 (d, J = 6.6 Hz, 3
H); 13C NMR (100 MHz, CDC]l;) 6 169.9, 150.2, 136.6, 128.7,
127.1 (q, J(3C—¥F) = 5.1 Hz), 123.5 (q, JI*C—1F) = 270.9
Hz), 121.6, 120.1, 118.2 (q, J(**C—1°F) = 31.0 Hz), 111.3, 77.7,
61.3,42.6, 36.2, 29.5, 27.7, 22.5, 22.4,14.2; IR (neat, cm™') 1757
(s), 1739 (m), 1451 (s), 1133 (m), 1099 (m), 753 (m); HRMS
(ES) caled for Ci19Ho7NOsF; (M + NH,") 374.1943, found
374.1945.
cis-3,4-Dihydro-2-ethoxycarbonyl-3-(3-methyl-1-butyl)-
8-methoxy-4-methylene-2H-1-benzopyran (17). Treatment
of oxapalladacycle 4¢ (0.155 g, 0.185 mmol) and 6-methyl-1,2-
heptadiene®® (0.061 g, 0.555 mmol) at 50 °C in THF for 19 h
according to the procedure described above, eluting with
EtOAc/hexane (1:10) and including an additional purification
by preparative thin-layer chromatography over silica eluting
with EtOAc/hexane (1:10), afforded benzopyran 17 (0.042 g,
72%) as a yellow oil: Ry = 0.50 (EtOAc/hexane 1:3); 'H NMR
(400 MHz, CDCl;) 6 7.07 (dd, J = 7.4 Hz, 2.0 Hz, 1 H), 6.86—
6.80 (m, 2 H), 5.47 (s, 1 H), 4.92 (d, J = 1.7 Hz, 1 H), 4.88 (s,
1H),4.17-4.05 (m, 2 H), 3.89 (s, 3 H), 2.78 (ddd, J = 8.3 Hz,
6.3 Hz, 1.6 Hz, 1 H), 1.65—1.58 (m, 1 H), 1.53—1.43 (m, 2 H),
1.30—1.20 (m, 2 H), 1.13 (t, J = 7.1 Hz, 3 H), 0.85 (d, J = 6.6
Hz, 3 H), 0.82 (d, J = 6.6 Hz, 3 H); 1*C NMR (125 MHz, CDCl;)
0170.4, 148.1, 141.7, 137.5, 120.9, 120.4, 116.8, 111.4, 110.3,
77.5,61.2,56.1, 43.0, 36.3, 29.8, 27.8, 22.6, 22.5, 14.1; IR (neat,
em 1) 1756 (s), 1731 (m), 1481 (m), 1461 (m), 1265 (s), 739 (w);
HRMS (ES) caled for C19H30NO4 (M + NH,") 336.2175, found
336.2161.
