COMMUNICATIONS

[1] M. Taramasso, G. Perego, B. Notari, US Patent 4410501 1983. TS-1is a
microporous titanosilicate with a three-dimensional pore system
consisting of two intersecting sets of tubular channels (approximately
5.5 A in diameter) defined by 10-membered rings of TO, tetrahedra
(T=Si or Ti). TS-1 is the Ti-analogue of ZSM-5 aluminosilicate
(zeolite), which exhibits the MFI structure (IUPAC nomenclature).

[2] B. Notari, Adv. Catal. 1996, 41, 253 334, and references therein.

[3] W. Holderich, M. Hesse, F. Naiimann, Angew. Chem. 1988, 100, 232;
Angew. Chem. Int. Ed. Engl. 1988, 27, 226 —246.

[4] R. Millini, E. Previdi Massara, G. Perego, G. Bellussi, J. Catal. 1992,
137,497 -503.

[5] C. Lamberti, S. Bordiga, A. Zecchina, A. Carati, A.N. Fitch, G.

Artioli, G. Petrini, M. Salvalaggio, G. L. Marra, J. Catal. 1999, 183,

222-231.

a) G. Ricchiardi, A. J. M. de Man, J. Sauer, Phys. Chem. Chem. Phys.

2000, 2, 2195-2204; b) A. Damin, S. Bordiga, A. Zecchina, C.

Lamberti, J. Chem. Phys. 2002, 117,226 -237; c) A. Damin, F. Bonino,

G. Ricchiardi, S. Bordiga, A. Zecchina, C. Lamberti, J. Phys. Chem. B

2002, 106, 7524-7526; d)S. Bordiga, A. Damin, F. Bonino, A.

Zecchina, G. Spano, F. Rivetti, V. Bolis, C. Lamberti, J. Phys. Chem B

2002, 106, 9892 —9905.

[7] C. Lamberti, S. Bordiga, A. Zecchina, G. Artioli, G. L. Marra, G.
Spano, J. Am. Chem. Soc. 2001, 123, 2204 -2212.

[8] M. R. Boccuti, K. M. Rao, A. Zecchina, G. Leofanti, G. Petrini, Stud.
Surf. Sci. Catal. 1989, 48, 133 -144.

[9] a) D. Scarano, A. Zecchina, S. Bordiga, F. Geobaldo, G. Spoto, G.
Petrini, G. Leofanti, M. Padovan, G. Tozzola, J. Chem. Soc. Faraday
Trans. 1993, 89, 4123-4130; b) G. Deo, A. M. Turek, 1. E. Wachs,
D. R. C. Huybrechts, P. A. Jacobs, Zeolites 1993, 13, 365-373.

[10] a) S. Bordiga, S. Coluccia, C. Lamberti, L. Marchese, A. Zecchina, F.
Boscherini, F. Buffa, F. Genoni, G. Petrini, G. Vlaic, J. Phys. Chem.
1994, 98, 4125-4132; b) T. Blasco, M. Camblor, A. Corma, J. Pérez-
Parriente, J. Am. Chem. Soc. 1993, 115, 11806—-11813.

[11] D. Gleeson, G. Sankar, C. R. A. Catlow, J. M. Thomas, G. Spano, S.
Bordiga, A. Zecchina, C. Lamberti, Phys. Chem. Chem. Phys. 2000, 2,
4812-4817.

[12] C. Li, G. Xiong, Q. Xin, J. Liu, P. Ying, Z. Feng, J. Li, W. Yang, Y.
Wang, G. Wang, X. Liu, M. Lin, X. Wang, E. Min, Angew. Chem. 1999,
111, 2358-2360; Angew. Chem. Int. Ed. 1999, 38, 2220-2222.

[13] G. Ricchiardi, A. Damin, S. Bordiga, C. Lamberti, G. Spano, F. Rivetti,
A. Zecchina, J. Am. Chem. Soc. 2001, 123, 11409 -11419.

[14] D. Trong On, S. Kaliaguine, L Bonneviot, J. Catal. 1995, 157,235 -243.

