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Abstract: Palladium(0)-catalyzed reaction of allene-substituted allylic carboxylates 3—8 employing 2—5
mol % of Pd(dba). in refluxing toluene leads to the carbocyclization and elimination of carboxylic acid to
give bicyclo[4.3.0]nonadiene and bicyclo[5.3.0]decadiene derivatives (12—17). The carbon—carbon bond
formation is stereospecific, occurring syn with respect to the leaving group. Addition of maleic anhydride
as a ligand to the above-mentioned procedures changed the outcome of the reaction, and under these
conditions 3—5 afforded cycloisomerized products 21—23. The experimental results are consistent with a
mechanism involving oxidative addition of the allylic carboxylate to Pd(0) to give an electron-deficient (sz-
allyl)palladium intermediate, followed by nucleophilic attack by the allene on the face of the z-allyl opposite
to that of the palladium atom. Furthermore, it was found that the Pd(dba).-catalyzed cyclization of the
trans-cycloheptene derivative (trans-8) can be directed to give either the trans-fused (trans-17) or the cis-
fused (cis-17) ring system by altering the solvent. The former reaction proceeds via a nucleophilic trans-
allene attack on the (sz-allyl)palladium intermediate, whereas the latter involves a syn-allene insertion into
the allyl—Pd bond of the same intermediate. The products from the carbocylization undergo stereoselective
Diels—Alder reactions to give stereodefined polycyclic systems in high yields.

Introduction However, a major limitation of carbocyclization reactions is that

. . . the nucleophilic carbon partner in most cases is restricted to
Intramolecular nucleophilic addition taz{allyl)palladium

. . . stabilized nucleophiles.

intermediates offers a powerful methodology for the construction ) . .

of a great variety of cyclic compounds under mild reaction Unagtlvated carb0ﬁparbon multiple bond§, that isz-nu-
conditionst2 Some significant features that these types of Cl€ophiles, are attractive carbon *nucleophiles” farg(lyl)-
reactions display are the high control of regio- and stereose- Palladium intermediates due to their broad functional group
lectivity. In catalytic reactions, the intermediater-gllyl)- tolerance and easy accessibifiyAfter investigation of this
palladium complex can be generated from an allylic carboxyl- concept, we were able to report on the first established example
ate3*a conjugated dien® or an allené8 Intramolecular attack  Of trans-attack by an allenic double bond onzadllyl)palladium

by heteroatom nucleophiles or a stabilized carbon anion on thecomplex:! This concept was further developed to invotw@ns-
m-allyl results in heterocyclic and carbocyclic produkfs.  allene attack on ant-diene)palladium comple} Such arans
attack by am-nucleophile onz-coordinated palladium ligand

is rare!® and one of the few previously established examples is

(1) Trost, B. M.Angew. Chem., Int. Ed. Engl989 28, 1173.

(2) (a) Tsuji, J.Palladium Reagents and Catalysis: Inmions in Organic
SynthesisWiley: Chichester, 1995. (b) Tsuji, Jransition Metal Reagents
and Catalysts- Innovation in Organic SynthesisViley: New York, 2000.

(10) Attack by an unactivated carbeparbon double bond on ar{allyl)-

(3) (a) Trost, B. M.Acc. Chem. Resl98Q 13, 385. (b) Godleski, S. A. In
Comprehensk organic synthesjgrost, B. M., Flemming, I., Semmelhack,
M. F., Eds.; Pergamon: Oxford, 1991; Vol. 4, Chapter 3.3.

(4) (a) Takacs, J. M.; Lawson, E. C.; Clement,JF.Am. Chem. Sod.997,
119 5956. (b) M&dez, M.; Cuerva, J. M.; Gomez-Bengoa, E rd&mas,
D. J.; Echavarren, A. MChem.-Eur. J2002 8, 3620.

(5) Backvall, J. E. InMetal-catalyzed Cross-Coupling Reactipi&ang, P.,
Diederich, F., Eds.; WileyVCH: Weinham, 1998; pp 339385.

(6) (a) Nystron, J. E.; Nordberg, R. E.; B&vall, J. E.J. Am. Chem. Soc.
1985 107, 3676. (b) Bakvall, J. E.; Andersson, P. @. Am. Chem. Soc
1992 114, 6374.

(7) (@) Zimmer, R.; Dinesh, C. U.; Nandanam, E.; Khan, F.Chem. Re.
200Q 100, 3067. (b) Cazes, B2ure Appl. Cheml99Q 62, 1867. (c) Gamez,
P.; Arriente, C.; GorelJ.; Casez, BTetrahedron1998 54, 14835. (d)
Yamamoto, Y.; Radhakrishnan, Ghem. Soc. Re1999 28, 199. (e) Trost,
B. M.; Gerusz, V. JJ. Am. Chem. S0d.995 117, 5156.

(8) (a) Jonasson, C.; Horira A.; Backvall, J. E.J. Am. Chem. SoQ00Q
122 9600. (b) Jonasson, C.; Karstens, W. F. J.; Hiemstra, Fck&al,

J.-E. Tetrahedron Lett200Q 41, 1619. (c) Bates, R. W.; Satcharoen, V.

Chem. Soc. Re 2002 31, 12.
(9) Heumann, A.; Rglier, M. Tetrahedron1995 51, 975.
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palladium complex has been inferred as a mechanistic possibility in catalytic
carbon-carbon bond forming reactions, but so far no stereochemical
evidence has been provided. (a) Oppolzer ANgew. Chem., Int. Ed. Engl
1989 28, 38. (b) Oppolzer, W.; Gaudin, J. M.; Birkinshaw, T. N.
Tetrahedron Lett1988 29, 4705. (c) Aubert, C.; Buisine, O.; Malacria,

M. Chem. Re. 2002 102 813. (d) Trost, B. M.; Luengo, J.J. Am. Chem.
Soc 1988 110, 8239.

(11) Franze, J.; Ldstedt, J.; Dorange, |.; B&vall, J. E.J. Am. Chem. Soc

2002 124 11246.