cis-3,4-Dihydro-2-ethoxycarbonyl-3-(2-ethyl-1-hexyl)-
4-methylene-2H-1-benzopyran (18) and (E)-3,4-Dihydro-
2-ethoxycarbonyl-4-(3-ethylheptylidene)-2H-1-benzopy-
ran (19) (90:10). Treatment of oxapalladacycle 4a (0.150 g,
0.185 mmol) and 5-ethyl-1,2-nonadiene*® (0.084 g, 0.555 mmol)
at 50 °C in THF for 20 h according to the procedure described
above, eluting with EtOAc/hexane (1: 10), afforded a chro-
matographically inseparable mixture of benzopyrans 18 and
19 (90:10 by 'H NMR) (0.039 g, 64%) as a yellow oil: Ry =
0.70 (EtOAc/hexane 1:3); 'H NMR (500 MHz, CDCls) 6 7.49
(d,J =79 Hz, 0.1 H), 743 (d, J = 7.8 Hz, 0.9 H), 7.20 (td,
J =17.6 Hz, 1.4 Hz, 0.9 H), 7.14 (t, J = 7.13 Hz, 0.1 H), 6.96
(d,J =8.3Hz, 0.1 H),6.93(d,J =8.2Hz, 09 H), 6.90 (t,J =
7.6 Hz, 1 H), 6.11 (t, J = 7.5 Hz, 0.1 H), 5.45 (s, 0.9 H), 4.87
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(s, 0.9 H), 4.74 (s br, 0.9 H), 4.73 (t, J = 4.2 Hz, 0.1 H), 4.29—
4.20 (m, 0.2 H), 4.13 (q,J = 7.1 Hz, 1.8 H), 2.94 (t,J = 7.6 Hz,
0.9 H), 2.84 (dd, J = 14.8 Hz, 7.8 Hz, 0.2 H), 2.21-2.13 (m,
0.2 H), 1.64—1.44 (m, 1.8 H), 1.43—1.26 (m, 5 H), 1.22—-1.12
(m, 4 H), 1.16 (t, J = 7.1 Hz, 3 H), 0.90 (t, J = 6.7 Hz, 2 H),
0.85(t,J = 7.3 Hz, 1 H), 0.82 (t,J = 7.3 Hz, 2 H), 0.74 (t,J =
7.4 Hz, 1 H); 3C NMR (125 MHz, CDCl3) 6 170.77 [170.74],
(170.4), (152.6), 152.13 [152.12], 138.26 [138.19], 129.74,
(128.4), (126.34 [126.31]), 124.99 [124.97], (123.6 [123.5]),
(123.5), (122.6), (121.2), 120.9, 120.4, (117.4), 116.59 [116.57],
109.4 [109.4], 77.5 [77.4], (74.0), (61.4), 61.2, 40.54 [40.51],
(39.9 [39.8]), 35.9 [35.8], 35.7 [35.6], (32.8 [32.8]), 32.5 [32.4],
(31.5 [31.4]), (29.7), (29.2), (29.0), 28.6 [28.4], (27.9), (26.1
[25.9]), 25.7 [25.6], 23.1, 22.8, 14.1, (14.0), (11.1 [11.0]), 10.5
[10.3] (signals for the minor regioisomer are given in paren-
theses, and signals for a presumed conformational isomer,
arising as a result of a hindered rotation are given in brackets);
IR (neat, cm™1) 1758 (m), 1733 (m), 1481 (m), 1457 (s), 1186
(m), 751 (s); HRMS (ES) caled for Cs1H3103 (M + H') 331.2273,
found 331.2299.

cis-3,4-Dihydro-2-ethoxycarbonyl-3-(2-ethyl-1-hexyl)-
4-methylene-8-trifluoromethyl-2H-1-benzopyran (20).
Treatment of oxapalladacycle 4b (0.162 g, 0.185 mmol) and
5-ethyl-1,2-nonadiene®® (0.084 g, 0.555 mmol) at 50 °C in THF
for 90 h in a pressure tube according to the procedure described
above, eluting with EtOAc/hexane (1:20), afforded benzopyran
20 (0.038 g, 52%) as a yellow oil: Ry = 0.52 (EtOAc/hexane
1:9); 'H NMR (400 MHz, CDCl;) 6 7.61 (d, J = 7.8 Hz, 1 H),
7.50 (d,J = 7.6 Hz, 1 H), 6.95 (t,J = 7.8 Hz, 1 H), 5.50 (s, 1
H),4.96 (s,1H),4.88 (t,JJ = 1.7Hz, 1 H), 4.19—4.05 (m, 2 H),
2.97 (td, J = 7.7 Hz, 1.5 Hz, 1 H), 1.51-1.47 (m, 1 H), 1.41—
1.19 (m, 8 H), 1.14 (td, J = 7.1 Hz, 0.8 Hz, 3 H), 0.91-0.85 (m,
3 H), 0.82 (t,J = 7.3 Hz, 3 H), 0.74 (t, J = 7.2 Hz, 2 H); 13C
NMR (100 MHz, CDCls) 6 170.1, (170.0), 150.2, 137.2, (137.1),
128.8, 127.1 (q, J(B3C—1°F) = 4.8 Hz), 123.5 (q, J(B3C—1F) =
270.9 Hz), 121.8, 120.1, 118.3, (117.9), 111.2, (111.1), 77.8,
(77.6), 61.4, 40.1, 35.9, (35.8), 35.5, (35.4), 32.7, (32.5), 28.6,
(28.5), 25.9, (25.5), 23.0, (22.8), 14.1, (14.05), 14.02, 10.51,
(10.47) (signals for a presumed conformational isomer, arising
as a result of a hindered rotation, are given in parentheses);
IR (neat, cm™!) 1758 (s), 1736 (m), 1451 (m), 1370 (m), 1299
(s), 752 (m); HRMS (ES) caled for CsoH3sNOsF5 (M + NHy™)
416.2413, found 416.2423.