[15] To help with further reading, we note briefly that resonant Raman
spectroscopy is defined as a Raman experiment in which the exciting
wavelength coincides with, or is near to, the wavelength of an
electronic absorption of the sample. This condition guarantees a high
transfer of energy to the sample. Moreover, the use of a UV exciting
source also guarantees a significant reduction of the fluorescence
background signal. If the electronic absorption involves a localized
center, such as a transition-metal atom and its ligands in the nearest
coordination shells, excitation is also partially localized and the
vibrational features of the grouping of atoms constituted by the
central ions and the surrounding ligands can be enhanced by several
orders of magnitude, if they meet the appropriate enhancement
selection rules. Two kinds of vibrations are enhanced: a) the vibrations
which are totally symmetric with respect to the absorbing center, and
b) the vibrational modes directly involving atoms that undergo the
same molecular deformation induced by the electronic excitation.
a) Y. Nishimura, A.Y. Hirakawa, M. Tsuboi in Advances in Infrared
and Raman Spectroscopy (Eds.: R. J. H. Clark, R. E. Hester), Heyden
& Son, London, 1978; b) P. R. Carey, Biochemical Applications of
Raman and Resonance Raman Spectroscopies, Academic Press, New
York, 1982, and references therein.

[16] F. Geobaldo, S. Bordiga, A. Zecchina, E. Giamello, G. Leofanti, G.
Petrini, Catal. Lett. 1992, 16, 109-115.

[17] C. Zecchina, S. Bordiga, C. Lamberti, G. Ricchiardi, D. Scarano, G.
Petrini, G. Leofanti, M. Mantegazza, Catal. Today 1996, 32, 97-106.

[18] A.Zecchina, S. Bordiga, G. Spoto, A. Damin, G. Berlier, F. Bonino, C.
Prestipino, C. Lamberti, Top. Catal. 2002, 21, 67-78.

[19] G.Tozzola, M. A. Mantegazza, G. Ranghino, G. Petrini, S. Bordiga, G.
Ricchiardi, C. Lamberti, R. Zulian, A. Zecchina, J. Catal. 1998, 179,
64-71.

6

—_

Angew. Chem. Int. Ed. 2002, 41, No. 24

© 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[20] C. M. Barker, D. Gleeson, N. Katsoyannis, R. C. A. Catlow, G. Sankar,
J. M. Thomas, Phys. Chem. Chem. Phys. 2002, 4, 1128 —1240.

[21] P. E. Sinclair, R. C. A. Catlow, J. Phys. Chem. B 1999, 103, 1084 —1095.

[22] Note that the O—O stretching frequency of the H,0, molecules in
aqueous solution occurs at 875 cm™.

[23] Z. Ruzic-Toros, B. Kojic-Prodic, M. Sljukic, Inorg. Chimica Acta 1984,
86, 205-208.

[24] a) L. Andrews, G. V. Cherthin, A. Ricca, C. W. Bauschlicher, Jr., J.
Am. Chem. Soc. 1996, 118, 467-470; b) G. V. Cherthin, A. Citra, L.
Andrews, C. W. Bauschlicher, Jr., J. Phys. Chem. A 1997, 101, 8793 —
8802; c) A. Citra, G. V. Cherthin, L. Andrews, M. Neurock, J. Phys.
Chem. A 1997, 101, 3109-3118; d) L. Andrews, G. V. Cherthin, C. A.
Thompson, J. Dillon, S. Byrne, R. D. Davy, C. W. Bauschlicher, Jr., J.
Phys. Chem. 1996, 100, 10088 —10100.

[25] A.Zecchina, G. Spoto, S. Bordiga, A. Ferrero, G. Petrini, G. Leofanti,
M. Padovan, Stud. Surf. Sci. Catal. 1991, 69, 251 -258.

[26] When longer time exposure or higher laser power were adopted, a
component at 875 cm~! has been observed, suggesting H,0, evolution.