(12) Dorange, |.; Ltstedt, J.; Nehi, K.; FranZe, J.; Bakvall, J. E.Chem.-

Eur. J.2003 9, 3445.

(13) (a) In general, the use of unactivated double bonds as nucleophiles in

organometallic chemistry is rare but has been proposed in palladium-
catalyzed Cope rearrangméff, in platinum-catalyzed intramolecular
reactions of enyne$c—e and in platinum-catalyzed dimerization of olefifis

as likely pathways. (b) Overman, L. E.; Jacobsen, B. Am. Chem. Soc.
1982 104, 7225. (c) Mendez, M.; Mups, Nevado, C.; Gdenas, D. J.;
Echavarren, A. MJ. Am. Chem. So2001, 123 10511. (d) Madez, M.;
Echavarren, A. MEur. J. Org. Chem2002 67, 15. (e) Oi, S.; Tsukamoto,

I.; Miyano, S.; Inoue, Y.Organometallics2001, 20, 3704. (f) Hahn, C.;
Cucciolito, M. E.; Vitagliano, AJ. Am. Chem. So@002 124, 9038.
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the use of an allylsilane as a nucleophile aralyl)palladium
and (r-diene)palladium complexés.

n=2, trans-8

ring substrate could be directed to give either titaas or the
cis-fused product by simply altering the solvent. It was also

During the past decade, palladium-catalyzed reactions of possible to change the course of the reaction to favor the

allenes have attracted considerable intet&3t:16 We have
recently reported on the intramolecular palladium(ll)-catalyzed
carbocyclizations of allene substituted 1,3-dietfesn the

cycloisomerized produd€, by adding maleic anhydride to the
Pd(dba) reaction mixture (Scheme 1).

present paper, we have studied the synthetic applications, scope{€sults and Discussion

and limitations of the palladium(0)-catalyzed reaction of allenes
with allylic carboxylates. We have found that oxidative addition
of a palladium(0) catalyst to allylic carboxylatésleads to a
(7r-allyl)palladium intermediate, which is attacked by the allene
on the coordinated allyl group in an intramolecular reaction with
carbon-carbon bond formation. The cyclized produBtsvere

The substrates chosen for this study were readily available
via the palladium(ll)-catalyzedis-1,4-chloroacyloxylation of
the corresponding 1,3-diene to giees-1 (Scheme 2}8 Sub-
sequent substitution of the chloride with either retentiorPd
or inversion (heat) affordedis- andtrans-allylic malonate<2,
respectivelyt® A coupling of the latter products with 1-bromo-

obtained in good yields (Scheme 1). Under these reaction 3 3-dimethylallen® yielded, in each case, the required substrates

conditions, the new carbercarbon bond is stereospecifically
formed with syn stereochemistry with respect to the allylic
carboxylate. Thus, for the catalytic cyclization of the seven-
membered rings of typA, the cis-substrate gave thes-fused
product, whereas theans-substrate afforded thgansfused

cis- andtrans-3 in good to moderate yields (for further details,
see Supporting Information}.

Intramolecular Palladium(0)-Catalyzed Allylations of Al-
lenes. The palladium(0)-catalyzed reaction ois-3a resulted
in a carbocyclization to produags-12. The reaction conditions

product. It was also demonstrated that the reaction path can b&qre varied (Table 1), and it was found that the use of 2 mol

altered fromtrans-allene attack to the more commonly observed
synallene insertio® by changing the ligand/solvent system.
In this way, catalytic cyclization of thgans seven-membered

(14) Allylsilanes have been proven to act as nucleophilessediéne)- and
(7-allyl)palladium complex: (a) see ref 13d. (b) CastaA. M.; Persson,

B. A.; Backvall, J. E.Chem.-Eur. J1997, 3, 482. (c) Trost, B. M.; Keinan,
E. Tetrahedron Lett198Q 21, 2595.

(15) Ma, S.; Zhan, J.; Lu, LChem.-Eur. J2003 9, 2447.

(16) Lofstedt, J.; Franzg J.; Bakvall, J. E.J. Org. Chem?2001, 66, 8015.

(17) It has been shown in previous studies that the carlbarbon multiple
bond, for example, olefinsa¢ dienest’d and allened’¢! can inset into
(-allyl)palladium bonds. (a) See ref 10a,b. (b)r@enas, D. J.; Alcami
M.; Cos$o, F.; Mendez, M.; Echavarren, A. MChem.-Eur. J2003 9,

96. (c) Ganez-Bengoa, E.; Cuerva, J. M.; Echavarren, A. M.; Martorell,
G. Angew. Chem., Int. Ed. Endl997, 36, 767. (d) Trost, B. M.; Luengo,

J. 1.J. Am. Chem. S0d.988 110, 8239. (e) Stoichiometric reactions, see:
Hughes, R. P.; Powell, J. Organomet. Chen1969 20, P17;1973 60,
409. (f) Catalytic reactions, see: Doi, T.; Yanagisawa, A.; Nakanishi, S.;
Yamamoto, K.; Takahashi, T. Org. Chem1996 61, 2602.

% of Pd(dbay in refluxing toluene gave the best result. Under
these conditiong;is-12 was obtained in 76% isolated yield after

2 h of reaction time (Table 1, entry 7). If the temperature or
catalyst load was lowered, the reaction time increased. Refluxing

(18) B&kvall, J. E.; Granberg, K. L.; Hopkins, R. Bcta Chem. Scand.99Q

44, 492,
(19) B&kvall, J. E.; Nystien, J. E.; Nordberg, R. E1. Am. Chem. S0d.985

107, 3676.
(20) Sigman, S. S.; Eaton, B. H. Am. Chem. S0d.996 118 11783.
(21) To succeed in the coupling reaction of bromoallene with the acetate and
benzoate analogue® it was essential that the sodium hydride (60%
dispersion in mineral oil) was of good quality. Sodium hydride that has
been exposed to air moisture can contain substantial amounts of sodium
hydroxide, which leads to degradation of the acetate and benzoate analogues
2 most likely via hydrolysis of the ester functions under the reaction
condition used (see Scheme 2). However, the pivalic analogu2svefe

not sensitive to the quality of the sodium hydride due to steric hindrance
toward hydrolysis from théert-butyl-group.