cis-3,4-Dihydro-2-ethoxycarbonyl-3-(2-ethyl-1-hexyl)-
8-methoxy-4-methylene-2H-1-benzopyran (21) and (E)-
3,4-Dihydro-2-ethoxycarbonyl-4-(3-ethylheptylidene)-8-
methoxy-2H-1-benzopyran. Treatment of oxapalladacycle
4c (0.155 g, 0.185 mmol) and 5-ethyl-1,2-nonadiene*® (0.084
g, 0.555 mmol) at 50 °C in THF for 19 h according to the
procedure described above, eluting with EtOAc/hexane (1:6)
and including an additional purification by preparative thin-
layer chromatography over silica eluting with EtOAc/hexane
(1:5), afforded benzopyran 21 (0.054 g, 81%) as a yellow oil,
and a minor product, (E)-3,4-dihydro-2-ethoxycarbonyl-4-(3-
ethylheptylidene)-8-methoxy-2H-1-benzopyran (0.005 g, 7%),
as a yellow oil.

Analytical data for benzopyran 21: R = 0.52 (EtOAc/
hexane 1:3); 'H NMR (400 MHz, CDCls) 6 7.05 (ddd, J = 7.0
Hz, 2.3 Hz, 1.2 Hz, 1 H), 6.87—6.74 (m, 2 H), 5.45 (s, 1 H),
4.88(s,1H),4.86 (sbr, 1 H), 4.20—4.05 (m, 2 H), 3.89 (s, 3 H),
2.92 (ddd, J = 8.3 Hz, 6.8 Hz, 1.5 Hz, 1 H), 1.48—1.42 (m, 1
H), 1.35—-1.04 (m, 9 H), 1.14 (td, J = 7.1 Hz, 0.7 Hz, 3 H),
0.90—-0.84 (m, 4 H), 0.80 (t,J = 7.3 Hz, 1 H), 0.71 (t, J = 7.3
Hz, 2 H); 3C NMR (100 MHz, CDC]l;) 6 170.5, (170.4), 148.1,
(148.0), 141.6, (141.6), 137.9, (137.8), 121.0, 120.4, 116.93,
(116.90), 111.4, 110.2, (110.1), 77.8, (77.7) 61.2, 56.1, 44.4,
(44.3), 35.75, (35.73), 35.68, (35.60), 32.3, 28.5, (28.3), 25.4,
(25.4), 23.1, (23.8), (14.13), 14.10, 14.0, 10.5, (10.2) (signals for
a presumed conformational isomer, arising as a result of a
hindered rotation, are given in parentheses); IR (neat, cm™1)
1757 (s), 1732 (m), 1481 (s), 1480 (s); HRMS (ES) calcd for
C2oH36NO4 (M + NH4T) 378.2644, found 378.2622.