Pd’-Catalyzed Three-Component Tandem
Double-Addition—-Cyclization Reaction:
Stereoselective Synthesis of cis-Pyrrolidine
Derivatives**

Shengming Ma* and Ning Jiao

Pd’-catalyzed cyclization reactions of functionalized al-
lenes!! leading to carbo- and heterocyclic compounds®* has
been studied extensively. In some of these reactions, the m-
allyl palladium intermediate formed in situl’! was trapped by
an intramolecular nucleophile (path A, Scheme 1). Recently,
development of multicomponent reactions to preserve atom
economy!® and stereoselectively construct an array of several
stereogenic centers in one pot is attracting the attention of
many chemists.”! Therefore, if there is another potential
electrophilic receptor such as an imine group in the reaction
system, the Pd’-catalyzed reaction of organohalides and
allenes with a nucleophilic center would allow the formation
of pyrrolidine derivatives (path B, Nu=C, Scheme 1). To
make this concept synthetically attractive, we must address
the issues of matched relay, regioselectivity (by excluding the
formation of seven-membered product 6), and diastereose-
lectivity (Scheme 1).

The construction of pyrrolidine skeletons, a frequently
observed structural unit in various natural products, ligands,
etc., is of current interest.®° Although the transition-metal-
catalyzed cyclization of y-allenic amides to yield 2-substituted
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Scheme 1. Protocol for the selective synthesis of pyrrolidine derivatives
through a three-component reaction.

pyrrolidine has been well-documented,['>'] the transition-
metal-catalyzed multicomponent reaction of functionalized
allenes to form polysubstituted heterocyclic compounds with
high stereoselectivity has not been reported. Herein we
disclose our recent results on the three-component tandem
double-addition—cyclization of 2-(2,3-allenyl)malonates, or-
ganohalides, and imines. By tuning the reaction conditions, we
have addressed the issues of smooth relay, regio-, and
diastereoselectivity.

We recently developed four sets of reaction conditions
under which the coupling—cyclization of 2-(2,3-allenyl)malo-
nates with organohalides afforded cyclopropane derivative 2
or cyclopentene derivatives 3 with high regioselectivity (Nu =
C, Scheme 1).["*' Fortunately, under the same conditions for
path Al ([Pd(PPhs),] (5 mol %), K,CO; (4 equiv), nBu,NBr
(10 mol %), CH;CN, reflux), the reaction of 2-(2,3-allenyl)-
malonates with Phl and N-benzylidene p-toluenesulfonamide
(4a) afforded pyrrolidine derivative 5a in 89 % yield (cis/trans
9:1; Scheme 2). Premature products 2a and 3a and seven-
membered product 6a (n=1; Nu=C; R, R?, R}, R*=H; R,
R3=Ph; R®=Ts) were not observed. The structure of cis-5a
was determined by X-ray diffraction studies (Figure 1).1] On
the other hand, the corresponding reaction of 1a and 4a with

E

5 mol % [Pd(PPhs),] .
= E __ TS 10 mol % nBu,NBr _Ar
N HAd F AN Ph
Ph/_ K,CO; (4.0 equiv) N
E CH,CN, reflux e
E = COOMe overnight
1a 4a 5
Arl 4a yield of 5 cis/trans
(1.2 equiv) (equiv)

CeHgl 12 82% (5a) 90:10
p-CH3CgH,l 1.2 92% (5b) 86:14
0-CH3CgHyl 3.0 36% (5¢) 94.:6
0-CH;CeH, ™ 3.0 57% (5¢) >99:1

e Na,CO, was used as the base.

Scheme 2. Control of stereoselectivity by the steric effect and base.
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Figure 1. ORTEP representation of cis-5a.

o-methylphenyl iodide afforded pyrrolidine derivative Se¢ in
36 % yield (cis/trans 94:6; Scheme 2). The use of Na,CO; as
base gives higher yield and stereoselectivity. Based on the
results shown in Scheme 2, it can be concluded that the base
and the steric hindrance of the aryl iodide are two of the major
factors that control the stereoselectivity of this tandem
coupling—cyclization reaction. Thus, control of the stereo-
selectivity of the two carbon centers in a general manner
would be a new challenge.