J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003 14141
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Table 1. Cyclization of cis-3a under Different Reaction

Conditions?@
E E HE E
7Y e (O
+BuCOy I
cis-3a )k
isolated
amount  conv. reaction yield of reaction
entry  solvent catalyst (mol%) (%) time(h) cis-12 (%) temp. (°C)
1 THF Pd(PPE4 10 30 16 not det 66
2 THF Pd(dba) 13 100 30 54 66
3 THF Pd(dba) 2 15 15 not det 66
4 CHCN Pd(dba 10 100 <1 notdet 82
5 CHCN Pd(dba 2 100 <2 68 82
6 toluene Pd(dba) 10 100 <1 76 111
7 toluene Pd(dba) 2 100 <2 76 111
8 AcOH Pd(dbg) 10 100 18 not det. 90

a Allenic carboxylatecis-3aand the catalyst were dissolved in the specific
solvent (10 mL/mmol) and heated to the indicated temperature.

NMR. Three different leaving-groups were investigated in the
cyclization. The reactions with acetates-3b—5b and ben-
zoatescis-3c—5c all gave higher yields than the corresponding
reactions with pivalatesis-3a—5a, which was expected due to
the better leaving-group ability of these allylic carboxylates in
palladium(0)-catalyzed oxidative addition reactions (Table 2,
entries -3 and 5-10).

It is noteworthy that the regioselectivity in the cyclization of
cis-6 was higher than that afis-5 (Table 2, entries 811). The
alkene in the side chain ofis6 most likely acts as an
intramolecular ligand for palladium, giving a complex where
B-hydride elimination of one of the methyl hydrogen is favored
(see also Scheme 8). Treatment of the acyclic subsfrare
refluxing toluene with Pd(dbagavel6in low yield, together
with an unidentified byproduct. However, exchanging the
solvent for acetonitrile suppressed the formation of byproducts,
and 16 could be isolated in 59% yield.

The influence of the relative stereochemistry between the

acetonitrile could also be used, but the yield was slightly lower 1€aving-group and the pendant allene on the outcome of the
(Table 1, entry 5). In THF, the catalyst load had to be increased cyclization was investigated. Attempts to cyclize the six-

in combination with prolonged reaction time to obtain full
conversion (Table 1, entries 2 and 3).

Using the conditions of entry 7 in Table 1 (2 mol % of Pd-
(dba), refluxing toluene), we smoothly converted compounds
cis-3—6 into the bicyclic systemsis-12—15 in good to high
yields (Table 2). All reactions gave full conversion within 2 h
with no detectable amount of side products accordingHo

Table 2. Palladium(0)-Catalyzed Cyclization of Cyclohexene Derivatives?

membered ringrans-3a under the reaction conditions used for
thecis-substrates (Pd(dba}oluene) were unsuccessful, and no
reaction occurred (Table 2, entry 4). The analogous comparison
of the reactivity of the seven-membered ring compounis3d
andtrans8, was also investigated. The seven-membered ring
analoguesis-8a—c gave thecis-fused ring systemais-17 (Table

3, entries £5); for examplecis-8b in refluxing decane gave

Entry R Substrate Product(s) Yield (%)
E_E
1 tBu cis3a /O)Qn 76
Me  cis-3b Rgeo I 88
3 Ph cis3c P 89
E_E
4 /O\ﬁ - Only S.M.
+BuCO;, )j\ back
trans-3a
E_E
5 rBu cisda /O)Qn 68
6 Me cis-4b RCO, I 76
7 Ph cis-dc¢ é 92
E.E
8 t+Bu cis-5a /Q)ﬂ' 66
9 Me CiS'sb RCO, I 92
10 Ph cis-5c¢ )J\/ 95
E_E
11 m « 68
+BuCO; )O
cis6
E_E E E
12%¢ FBUCOZ/W<” 59
7 I

PN

aUnless otherwise noted, the allenic carboxylate and Pd{dRajol %) were dissolved in toluene (10 mL/mmol) and refluxed for 2 Isolated yield.
CE:Z = 76:24.95 mol % of Pd(dba)was employede Acetonitrile was used as solvent (10 mL/mmol), and the reaction mixture was refluxed for 5 h.

14142 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003
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Table 3. Palladium(0)-Catalyzed Cyclization of Cycloheptene Derivatives 82

Entry R Substrate Product(s) Ratio  Yield®
1 t-Bu cis-8a E_E HEE EE 66:34 76
2 t-Bu cis-8a - 76:24 67
3 Me cis-8b Q><" A 74:26 86
[ # Me cis-8b | ROz PN H RCOS 100:0 83
: cis17 18 -
5 Ph cis-8¢ 68:32 89
6 +-Bu  trans-8a EE WE E W& E 47:53 83
7 t+-Bu  trans-8a \S} 77:23 73
8! t+-Bu  trans-8a Q )k Y/ & 7 100:0  not det.
9 Me rrans-8b RGO vanst7 rans49 60:40 _ not det.
[ 10 Me  trans-8b | 937 90

aUnless otherwise noted, allenic carboxylate and Pd¢d@ainol %) were dissolved in toluene (10 mL/mmol) and refluxed for 28 1kolated yield.
¢ Decane was used as solvent (5 mL/mmol), and the reaction mixture was refluxed f8r2huiv of Pd(dba)was used.