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Analytical data for (E)-3,4-dihydro-2-ethoxycarbonyl-
4-(3-ethylheptylidene)-8-methoxy-2H-1-benzopyran: Ry =
0.48 (EtOAc/hexane 1:3); 'H NMR (400 MHz, CDCls) 6 7.10
(dd, J = 8.1 Hz, 1,3 Hz, 1 H), 6.84 (t, J = 7.9 Hz, 1 H), 6.76
(dd, J = 8.0 Hz, 1.3 Hz, 1 H), 6.10 (t, J = 7.5 Hz, 1 H), 4.89
(dd, J = 6.3 Hz, 4.6 Hz, 1 H), 4.30—4.06 (m, 2 H), 3.88 (s, 3
H), 2.95 (dd, J = 14.6 Hz, 5.9 Hz, 1 H), 2.85 (dd, J = 14.9 Hz,
3.4 Hz, 1 H), 2.21-2.01 (m, 2 H), 1.42—1.22 (m, 9 H), 1.23 (¢,
J = 7.1 Hz, 3 H), 0.90—0.86 (m, 6 H); 1*C NMR (100 MHz,
CDCls) 6 170.2, 148.7, 142.0, 125.9, (125.8), 124.5, (124.4),
123.4, 120.4, 115.5, 110.2, 74.1, 61.4, 56.0, 39.9, (39.8), 32.9,
(32.8), 31.5, (31.4), 29.2, (28.9), 27.5, 26.1, (25.9), 23.1, (23.0),
14.1,11.1, 10.9 (signals for a presumed conformational isomer,
arising as a result of a hindered rotation, are given in
parentheses).

cis-3,4-Dihydro-2-ethoxycarbonyl-3-(2-methyl-2-phen-
yl-1-propyl)-4-methylene-2H-1-benzopyran (22) and (E)-
3,4-Dihydro-2-ethoxycarbonyl-4-(3-methyl-3-phenylbu-
tylidene)-2H-1-benzopyran (23). Treatment of oxapallada-
cycle 4a (0.150 g, 0.185 mmol) and 5-methyl-5-phenyl-1,2-
hexadiene®® (0.096 g, 0.555 mmol) at 50 °C in THF for 20 h
according to the procedure described above, eluting with
EtOAc/hexane (1:30), afforded benzopyran 22 (0.029 g, 45%)
and benzopyran 23 (0.015 g, 23%), both as colorless oils.

Analytical data for benzopyran 22: R; = 0.41 (EtOAc/
hexane 1:9); 'H NMR (500 MHz, CDCls) 6 7.35—7.31 (m, 3 H),
7.30—7.27 (m, 2 H), 7.21-7.18 (m, 2 H), 6.90 (dd, J = 8.2 Hz,
0.9 Hz, 1 H), 6.87 (t,J = 7.0 Hz, 1.1 Hz, 1 H), 5.18 (s, 1 H),
4.47(s,1H),4.34(d,J =1.8Hz, 1 H),4.02(q,J = 7.1 Hz, 2
H), 2.78 (td, J = 5.6 Hz, 1.8 Hz, 1 H), 2.06 (dd, J = 14.4 Hz,
6.0 Hz, 1 H), 1.74 (dd, J = 14.4 Hz, 5.5 Hz, 1 H), 1.38 (s, 3 H),
1.37 (s, 3 H), 1.1 (t, J = 7.1 Hz, 3 H); 1*C NMR (125 MHz,
CDCls) 6 170.3, 152.3, 147.9, 139.1, 129.7, 128.1 (2 carbons),
126.1 (2 carbons), 125.8, 125.2, 120.9, 120.7, 116.5, 109.1, 78.1,
61.0, 45.8, 39.3, 38.2, 29.6, 28.8. 14.0; IR (neat, cm™) 1755
(s), 1732 (m), 1456 (m), 1189 (s), 764 (m), 752 (m), 700 (m);
HRMS (ES) caled for Co3HsoNO3 (M + NH4 ") 368.2226, found
368.2241.