The effects of different bases, solvents, and additives for the
reaction of Pd’-catalyzed reaction of 1a, iodobenzene, and
imine 4a are shown in Table 1. Of several bases tested, K,CO,
and Na,COj gave higher yields of Sa, but the cis/trans ratio is
still not excellent (Table 1, entries2 and 4). The use of a
stronger base (e.g. Cs,CO;, nBu,NBr (10 mol %), or NaH) in
the reaction favors the formation of the premature three-
membered cycle 2a or cyclopentene derivative 3a (Table 1,
entries 3 and 5), indicating a lower relay ability. The use of a
phase-transfer catalyst (nBu,NBr, 10 mol % ) has no dramatic
effect on the stereoselectivity (compare Table 1, entries 1 with
2). Fortunately, the use of THF as the solvent led to the
isolation of 5a in 72 % yield with excellent stereoselectivity
(cis/trans >99:1), albeit that 2a was also formed in 26 % yield
(Table 1, entry 8). Even with 3.0 equivalents of imine, the
relay is still not satisfactorily smooth (Table 1, entries 10 and
11). The addition of a Lewis acid did not produce better
relaying results; on the contrary, the cis/trans ratio decreased
(Table 1, entries 12). Furthermore, the effect of the temper-
ature on the reaction is clear: in THF as solvent, the reaction
in a sealed screw tube at 85°C overnight afforded pyrrolidine
derivative Sa in 90% yield exclusively, and the ratio is still
excellent (Table 1, entry 13; compare entries 10, 11, and 13).
A decrease in the amount of imine 4a from 3.0 to 1.2 equiv-
alents also gave a similar result (Table 1, entry 14). The
reaction at 100°C afforded Sa with a slightly lower stereo-
selectivity (98:2; Table 1, entry 15). Similar results are also
observed in 1,4-dioxane (Table 1, entries 16 and 17). Thus, the
solvent (THF or 1,4-dioxane) and reaction temperature
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Table 1. [Pd(PPh;),]-catalyzed tandem double-addition—cyclization of 1a with Phl and imine 4a under

different reaction conditions.

entries 7-9) the cis-pyrrolidine deriv-
atives § are formed exclusively with

E . A
5 mol % E Ph Ph high stereoselectivities by a subtle
N <E+ Phi + —N’Tswph Ph adjustment of the solvent or the
e Phﬁ solvent '\“ t of th di P
base Ts e BN amount of the corresponding imine.
E = COOMe From Tables 2 and 3, it is clear that
1a 4a 5a 2a 3a .
the current reaction can be success-
Entry Base Additivel” Imine  Solvent T [°C] Time [h] Sa Yield fully extended to a variety of organo-
[equiv] Yield [%] cislrans  2a[%]  jodides (Table 2, entries 1-14), phen-
1 K,CO, - 12 CH,CN reflux 11 7 86:14 0 yl bromide (Table 2, entry 15), phenyl
§ lézC(% A }; gHsgN regux }(1) 82 90:10 4(3)[] triflate (Table 2, entry 16) and imines
5;,CO; A . H;CN reflux trace - < . .
4 Na,CO, A 12 CH:CN reflux 11 89 955 0 (Table 3) leading to the formation of
5 NaH _ 12 DMF 85 11 31 86:14 Ol the corresponding cis-pyrrolidine de-
6 K,CO, - 12 DMF 85 12 73 75:25 Ol rivatives in 81-100% yield with ex-
7 K,CO; A 12 toluene 85 12 63 80:20 8 cellent stereoselectivities. The elec-
8 K,CO;, - 12 THF reflux 11 72 >99:1 26 tron—withdrawing tosyl group of
9 Na,CO; - 1.2 THF reflux 36 65 >99:1 11 imine 4 is i tant for thi .
10 K,CO, - 3.0 THF 40 58 82 >99:1 10 mine % 1s important for this reaction
1 K,CO; - 3.0 THF reflux. 12 38 ~99:1 38 since the corresponding reaction of
12 K,CO;, B 3.0 THF reflux 11 89 96:4 5 1a with PhI and N-(4-chlorobenzyli-
13 K.CO; - 3.0 THF 85E2 1 90 >99:1 0 dene)aniline afforded 2a as the only
14 K,CO; - 12 THF 85 10 86 >99:1 0 . o .
s K.CO. 12 THF 1000 10 o 082 0 product in 92 % yield, pr.ol.)ably as a
16 K,CO, - 12 Clel 85 7 36 <991 0 .res.ult of the lower reactivity of this
17 K,CO; - 1.2 Clel reflux 6 75 >99:1 0 imine.