Scheme 3
E E
Pd(dba), (5 mol%)
! —
decane, reflux
AcO
cis-8b

E WE E
\Qn Pd(dba), (5 mol%)
_—

)k decane, reflux
AcO trans-8b

trans-17 trans-19

(90%) ratio 93:7

Scheme 4. Solvent Effect in the Cyclization of trans-8

H E E
Pd(dba), (5 mol%) Q
/ CHZCN, reflux H'"'/

cis-17 R = t+Bu (88%)

R = Me (91%)

op

RCOZ
N\ Pd(dba), (5 mol%)

Toluene or decane
reflux

trans-8a,b

trans-17
(see Table 3)

cis-17 as the single product in 83% yield. The isomeric seven-
membered ring compoundsans8ab gavetransl17 as the
major product with no observable formation @f-17 (Table
3, entries 6-10). Thus, the cyclization of the seven-membered
ring substratescis-8a—c and trans8a—b is stereospecific,

increasing the temperature in the reactiorcisf8b (Pd(dbay,
refluxing decane), we could suppress the formatiowisfl8,
andcis-17 was formed as a single product in 83% yield (Table
3, entry 4).

Cyclization oftrans-8 was sluggish and irreproducible under
the standard conditions (Pd(dbakgfluxing toluene). However,
trans-17 could be isolated together with the reduced product
trans19. The ratio betweenrrans17 and trans19 varied
between the experiments, btlans19 was the dominating
product for the cyclization afans-8ain toluene (Table 3, entry
6). For the cyclization ofrans-8b in toluene trans-17 andtrans
19 were formed in a ratio of 60:40 (Table 3, entry 8). The
catalytic cycle for the formation dfans-19is not clear, but it
is believed to involve a palladium-hydride speciésyhereas
formation oftrans-17 involves oxidative addition and formation
of a (w-allyl)palladium intermediate. When the reaction tem-
perature was increased, oxidative addition was favored over the
Pd-hydride routé# and with 5 mol % of Pd(dba)in refluxing
decanetrans8b cyclized to givetrans-17 andtrans-19 with a
ratio of 93:7 and 90% total yield (Table 3, entry 2D Attempts
to cyclize allylic benzoatérans-8c with Pd(dba) in refluxing
toluene resulted in a slow conversion of the substrate and the
formation of a crude mixture of products where only traces of
trans-17 andtrans-19 could be detected. Interestingly, cycliza-
tion of trans8c with Pd(dba) in refluxing decane gave
compoundtrans-20 in 58% isolated yield.

PhCO»
trans-20

When the ring size of the starting material was reduced to a

proceeding with overall syn stereochemistry. As demonstrated five-membered ring9) or an additional carbon was placed

in Scheme 3, the two isomers 8b cyclized under the same
reaction conditions (Pd(dbadecane) to give a specific isomer
in each case, that isjs-8b — cis-17 andtrans-8b — trans-17.

between the allylic moiety and the allerfé)(11),26 the reaction
failed (Figure 1). When lithium chloride was added to the
reaction of3—8, the catalytic reaction was completely inhibited

Cyclization of the seven-membered ring compounds required in all cases, and the starting material was recovered.

a higher catalytic loading and prolonged reaction time to reach

(22) The stereochemistry of the bridgehead protons has not been assigned.

full conversion as compared to the six-membered ring analogues.(23) Addition of H-Pd—O,CR to one of the allenic double bonds timns8

Reaction of compoundsis-8a—c with 5 mol % of Pd(dba)in
refluxing toluene for 20 h gaveis-17 together with the
corresponding product8? in a ratio of approximately 2:1 to

could give a vinylpalladium species followed by insertion of the olefin
into the vinylpalladium bond and subsequent elimination of R@&Gield
trans-19.
(24) This is in accordance with a more positix&* for the oxidative addition
athway.

3:1 (Table 3, entries 1, 3, and 5). We argued that this was an (25) Reaction ofcis- andtrans-8b in refluxing decane in the absence of Pd-

effect of slower oxidative addition to the seven-membered rings

(dba) for 2 h resulted in complete degradation of the substrate without
any detectible formation of7.

as compared to the corresponding six-membered rings. By (26) No cyclization occurred, see also ref 17f.

J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003 14143
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E E E E
FBUCOZ%
| #BuCO, ~.
+BUCOZ cis-11 Y

Figure 1. Unsuccessful cyclization substrates.

E_E
JoRt
cis-9 cis-10 Y

Scheme 5. Cyclization of trans-3a via Insertion

E._ E
Pd(dba), CH3CN
trans-3a ———> ) —_—
(5 mol%) /”\ insertion
® pg

toluene no reaction

Control of Stereochemistry in the Carbocyclization Reac-
tion. Whentrans-8a was treated with a stoichoimetric amount
of palladium and LIiCl in refluxing acetonitrilecis-17 was

obtained. The catalytic reaction, as previously mentioned, gave

the opposite stereochemistry and affordeaths-17 (Table 3,
entries 6-11). Initial attempts to transforirans-8ato cis-17

in a catalytic reaction failed, but further studies revealed that
LiCl had to be removed to obtain a catalytic process. Reaction
of trans-8a,b in refluxing acetonitrile in the presence of 5 mol
% of Pd(dba) affordedcis-17aandcis-17bin 88% and 91%
yield, respectively. As previously discussed (Table 3), cycliza-
tion of trans-8a,b in a noncoordinating solvent such as toluene
or decane gaveans-17. Thus, the stereochemistry of the pro-
duct can be controlled, by simply altering the solvent (Scheme
4).