Analytical data for benzopyran 23: R = 0.36 (EtOAc/
hexane 1:9); 'H NMR (500 MHz, CDCl;) 6 7.38—7.36 (m, 2 H),
7.33—7.29 (m, 3 H), 7.20 (t,J = 6.5 Hz, 1 H), 7.11 (td, J = 7.6
Hz, 1.4 Hz, 1 H), 6.93 (dd, J = 8.1 Hz, 0.9 Hz, 1 H), 6.84 (td,
J =174 Hz, 1.1 Hz, 1 H), 5.90 (t, J = 7.6 Hz, 1 H), 4.60 (dd,
J = 8.1 Hz, 4.0 Hz, 1 H), 4.28—4.25 (m, 2 H), 2.80 (dd, J =
14.9 Hz, 3.1 Hz, 1 H), 2.72 (dd, J = 14.3 Hz, 8.1 Hz, 1 H), 2.55
(dd, J = 14.5 Hz, 8.0 Hz, 1 H), 2.45 (dd, J = 14.5 Hz, 7.3 Hz,
1H),1.38 (s, 3 H), 1.37 (s, 3 H), 1.28 (t, J = 7.1 Hz, 3 H); 13C
NMR (125 MHz, CDCl;) ¢ 170.4, 152.6, 148.7, 128.6, 128.1 (2
carbons), 127.4, 125.8 (2 carbons), 125.7, 123.5, 122.4, 121.2,
121.1, 117.4, 73.9, 61.4, 42.2, 38.7, 28.9, 28.4, 27.9, 14.2; IR
(neat, cm™') 1757 (s), 1734 (m), 1481 (m), 1458 (s), 1186 (s),
753 (m), 699 (m); HRMS (ES) caled for Co3H30NO3 (M + NH, ")
368.2226, found 368.2204.

(E)-3,4-Dihydro-2-ethoxycarbonyl-4-(cyclohexylmeth-
ylene)-2H-1-benzopyran (25) and cis-3,4-Dihydro-2-ethoxy-
carbonyl-3-(cyclohexyl)-4-methylene-2H-1-benzopyran
(24) (78:22). Treatment of oxapalladacycle 4a (0.150 g, 0.185
mmol) and 1-cyclohexyl-1,2-propadiene?® (0.068 g, 0.555 mmol)
at 50 °C in THF for 18 h according to the procedure described
above, eluting with EtOAc/hexane (1:10), afforded a chromato-
graphically inseparable mixture of benzopyrans 25 and 24
(78:22 by 'H NMR) (0.040 g, 72%) as a colorless oil: R;= 0.69
(EtOAc/hexane 1:3); 'H NMR (500 MHz, CDCls) 6 7.47 (dd,
J =79 Hz, 1.3 Hz, 0.78 H), 7.41 (dd, J = 7.7 Hz, 1.4 Hz, 0.22
H), 720 (td, J = 7.6 Hz, 1.5 Hz, 0.22 H), 7.13 (td,
J=17.6Hz, 1.5 Hz, 0.78 H), 6.95 (dd, J = 8.2 Hz, 0.9 Hz, 1 H),
6.92—6.88 (m, 1 H), 5.92 (d, J = 9.3 Hz, 0.78 H), 5.47 (s, 0.22
H), 5.03 (d, J = 1.5 Hz, 0.22 H), 4.81 (s, 0.22 H), 4.76 (t, J =
5.8 Hz, 0.78 H), 4.29—4.17 (m, 1.56 H), 4.15—4.04 (m, 0.44 H),
2.91 (dd, J = 5.8 Hz, 1.4 Hz, 1.56 H), 2.48 (dd, J = 10.0 Hz,
1.2 Hz, 0.22 H), 2.40—2.31(m, 0.78 H), 2.04—1.94 (m, 0.22 H),
1.76—1.61 (m, 4 H), 1.41-1.23 (m, 4 H), 1.27 (t, J = 7.1 Hz,
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2.34 H), 1.22—1.06 (m, 1.78 H), 1.55 (t, J = 7.1 Hz, 0.66 H),
0.88 (qd, J = 12.4 Hz, 3.1 Hz, 0.22 H); *C NMR (125 MHz,
CDCl;) 6 (171.3), 170.5, 152.7, (152.6), (136.8), 130.5, (129.7),
128.5, (124.9), 123.9, 123.5, (122.6), 121.1, (120.97), 120.91,
117.4, (116.5), (110.8), (74.6), 74.0, 61.3, (61.2), (48.8), 36.7,
(35.9), 33.1, 33.0, (31.2), (30.7), 27.9, (26.3), (26.1), (26.0), 25.9,
25.8 (2 carbons), 14.1 (signals for the minor regioisomer are
given in parentheses); IR (neat, cm™!) 1758 (s), 1734 (m), 1481
(m), 1457 (s), 1183 (s), 752 (m); HRMS (ES) caled for Ci9Has-
NO; (M + NH4") 318.2069, found 318.2068.

