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ABSTRACT
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A highly efficient carbonylative Suzuki  —Miyaura coupling reaction of lactam-derived vinyl triflates and alkenylboronic acids afforded 2-( N-

methoxycarbonylamino)-1,4-pentadien-3-ones as suitable substrates for the Nazarov reaction. The most competent Lewis acids for the Nazarov
reaction were Cu(OTf) , (2 mol %) and Sc(OTf) 3 (3 mol %) in DCE, which provided the Nazarov products in excellent yield. As both the carbonylative
coupling and the subsequent Nazarov reaction were high yielding, the overall methodology is a concise and efficient route to [1]pyrindine
systems.

The acid-catalyzed cyclization of a douly3-unsaturated by the 4p-electron pentadienyl cation formed, in the original
ketone (Scheme 1), referred to as the Nazarov reattiatn, version of the Nazarov reaction, upon treatment of the divinyl
its large number of variants, is a powerful method for the ketone with either a mineral or a Lewis acid. Very recently,
construction of five-membered carbocyctehe Nazarov

reaction has most recently been exploited for the partial or

total synthesis of natural products such as terpestacin,  scheme 1. The Lewis Acid-CataIyzed Nazarov Reaction
roseophilint guanacastepene ¥avanensifi,cephalotaxiné,

cucumin H® and otherd:? The ring closure (Scheme 1) A R
occurs through a conrotatory electrocyclic process undergone -
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Scheme 2. Lewis Acid-Catalyzed Nazarov Reactions
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R' = CO,Me, R? = alkyl, aryl

than 10 mol % of the catalyst [Cu(OE®r an Ir(lll) catalyst,
and AICkL, respectively] to perform the reactidh.

The use of chiral Lewis acids in a catalytic amount (10
mol % of a Sc-pybox) for the enantioselective Nazarov
reaction has been so far reported only by Trauner (€§ 2),
as Aggarwap used 506-100 mol % of a Cu-pybox Lewis
acid to efficiently promote the reaction.

With the pyrane derivatives (eqs—2), because of the

presence of the oxygen atom in the ring, the Lewis acid is
presumably bound in a bidentate fashion to the substrate

which is reputed to allow the two vinyl moieties to adopt
the proper orientation for the cyclizatidh,as well as to

amplify the degree of stereocontrol in the final product
formation!? Moreover it is also likely that the heterocycle

process’ The presence of the electron-withdrawing N-
protecting group is expected to lower the reactivity of these
systems compared to the pyrane derivatives, but we know
that such a protected N atom is still capable of stabilizing a
positive charge in closely related substradté$.Moreover,
the N-protecting group can have a role in coordinating the
Lewis acid. The methoxycarbonyl group was chosen as the
N-protecting group owing to its greater stability to mineral
and Lewis acids thaiN-Boc andN-Cbz protectiond?

For the synthesis of the N-protected 2-amino-1,4-penta-
dien-3-ones3 we relied on our experience on the coupling
reactions of lactam-derived vinyl triflatels (Scheme 3}°

Scheme 3. Carbonylative Stille Coupling
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In particular, for the rapid assembly of a model Nazarov
substrate3a) both Stillé® and Suzuki-Miyaura?! carbony-
lative couplings were for the first time attempted with these
triflates.

The carbonylative Stille coupling reaction df with
1-hexenylstannane?? provided in our case the target
compound3a (Scheme 3) in acceptable yield (67%) only at

'high CO pressure (50 atm) and temperature °G}) in the

presence of (PP)Pd (3%) as the catalyst. The same reaction
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oxygen atom accelerates the overall process by stabilizingFORMS5, Strain Al. See: (a) Drautz, H.; Zahner, H.; Kupfer, E.; Keller-
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Due to our interest in the Nazarov reaction involving
heterocyclic systent§;1415we wanted to investigate if the
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Chem.,Int. Ed. 2004,43, 4327—4329 and references therein. Pyrindicin,
isolated fromStreptomyces sf5CC 2313. See: (g) Omura, S.; Tanaka,
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Nazarov reaction, as the [1]pyrindine system that is formed

is contained in a number of natural compouftiand lay
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conducted at 1 atm, with or without Cul as cocatafyjsiy
with a different catalyst such as Pd(OA®hsP, failed in
providing higher yields, sometimes resulting either in