The solvent effect was further demonstrated in the cyclization
of trans3a, which gave no cyclized product under catalytic
conditions with Pd(dba)in toluene (Table 2, entry 4). However,
with 10 mol % of Pd(dba)in refluxing acetonitrile trans-3a
yieldedcis-12 in 80% yield (determined byH NMR) (Scheme
5). The reaction involves formation of the indicateis-
palladium intermediate followed by coordination to the allene
and insertion into theA-allyl)palladium bond-’f

Unfortunately, there was no solvent effect observed in the
reaction with thecis-substrates. Bothis-3 andcis-8 gave the
corresponding productgs-12 andcis-17 in acetonitrile as well
as in toluene.

Palladium(0)-Catalyzed Cycloisomerizationln an attempt
to use a more electron-withdrawing ligand on the palladium
catalyst, maleic anhydride was added to the reaction mixture.
Interestingly, the palladium-catalyzed reactioncE3a in the

(Table 4, entry 1). The corresponding carbocylizations of
cyclohexyl- and methyl-ethyl-substituted allerés4a andcis-
5aafforded product@2aand23a, respectively (Table 4, entries
4 and 7).

The acetatedis-3b—5b) and benzoate derivativesig3c—
5¢) also underwent cycloisomerization with the Pd(dbagleic
anhydride catalyst system to giv&lb—23b and 21c-23¢
respectively. However, under these reaction conditions, the
corresponding products2—14 were formed as side products
(Table 4).

Unfortunately, this reaction was not as general as the cycli-
zation previously discussedi$-3a — cis-12), and substrates
trans-3, cis-6, 7, cis-8, andtrans8 failed to undergo cyclo-
isomerization. Neithetrans-3a, cis-8, nortrans-8 reacted, and
only the starting material was recovered. Allesie 6 was not
affected by the addition of maleic anhydride and cyclized to
give cis-1527 The acyclic substraté gave a complex mixture
of products that were not characterized.

Isolation of Reaction Intermediates.We have previously
found that {-allyl)palladium complex24 can be isolated via
the allylic trifluoroacetateis-3e (Scheme 531 Trifluoroacetate
cis-3ewas obtained by transformation of the pivalic estir
3ato alcoholcis-3d, followed by esterification with trifluoro-
acetic anhydride. Subsequent treatmentisf3e with Pd(dba)
and LiCl in acetonitrile gave chloro-comple2d as a single
product. ComplexX4 was also obtained by treatment@$-3e
with Pd(dba) and ByNCI in toluene. This shows that the
solvent has no effect on the stereochemistry of the oxidative
addition?® Ligand exchange using 2;Bipyridine gave the
cationic complex25, which proved to be very stable and could
be stored at room temperature for several weeks. An NOE was
observed between jand H,, which confirms that the stereo-
chemistry between palladium and the allenic moietyriss
(25, Scheme 6%°

When chloro-comple24 was treated with AgBJin toluene
and heated to reflux for 2 tgis-12 was obtained as a single
product (Scheme 7).

When pivalate3a was treated with stoichiometric amounts
of Pd(dbay and lithium chloride in acetonitrile, none of complex
24 could be detected. A reasonable explanation is that oxidative
addition of the allylic pivalate to Pd(0) is slower than the
carbon-carbon bond formation and on prolonged reaction time
at increased temperature the cyclized comptéx26 was
obtained as a single product. Compounr#s3a andtrans-3a
gave the same palladium compleis-26. On the other hand,

presence of maleic anhydride gave the cycloisomerized productcis-8a did not react at all with stoichiometric amounts of Pd-

2lain 77% isolated yield, and no tracest could be detected

Scheme 6 2

E_E E E
ml cord @ e
E N —
" /U\ ; )J\
Pd

cis-3a R=tBuCO a
cis-3d R=H :|

cis-36 R=CFCO b

&;ci 24
2

(dba} and lithium chloride, whereasans-8a gave palladium

] * CFsS04
Pd fa 25

a(a) NaOMe, MeOH, reflux; (b) (C4#£0)0, EtO, 0°C; (c) Pd(dba) (1 equiv), LiCl, CD;CN (14 mL/mmol), room temperature; (d) Pd(dbé) equiv),

BusNCl, toluene; (e) AgOTHf, bipyridine, room temperature.

14144 J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003



Carbocyclization of Allenic Allylic Carboxylates

ARTICLES

Table 4. Palladium(0)-Catalyzed Cycloisomerizations?

Entry R Substrate Product(s) Ratio Total
Yield (%)

E_E

1 t-Bu cis-3a m| 21a - 77

2 I\leg ci;-3b RCO; /U\ 21b+12 86:14 83

3 cis-3¢ 21c+12 79:21 81
E_E

4  t+Bu cis4a /Q)Sl 22a - 76

5 Me cis-4b RCO i 22b+13 79:21 85

Ph  cis-4¢ z

6 é 22¢+13 82:18 66
E. E

7° tBu cis-5a /Q)/\" 23a’ - 45

8 1\;1; cis-5b poo )J\/ 23b'+(14a:14b)°  70:30 86

9 cis-Sc¢ 23c¢'+(14a:14b)°  67:33 87

aUnless otherwise noted, the allenic carboxylate, maleic anhydride (1 equiv), and Rd@lba)l %) were dissolved in toluene (10 mL/mmol) and
refluxed for 15 minP Isolated yield.c 1 h reaction timed 1:1 mixture of diastereoisomersl4aE-14hb:Z-14b, ratio 50:38:12.

Scheme 7
E E HE E
©)§' AgBF, 3
| ———
R |  Toluene G
Pd )I\ reflux

>%;C|

2 24

Scheme 8. Cyclization of 3 via anti-Allene Attack
H E E

cis-12

cis-3

complexcis-27 under these conditions.