3,4-Dihydro-2-ethoxycarbonyl-3,3-dimethyl-4-methyl-
ene-2H-1-benzopyran (26), 3,4-Dihydro-2-ethoxycarbon-
yl-4-(2-propylidene)-2H-1-benzopyran (27), and 1-Eth-
oxycarbonylmethoxy-2-(3-methyl-1,3-butadiene-2-
yDbenzene (28). Treatment of oxapalladacycle 4a (0.150 g,
0.185 mmol) and 3-methyl-1,2-propadiene*® (0.063 g, 0.925
mmol) at 50 °C in THF for 39 h in a pressure tube according
to the procedure described above, eluting with EtOAc/hexane
(1:30) afforded pure benzopyran 26 (0.015 g, 33%) as a yellow
oil, and a chromatographically inseparable mixture of ben-
zopyran 27 and diene 28 (28:72 by 'H NMR) (0.017 g, 37%) as
a colorless oil.

Analytical data for benzopyran 26: R; = 0.48 (EtOAc/
hexane 1:9); 'H NMR (400 MHz, CDCl;) 6 7.51 (d, J = 7.8 Hz,
1 H), 7.21 (td, J = 8.1 Hz, 1.6 Hz, 1 H), 6.95-6.89 (m, 2 H),
5.562 (s, 1 H), 5.06 (s, 1 H), 4.41 (s, 1 H), 4.26—4.14 (m, 2 H),
1.27 (s, 3 H), 1.25 (t, J = 7.1 Hz, 3 H), 1.24 (s, 3 H); 1*C NMR
(100 MHz, CDCl3) 6 169.4, 152.1, 144.9, 129.4, 124.8, 121.1,
120.9, 116.8, 105.0, 82.3, 60.9, 36.1, 26.1, 22.1, 13.6; IR (neat,
ecm™1) 1751 (s), 1733 (m), 1482 (s), 1455 (s), 752 (m), 764 (m);
HRMS (ES) caled for C15sH1903 (M + HT) 247.1334, found
247.1327.