[a] PhI (1.2 equiv), base (4.0 equiv), and NaH (1.1 equiv) were used. [b] A=
Cu(OTf), (10mol%); [c]4% of 3a was produced. [d] 57% of 3a was produced. [e]5% of 3a was
produced. [f] The reaction was carried out in a tube with a screw cap. [g] C=1,4-Dioxane.

(85°C) are key to a smooth relay and high stereoselectivity of
Sa.

The results of the [Pd(PPh;),]-catalyzed tandem coupling—
cyclization reaction of 1a with different organohalides and
imines in THF or 1,4-dioxane are summarized in Tables 2
and 3. In all other cases, except in the reactions of aryl halides
with strongly electron-withdrawing substituents (Table 2,

Table 2. [Pd(PPh;),]-catalyzed tandem double-addition—cyclization of 1a with imine 4a and different

organohalides and triflates in THF or 1,4-dioxane.[?

The corresponding reaction of di-
methyl 2-(2,3-decadienyl)malonate
with Phl and 4a afforded cis-S1 in
85% vyield (Scheme 3). The configu-
ration of the C=C bond in 51 was determined from the
'H,'H NOESY spectra.

In conclusion, we have developed a three-component
tandem double-addition—cyclization reaction that provides
an efficient route to polysubstituted cis-pyrrolidine deriva-
tives with matched relay and excellent regio- and stereo-
selectivity. As all three building blocks are readily available,
this study will open a new area for the
transition-metal-catalyzed chemistry
of allenes. Further studies on the
scope and synthetic applications of

nBuNBr (10 mol%), B=

4
5 mol % Fe R this reaction are being pursued in our
= E ’ _Ts [Pd(PPhs)]  R! .
M~ *RX * AN N~ Ph :/& laboratory.
E PH KoCO4 (4.0 equiv) | )
E = COOMe solvent, overnight Ts EE
1 4a 5 2 Experimental Section

Entry R'X Imine Solvent® T [°C] 5 Yield of 2 [%]  Typical procedure: Malonate 1a (46 mg,
[equiv] Yield cis/trans 0.25mmol) and iodobenzene (61 mg,
0.3 mmol, 1.2 equiv) were added consecutive-
1 p-CH,CoH;l 30 A reflux 92 (5b) >99:1 6(2b) ly to a sealed tube charged with a mixture of
2 p-CH;CeHs1 12 A 85 92 (5b) 97:3 0 potassium carbonate (138 mg, 1.0 mmol,
3 p-MeOCH.I 12 A 85 85 (5d) 95:5 3 (2d) 4.0 equiv), [Pd(PPh, .| (14.5 mg,
4 p-MeOCH,I 30 A 85 84 (5d) 95:5 0 0.0125 mmol, 5mol%), and 4a (78 mg,
> p-MeOCHI 12 B 85 90 (5d) > 98:2 0 0.3 mmol, 1.2 equiv) in THF (3 mL) under
6 p-MeOCH;I 12 B reflux 81 (5d) >98:2 0 nitrogen. The resulting mixture was heated at
7 p-MeO,CCH,I 3.0 A 85 92 (Se) >99:1 6 (2e) 85°C overnight and monitored by TLC. After
8 p-MeO,CCH,I 3.0 B reflux 92 (Se) >99:1 7(2e) evaporation, the residue was purified by flash
i p —MeOzcc(,HSI 1.2 B reflux 64 (Se) >99:1 35 (2e) column chromatography on silica gel (eluent:
10 thienyl-1 3.0 A 85 100 (59) >99:1 0 petroleum ether/ether 3:1) to afford pure 5a
1 (E)-PhC=C-1 30 A 85 9 (Sg) 97:3 0 (111 mg, 86 %; cis/trans > 99:1). cis-5a: white
12 (E)-PhC=C-1 12 B 85 83 (5g) 95:5 0 solid, m.p. 146-147°C (ethyl acetate/hexane);
13 (E)-nBuC=C-1 12 A 85 84 (5h) 96:4 0 'H NMR (300 MHz, CDCL): 8753 (d. J—
14 (E)ynBuC=C-T 12 B 85 84 (5h) 973 0 8.29 Hz, 2H), 7.41-730 (m, 5H), 728-7.11 (m,
15 CsHBr 3.0 A 85 82 (5a) >98:2 0 7H), 5.86 (s, 1H), 5.36 (s, 1H), 5.25 (s, 1H),