E_E
Cl
PL X
2
n=1, cis-26
n=2, cis-27

Mechanism. The NMR characterization of comple2d via
the corresponding bipyridine comple®5 establishes that
palladium and I are on the same face of the ring and that the
side chain with the allene igans to palladium (Scheme 6).
Stripping off the chloride ligands from compl&® with AgBF4

(27) The alkene moiety in the side chain prevents the coordination of maleic
anhydride.

triggered an external attack from the allene onsthalyl group
from the face opposite to that of palladium, giving risel®»
(Scheme 7). A proposed mechanism is presented in Scheme 8.
Oxidative addition of the allylic carboxylate to Pd(0) with
inversion of configuration gives intermedia8, and the
electron-withdrawing ligand (i.e., dba or maleic anhydride)
generates an electron-deficientdllyl)palladium intermediate.
Subsequentrans-attack by the allene generates the carbon
carbon bond and produc@9. The allylic cation is trapped by
palladium(0§° which gives rise tos-allyl)palladium complex
30. When the ligand is dbgj-hydride elimination yieldsl2,
whereas when the ligand is maleic anhydride (mah);tadyl
complex 30 is activated toward nucleophilic attack by the
carboxylate and yield21 (Scheme 8§!

The normal reactivity of carbencarbon multiple bonds with
(mr-allyl)palladium complex usually involves initial coordination
of the multiple bond to the metal followed by insertihln
our case, coordination of the allene to the metal in the cyclization
of cis-3 would require an isomerization of palladium complex
trans-28 to the correspondingis-palladium complex?

The corresponding reaction wans-3a with Pd(dba) would
give palladium compleris-28 via oxidative addition. Carboen
carbon bond formation via 1,2-insertion leads3tb When the
reactivities ofcis-3aandtrans-3ain the catalytic reaction were
compared, an isomerization thnspalladium complexX28 to
cis-palladium complex28 followed by insertion to give product

(28) (a) It has been shown that oxidative addition of allylic chloféfeand
allylic trifluoroacetate®* to Pd(0) can, under certain circumstances, be
controlled to proceed either via inversion or retention of configuration by
altering the solvent. For other examples of syn oxidative addition, see: ref
28d-f. (b) Kurosawa, H.; Kajimaru, H.; Ogoshi, S.; Yoneda, H.; Miki,
K.; Kasai, N.; Murai, S.; Ikeda, J. Am. Chem. S0d.992 114, 8417. (c)
Vitagliano, A.; Akermark, B.; Hansson, Brganometallicsl991, 10, 2592.

(d) Stary I.; Kocovsky, P.J. Am. Chem. S0d989 111, 4981. (e) Stary

I.; Zajicek, J.; KocovskyP. Tetrahedron1992 48, 7229. (f) Farthing, C.

N.; KocovsKy P.J. Am. Chem. Sod998 120, 6661.

Bipyridyl ligands have been previously employed as reporter ligands to
assign the stereochemistry of variousdllyl)palladium complexes. (a)
Albinati, A.; Amman, C.; Pregosin, P. S.;"Bgger, H.Organometallics
199Q 9, 1826. (b) Albinati, A.; Amman, C.; Kunz, R. W.; Pregosin, P. S.
Organometallics1991, 10, 1800. (c) Bakvall, J. E.; Granberg, K. L.;
Andersson, P. G.; Gatti, R.; Gogoll, . Org. Chem1993 58, 5445. (d)
Gogoll, A.; Gomes, J.; Bergkvist, M.; Grennberg,Brganometallics1995

14, 1354. (e) Gogoll, A.; Johansson, C.; AxéA.; Grennberg, HChem.-
Eur. J.2001, 7, 396.

This involves dissociation of palladium(0) fromw-6lefin)palladium
intermediate and trapping of the carbonium ion. Transient free Pd(0)
complex may help in this trapping.

(29

—~

(30

-
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A2 H
12 Hvb 11% NOE

Figure 2. NOE measurements of key compounds.

12 seems highly unlikely. If an isomerization would be involved,
both cis-3a and trans-3a would yield cis-12 under the same
reaction conditions.

In the catalytic reaction dfis-3 using Pd(dba) the operating
mechanism involvesrans-attack by the allene according to
Scheme 8. This is most apparent in the catalytic cyclization of
cis-8b andtrans-8b. External allene attack affordgs-17 and
trans 17, respectively, via thex-allyl)-intermediate indicated
in Scheme 9.

Scheme 9. Cyclization of cis- and trans-8b via trans-Allene Attack

E._ E E
Pd(dba),
| —
)J\ ox. add.
cis-8b ( PdL,
Pd(dba) 7/
oX. add e
trans-8b ( PdL,

The corresponding intermediates are also involved in the
reaction ofcis-3a andtrans-3a, wherecis-3a follows theanti-

s \H
cis17 H Q 12% NOE

Y_—_— “H
21a H VD 12% NOE
4% NOE
(N,
H

Performed
at-22 °C H
|
H
8% NOE
4% NOE o
1% NOE 11% NOE

Figure 3. NOE measurements on compouBgl

only the anti-allene attack productrans-17 was observed,
whereas in acetonitrilejs-17 was obtained as a single product.
The latter result is best explained by a mechanism that proceeds
via coordination of the allene to palladium followed by insertion.
These results can be interpreted as an increase of the electron
density on ther-allyl part of the (z-allyl)palladium complex
when going from toluene to acetonitrile as solv&#pparently,
electron-withdrawing ligands (e.g., dba) on palladium are ne-
cessary for thérans-allene attack on the-allyl group to occur.
This type of ligand increases the electrophilicity of the allyl
group, and the nucleophilic attack is most likely induced by
the dissociation of carboxylate from the palladium species that
gives a carbocationic palladium intermediate(Scheme 10).

The pathway viaanti-allene attack is less favored in the
presence of acetonitrile. Thus, with acetonitrile ligands on

allene attack type of mechanism, outlined in Scheme 8. On the palladium in the g-allyl)palladium complex, double bond

other handtrans-3a gives thecis-(;z-allyl)palladium intermedi-
ate (see Scheme 5), which cannot unddrgas-allene attack
due to its strained transition state. It is also interesting to point
out that under these reaction conditions (Pd(gb&luene,
reflux), no insertion of thes-allyl)palladium bond into the

insertion of the allene into the allylpalladium bond occurs to
give cis-17 via r-allyl complex32 (Scheme 10§ In this way,
a dual stereocontrol was obtained in the reactiotranis-8 via
its correspondingz-allyl complexes.