Analytical data for the mixture of products 27 and 28
(28:72): Ry = 0.39 (EtOAc/hexane 1:9); 'H NMR (500 MHz,
CDCl3) 6 7.27-7.22 (m, 1 H), 7.13 (dd, J = 7.4 Hz, 1.8 Hz,
0.72 H), 7.15—7.12 (m, 0.28 H), 6.98 (td, J = 7.4 Hz, 0.9 Hz,
0.72H), 6.94 (dd, J = 8.2 Hz, 1.0 Hz, 0.28 H), 6.88 (td, J = 7.6
Hz, 1.2 Hz, 0.28 H), 6.78 (d, J = 8.2 Hz, 0.72 H), 5.46 (d, J =
0.5 Hz, 0.72 H), 5.13 (s br, 0.72 H), 5.01 (s br, 0.72 H), 4.89 (t,
J =4.8 Hz, 0.28 H), 4.67 (s br, 0.72 H), 4.57 (s, 1.44 H), 4.27—
4.20 (m, 0.28 H), 4.22 (q, J = 7.1 Hz, 2.8 Hz, 1.44 H), 4.18—
4.13 (m, 0.28 H), 3.00 (dd, J = 13.6 Hz, 5.6 Hz, 0.28 H), 2.72
(dd, J = 13.6 Hz, 4.4 Hz, 0.28 H), 2.04 (s, 2.16 H), 2.02 (s, 0.84
H), 1.85 (s, 0.84 H), 1.26 (t,J = 7.1 Hz, 2.16 H), 1.24 (t, J =
7.1 Hz, 0.84 H); 3C NMR (125 MHz, CDCl3) ¢ (170.8), 169.1,
155.2, (152.9), 147.2, 142.8, (131.8), 131.2, (129.0), (128.9),
128.4, (128.0), (123.8), 121.5, (121.3), 119.7, (116.5), 115.9,
115.2,112.5, (75.0), 66.1, (61.2), 61.1, (29.2), (22.6), (21.4), 20.4,
(14.2), 14.1; IR (neat, cm™') 1759 (s), 1734 (m),1490 (m), 1450
(m), 1190 (s), 895 (m), 752 (m); HRMS (ES) caled for C15H1903
(M + H™) 247.1334, found 247.1334.

(+)-[2-(Ethoxycarbonylmethoxy)-3-methoxyphenyl]-
iodo [(1R,2R)-N,N,N',N'-Tetramethyl-1,2-diaminocyclo-
hexane]palladium [(+)-29c]. To a solution of Pdsdbas (1.831
g, 2.00 mmol) and (1R,2R)-N,N,N',N'-tetramethyl-1,2-diami-
nocyclohexane (TMDACH)* (0.817 g, 4.800 mmol) in benzene
(60 mL) at room temperature under argon was added a
solution of aryl iodide 1¢ (1.479 g, 4.4 mmol) in benzene (5
mL). The mixture was stirred at 55 °C for 30 min. The
suspension was filtered through a plug of Celite, and solvents
were removed under reduced pressure to afford a crude
product. The crude product was purified by flash chromatog-
raphy over silica, eluting with EtOAc/hexane (1:10) to remove
excess dibenzylideneacetone (dba), and subsequently with
EtOAc/hexane (1:1) to afford palladium(II) complex (+)-29¢
(2.007 g, 82%) as a yellow solid: mp 92—95 °C (EtOAc/hexane
1:1); Ry = 0.43 (EtOAc/hexane 1:1); [a]?’p +18.7 (¢ 0.77 CHg-
Clp); '™H NMR (400 MHz, CDCl;) 6 6.86 (ddd, J = 7.6 Hz, 4.7

(49) For the preparation of TMDACH from diaminocyclohexane,
see: Remenar, J. F.; Brett, B. L.; Column, D. V. J. Am. Chem. Soc.
1997, 119, 5567—5572.