16 CsH,OTf 3.0 A 85 86 (5a) 96:4 0

450 (dd, J=11.68,5.98 Hz, 1 H), 3.65 (s, 3H),

[a] R'T (1.2 equiv) was used. [b] A =THF, B =1,4-dioxane.
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3.15 (s, 3H), 2.84 (dd, J=13.70, 11.68 Hz,
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Table 3. [Pd(PPh;),]-catalyzed tandem double-addition—cyclization of 1a
with Phl and different imines 4 in THF or 1,4-dioxane.[?

E
5 mol %
— E L oy s /:N,Ts PA(PPhs)] PhYﬁ;ER
iE K KLCOz40equivy [ N
solvent, 85°C Ts
E = COOMe 1.2 equiv overnight
1a 4 5
Entry R Solvent!®! 5 Yield of 2a [%]
Yield[%] cisl/trans
1 p-O,NC(H, (4b) THF 89 (5i) 955 0
2 p-O,NCH, (4b) A 95 (5i) 973 0
3 pMeOGH, (4c) THF  52(5j)) >99:1 42
49 p-MeOCH, (4¢) THFE  99(5j) >99:1 0
5 p-MeOCH, (4c) A 52 (5§) 97:3 29
6  pCICH,(4d) THF  95(5k) >982 0

[a] PhI (1.2 equiv) was used. [b] A =1,4-dioxane; [c] Imine 4¢ (3.0 equiv)
was used.

E
—— E T E
R\ +Phi+ FNfssmoI%[Pd(PPham Ph o
E PH K,COj3 (4.0 equiv) 7N

THF,85°C,8h R H Ts

E=COOMe 1.2 30 85%, E/Z 79:21

R = n-CgHys (equiv) cis/trans > 99:1

1b 4a 5l

Scheme 3. Synthesis of 51 from 1b and imine 4a.

1H), 2.60 (dd, J=13.70, 598 Hz, 1H), 2.39 ppm (s, 3H); *C NMR
(75.4 MHz, CDCL): 6=170.04, 16718, 147.84, 143.71, 139.88, 139.05,
139.04, 135.69, 129.34, 128.55, 128.51, 128.46, 128.38, 128.25, 128.08,
116.63, 68.14, 64.03, 63.83, 53.73, 52.62, 39.28, 21.79 ppm; MS (70 eV): m/
2 (%): 520 (14.32) [M+H]*, 364 (100); IR (KBr): # = 1749, 1729, 1635, 1597,
1493, 1350, 1165 cm™!; elemental analysis: caled for CyH,)NO4S (% ):
C 67.03, H5.63, N 2.70; found C 67.04, H 5.48, N 2.63.
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Tandem, domino, and cascade reactions have become
increasingly popular in recent years, driven by the opportunity
to simplify linear sequences and achieve otherwise unfeasible
reactions.!l Contributions from this group have involved the
idea of “catalytic electronic activation”, which temporarily
enhances the electronic nature of a functional group to a given
reaction. We have recently reported the indirect addition of
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