Synthetic Application. The products12—17 contain a

allene occurs and only starting material is recovered. In a control conjugated diene moiety, which can undergo stereoselective

experimentgis- andtrans-3awere mixed and reacted together;
only cis-3a was found to react after 24 h, whereaans-3a

[4+2] cycloadditiond® to give polycyclic systems in high yields
(Scheme 11). This provides a simple, direct route to more

remained unreacted. These observations support that there i€omplex polycyclic systems having a controlled stereochemistry.

no isomerization process involved in the catalytic reaction.
anti-Allene Attack versus syn-Allene Insertion. As men-

The synthetic utility of compound$2—17 was demonstrated
by the reaction ofl2 and 13 with maleic anhydride to give

tioned above, a dramatic solvent effect was observed in the cycloadduct83 and34, respectively, as a single diastereoisomer

carbocyclization ofrans-8 (Scheme 4). In toluene and decane,

Scheme 10. Stereocontrol by Ligand Tuning in the Cyclization of trans-8

in each case (Scheme 11). NOE experiments are consistent with

i Iiga.nd. 7/
dissociation nucleophilic vansA7
E_E 7 toluene (@PdLn attack
trans-8 M@ \j’Jl\ - -
PdLn ligand lada-
RCO,” exchange Q%( pa ?ypz;ene .
N ® cis17
" Pd insertion
acetonitrile
CHiCN _ Y
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Scheme 11

—
BHT, Toluene
reflux

HEE

—_—
BHT, Toluene
reflux

34 (94%)

the stereochemistry assigned 88 (see Figure 3), which is in
accordance with the stereochemistry of compouf@sand
addition of maleic anhydride to the less hindered face of bicyclic
compoundsl2.

Stereochemical Assignment.The stereochemistry of the
bicyclic productsl2 and21 was assigned from NOE measure-
ments (Figure 2). A large NOE between the bridge-junction
protons incis-17 and lack of the same itrans-17 made it
possible to differentiate between the two stereoisomers.

The Diels-Alder adduct32 was carefully investigated, and
at —22 °C in CDCk all proton signals separated. The addition
from the less sterically hindered face i was proven due to
a 4% NOE signal from the axial GHproton to the CH proton,
as indicated in Figure 3.

Conclusion

Palladium(0)-catalyzed reaction 8—8 led to bicyclic
products 12—17 via carbon-carbon bond formation. The
reaction is stereospecific and high yielding (Table 2). The
mechanism of the catalytic reaction (2 mol % of Pd(dba)
toluene) involves a nucleophilic attack by the allene on an
electron-deficients-allyl)palladium intermediate. The operating

mechanism was found to be determined by the electron density

acetonitrile) with complete stereoselectivity. The products from
the carbocylization are useful substrates for further functional-
izations, for example, a highly stereoselective Digddder
reaction, which leads to stereodefined polycyclic systems.

Experimental Section

1H NMR (400 or 300 MHz) and®C NMR (100 or 75 MHz) spectra
were recorded using chloroforoh-(7.26 ppm*H, 77 ppm?*3C) as the
internal standard. Elemental analyses were performed by Analytische
laboratorien, Lindlar, Germany. Toluene was dried over sodium and
degassed with argon immediately prior to use.

General Procedure for the Preparation of Allenes 3-8. Allene
cis-3a. To a solution ofcis-2a (1.20 g, 3.85 mmol) in THF (40 mL)
was added NaH (60% in mineral oil, 0.17 g, 4.23 mmol), and the
mixture was stirred for 10 min at room temperature. 1-Bromo-3,3-
dimethylallene (3.06 g, 7.70 mmol) was added, and the resulting mixture
was refluxed for 4 h. Water (40 mL) was added, and the aqueous phase
was extracted with EO (4 x 20 mL). The combined organic phases
were washed with water (20 mL) and dried ¢S&). The solvent was
removed in vacuo, followed by flash chromatography of the residue
(pentane:RD, 85:15), which afforded 1.22 g (84% yield) ois-3a.

'H NMR (CDCls, 400 MHz): ¢ 6.01 (dddd,J = 10.3, 2.0, 1.3, 0.7
Hz, 1H), 5.82 (ddddJ = 10.3, 4.8, 2.6, 1.3 Hz, 1H), 5.49 (septét=

2.9 Hz, 1H), 5.09 (m, 1H), 3.73 (s, 3H), 3.70 (s, 3H), 2.96 (m, 1H),
1.87 (m, 1H), 1.7#1.56 (m, 9H), 1.16 (s, 9H}*C NMR (CDClk, 100
MHz): ¢ 202.3, 178.2, 170.4, 170.3, 134.5, 125.8, 99.6, 87.2, 65.6,
61.8, 52.8, 52.6, 41.5, 38.9, 28.1, 27.3 (3C), 20.3, 20.0, 19.9.

General Procedure for the Preparation of Compounds 12-17.
Cyclization of cis-3a To Give cis-12. A solution of cis-3a (0.20 g,
0.53 mmol) and Pd(dbaf0.006 g, 0.01 mmol) in toluene (5 mL) was
refluxed for 2 h. The resulting mixture was partitioned betwee®Et
(20 mL) and aqueous NaOH (0.5 M, 10 mL). The aqueous phase was
extracted with BEO (3 x 10 mL), and the combined organic phases
were washed with water (20 mL) and dried gS&). The solvent was
removed in vacuo, followed by flash chromatography (pentap®;Et
90:10) to give 0.11 g (76% yield) aofis-12. Spectral data were in
accordance with those previously reportéd.