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Hz, 1.2 Hz, 1 H), 6.73 (td, J = 7.8 Hz, 1.6 Hz, 1 H), 6.45 (t,
J=8.1Hz 1H),5.21(d,J =15.8 Hz, 0.5 H), 5.04 (d, J = 15.7
Hz, 0.5 H), 4.71 (dd, J = 15.8 Hz, 2.4 Hz, 1 H), 4.31—4.03 (m,
2 H), 3.76 (s, 1.5 H), 3.75 (s, 1.5 H), 2.95 (td, J = 11.3 Hz, 3.6
Hz, 1 H), 2.87 (s, 3 H), 2.77—2.64 (m, 1 H), 2.69 (s, 1 H), 2.61
(s, 2 H), 259 (s, 1 H), 2.53 (s, 2 H), 2.47 (s, 2 H), 2.33 (s, 1 H),
2.08—2.01 (m, 2 H), 1.78—1.65 (m, 2 H), 1.37—1.24 (m, 2 H),
1.30 (t, J = 7.1 Hz, 3 H), 1.21-1.03 (m, 2 H); 3*C NMR (100
MHz, CDCls) 6 171.0, (170.9), 151.7, (151.5), 148.3, (147.9),
137.8,(137.2), 131.3, (131.0), 122.9, (122.6), 106.8, (106.4), 70.3,
(69.6), 67.6, (67.3), 66.9, (66.3), 60.3, 54.9, (54.8), 49.8, (49.9),
48.9, (48.1), 42.6, (41.7), 41.5, (41.1), 24.7, 24.6, 23.3, 23.2,
(23.1), 14.3 (signals for a conformational isomer arising due
to a hindered rotation about the aryl-palladium bond®* are
given in parentheses); IR (KBr, cm™) 1751 (s), 1458 (s), 1195
(s), 840 (m), 767 (m); HRMS (ES) calced for Cp1H3sN204IPd
(M + H*) 613.0755, found 613.0732.
(—)-[(Ethoxycarbonylmethineoxy-3-methoxy-1,2-phen-
ylene)l[(1R,2R)-(N,N,N',N'-tetramethyl-1,2-diaminocyclo-
hexane)]palladium [(—)-30c]. To a suspension of palladium-
(II) complex (+)-29¢ (0.613 g, 1.00 mmol) in THF (40 mL)
under argon at room temperature was added ¢-BuOK (1.0 M
solution in THF, 1.80 mL, 1.80 mmol). The reaction mixture
was stirred for 4 h at room temperature. The suspension was
filtered though a plug of Celite and basic alumina, eluting with
EtOAc, and solvents were removed under reduced pressure
to afford palladacycle (—)-30c¢ (0.305 g, 63%) as a pale yellow
solid in 50% de (ratio of diastereomeric palladacycles 75:25
was established by 'H NMR): mp 143—145 °C (EtOAc); Ry =
0.13 (EtOAc/hexane 1:1); [a]?°p —111.4 (¢ 0.42 CH,Cly); 'H
NMR (500 MHz, CDCls) 6 6.71 (dd, J = 6.9 Hz, 1.9 Hz, 1 H),
6.64—6.56 (m, 2 H), 5.75 (s, 0.75 H), 5.35 (s, 0.25 H), 4.13—
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4.05 (m, 1.5 H), 3.98 (q, J = 2.7 Hz, 0.5 H), 3.81 (s, 3 H), 2.95
(s, 2.25 H), 2.87 (s, 2.25 H), 2.79 (s, 0.75 H), 2.77 (s, 0.75 H),
2.76 (s, 0.75 H), 2,71 (s, 0.75 H), 2.64 (s, 2.25 H), 2.50 (s, 2.25
H), 2.24—-2.07 (m, 2 H), 1.83—1.77 (m, 4 H), 1.73—1.72 (m, 2
H), 1.4—-1.20 (m, 2 H), 1.16 (t, J = 7.1 Hz, 3 H); 13C NMR (125
MHz, CDCls) 6 178.1, (177.8), 162.3, (161.0), (143.8), 143.7,
(139.9), 138.6, 125.9, (125.9), 117.9, (117.3), 109.5, (109.0), 88.2,
(87.6), (68.6), 68.5, (67.4), 67.3, 59.4, (59.0), 56.2, (56.0), 48.7,
48.6, (48.5), 47.7, 42.7, (41.7), (41.0), 38.2, 25.6, (25.0), 24.5,
(23.5), (22.8), 21.6, 14.4, (14.1) (signals for the minor diaste-
reomer are given in parentheses); IR (KBr, cm™1) 1710 (s), 1458
(m), 1431 (m), 1145 (m), 844 (m), 594 (m); HRMS (FAB) caled
for Co1H35N204Pd (M + H') 485.1632, found 485.1628.
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