General Procedure for the Preparation of Compounds 2%+23.

on the palladium species, and the reaction could be controlled Cyclization of cis-3a To Give cis-21a. A solution of cis-3a (100 mg,

to proceed either vianti-allene attack or via insertion by tuning
the ligands on ther-allyl)palladium intermediate (Schemes 8

0.26 mmol), maleic anhydride (26 mg, 0.26 mmol), and Pd(d{zad
mg, 0.005 mmol) in toluene (2.5 mL) was refluxed for 1 h. The resulting

and 10). Ligand exchange from dba to acetonitrile gave a mixture was partitioned between,BX (10 mL) and 0.5 M NaOH (10

relatively electron-rich s-allyl)palladium intermediate that

mL). The aqueous phase was extracted withOE{3 x 10 mL), and

cyclized via insertion. This dual stereocontrol was demonstrated "¢ combined organic phases were washed with water (20 mL) and

by the catalytic cyclization dfrans-8 to give eithettrans-17 (5
mol % of Pd(dbaydecane) orcis-17 (5 mol % of Pd(dba)

(31) The pivalate released in the oxidative addition re-adds to the fonmadig
in 30.

(32) Isomerization could occur either via a palladium(0)-catalyzed route
(Granberg, K. L.; Bekvall, J. E.J. Am. Chem. S0d.992 114, 6858) or
via a syn re-addition of the leaving-group (Trost, B. M.; Verhoeven, T. R.
J. Am. Chem. S0d.98Q 102, 4730).

(33) It is known from previous studies thatzfallyl)Pd(CHCN),]BF4 has
electronic properties similar to those of bisejéllyl)PdCI]. Akermark, B.;
Krakenberger, B.; Hansson, Srganometallics1987 6, 620. It has also
been shown that bisstallyl)PdCI] inserts into allenes. See ref 17f.

(34) It was suggested by one of the referees that ionization of theXRebnd
to form a separated ion pair will be highly disfavored in nonpolar solvent

(i.e., toluene or decane) and thus might prevent coordination of the allene.

It was argued that such ionization should be more facile in acetonitrile,
thereby permitting allene coordination and insertion. It was therefore
proposed that excess anion ligand would inhibit the reaction. However,
adding LIOAc (20 equiv) to the cyclization reaction tofins-8a (Pd(dba)
(5 mol %) CHCN, reflux) had no effect on the outcome of the reaction,
andcis-17 was observed as the only product.

(35) Trost, B. M.; Tanoury, G. J.; Lautens, M.; Chan, C.; MacPherson, D. T.
Am. Chem. Socd 994 116, 4255.

dried (Na&SQy). The solvent was removed in vacuo, followed by flash
chromatography (pentane;B 85:15) which gave 77.1 mg (77% yield)

of cis-21a *H NMR (CDCls, 400 MHz): 6 5.86 (ddt,J = 10.1, 4.2,

2.1 Hz, 1H), 5.76 { = Hz, 1H), 5.58 (dd,J = 2.9, 0.7 Hz, 1H), 3.73

(s, 3H), 3.70 (s, 3H), 3.46 (m, 1H), 3.08 (td,= 8.3, 6.0 Hz, 1H),
1.98 (m, 2H), 1.57 (m, 3H), 1.53 (m, 3H), 1.33 (m, 2H), 1.14 (s, 9H).
3C NMR (CDCk, 100 MHz): 6 177.1, 170.8, 170.1, 154.3, 128.2,
126.7, 120.5, 79.6, 68.1, 52.9, 52.4, 45.2, 43.6, 39.3, 27.4 (4C), 26.9,
24.3, 21.6. Anal. Calcd for £H3006s: C, 66.65; H, 7.99. Found: C,
66.80; H, 8.13.

General Procedure for the Preparation of Compounds 33 and
34. Compound 33.Diene cis-12a (100 mg, 0.26 mmol), maleic
anhydride (26 mg, 0.26 mmol), and one crystal of 2,@edi-butyl-4-
methylphenol (BHT) were dissolved in toluene (2.5 mL) and refluxed
for 2 h. The solvent was removed by evaporation, followed by flash
chromatography (pentane;Bt 67:33) which gave 77.1 mg (77% yield)

(36) Franze, J.; Bakvall, J. E.J. Am. Chem. So@003 125, 6056.

J. AM. CHEM. SOC. = VOL. 125, NO. 46, 2003 14147



ARTICLES Franzén et al.

of 33. IH NMR (CDCls;, 400 MHz): 6 5.80 (ddt,J = 10.1, 4.2, 2.2 Acknowledgment. Financial support from the Swedish

Hz, 1H), 5.68 (ddddy = 10.1, 4.0, 3.1, 2.0 Hz, 1H), 3.93 (dd,= Research Council and the Swedish Foundation for Strategic
9.3, 4.6 Hz, lH), 3.77 (S, 3H), 3.74 (S, 3H), 341 (m, 3H), 3.07 O:jd, Research is gratefu"y acknow|edged_
= 13.6, 7.3 Hz, 1H), 2.47 (m, 2H), 2.01 (dddbi= 18.5, 9.9, 4.4, 2.7

Hz, 1H), 1.92 (ddtd,) = 18.5, 5.8, 3.9, 2.0 Hz, 1H), 1.79 (m, 3H) Supporting Information Available: Experimental details and
156 (td.J — 7.3, 5.6 Hz, 2H)°C NMR (CDCh, 100 MHz): 5 SPectra (PDF). This material is available free of charge via the
174.1,172.8, 171.8, 170.7, 140.7, 126.9, 126.0, 125.4, 64.0, 53.2, 53.1,/nternet at http://pubs.acs.org.

45.5,44.3, 43.9, 42.1, 41.9, 32.8, 23.1, 21.5, 20.1. JA037398U
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