Table 1. The Nazarov Reaction of Dienon8a—a®

degradation of the starting material or in the formation of R? R?
the Stille product as the major component of the reaction I acid
mixture. N N
To the best of our knowledge, the carbonylative Suzuki— R' O r! ©
Miyaura coupling of vinyl triflates with alkenylboronic acids 3a-dR' = COMe 5a-d
has never been reportétWe employed 1-pentenylboronic
acid (2 equiv) and were lucky to observe the rapid formation conc T time  conv
of the desired produ@b (R? = n-Pr, Scheme 4) at our first  entry 3 acid equiv. M) (°C) (h) (%o)>e
1 a TFA neat 0 2.5 100
I - TENSA 3 006 0 5 10069
Scheme 4. Carbonylative Suzuki—Miyaura Coupling 3 a BFELO 15 0.02 0 18 55
5% PA(OAC), 4 b EtAICl 0.7 0.02 0 18 30
10% Phyp g2 5 b SnCl 0.7 0.02 0 35 50
(\/'L BOH),  CSF (3 equv) I 6 b TiCL 07 002 0 3 55(22)
RN P 7 a FeCl 0.7 0.02 0 25 88(75)
N~ OTf N 3
iy (1.5 equiv) ?SF(;?T& sn RO 8 a AICl 0.7 002 0 75 82
9 b FeCly 0.1 0.2 20 23 74(58)
1R'=COMe  da-d 3a R? = n-Bu (67%) 10 b ACk 01 015 20 18 11
3b R? = n-Pr (78%) 11 b CuOThH, 0.02 02 55 8  92(75)
3¢ R? = CgHg (76%) 12 b Zn(OTH, 0.02 0.2 55 7T 4
3d R? = p-F-CgHy (70%) 13 b Sc(OTH; 0.03 02 55 3 100 (86)
14 a YbOTH; 0.02 02 55 3 15

15 c  Sc(OThHs 0.03 0.2 55 2.5 100 (83)

. . 16 d ScOT 0.03 02 55 4 95(72
attempt at atmospheric pressure of CO, in the presence of c(OTDs 2

5% Pd(OACY10% PP as the catalyst, and CsF (3 equiv) , Jeasionearies oo 03 o o supsraes i Q8 o
for the boron quaternization, in THF at 6@. The best  NwR analysis of the crude reaction mixtufeThe yield after chromatog-
results were achieved by carrying out the reaction at room raphy is given in parentheses.
temperature, which avoided some degradation of the starting
material (78% yield after 3 h). As expected, changing from
cesium to cheaper potassium fluoride (4 equiv) decreased
the yield (46% after 4 h3> Also, freshly prepared 1-hex-
enylboronic acid4a?® was superior to the commercial
product, perhaps because of its lower content of wtEne
best conditions were then extended to a short series of
alkenylboronic acids as reported in Scheme 4. With com-
mercial p-fluorostyrylboronic acid4d the results of the
carbonylative coupling were poorer, but they were greatly
improved by slightly changing the reaction conditions (70%
after chromatography, see the Supporting Information).

The results of the Lewis acid-catalyzed Nazarov reaction
of compounds3a—d are reported in Table 1.

We started our study by evaluating some Brgnsted acids
(entries 1 and 2). Both neat TFA and triflic acid (3 equiv, in
DCM) quantitatively converte8ainto the Nazarov product

5a. In both cases the yield was much higher than with the
corresponding pyrrolidinone-derived dienotiéé°reflecting
the relative stability of the azabicyclic [4.3.0]nonenyl and
[3.3.0]octenyl cationic intermediates. Catalytic amounts of
Brgnsted acids, as the Amberlyst 15 resin in chloroform,
failed to give the cyclization product in accordance with our
earlier observation¥®

A first screening of Lewis acids (entry-38) was carried
out with 70 mol % of the catalyst but at high dilution (0.02
M) and at 0°C. In all cases, reactions were monitored by
TLC and stopped when no more conversion was observed.
With the exception of the reactions carried out with FeCl
(entry 7) and AIC} (entry 8) in no cases was the conversion
appreciably higher than 50%. This could be due to degrada-
tion of the Lewis acid because of the presence of adventitious
water, but a slow product-to-substrate Lewis acid exchange

(23) Mazzola, R. D., Jr- Giese, S.: Benson, C. L. West, FJ.@rg. as the concentration of the prc_)duct increaseg cannot be ruled
Chem.2004,69, 220—223. out. In all cases, the N-protection was maintained in the final

(24) Actually, we are aware of no examples of carbonylative Suzuki product. The most promising Lewis acid was Fe@lhich
Miyaura couplings of alkenylboronic acids, with the exception of a . . . P
carbonylative reaction of a styrylboronic acid with a diazonium salt. The Provided in 2.5 h the Nazarov produsain 75% yield (after

carbonylative coupling of 9-alkyl-9-BBN, arylboronic acids, and heteroaryl- chromatography) (entry 7). The same reaction was carried

boronic acids is instead well-known, and usually requires high temperature : ) ;
and CO pressure. (a) Andrus, M. B.; Ma, Y.; Zang, Y.; Sondl&rahedron out with 10 m?' % of FeGlat low (0.04 M) and h'gh_ (0'2_
Lett. 2002,43, 9137—9140 and references therein. (b) See ref 21. M) concentration at 20C. In the latter case the reaction did

(25) Wright, S. W.; Hageman, D. L.; McClure, L. . Org. Chem 0 i
1064 50, 60956097, not proceed further after 23 h (74% conversion) and the

(26) Brown, H. C.; Gupta, S. KJ. Am. Chem. S0d.975,97, 5249— product was obtained in 58% vyield (entry 9). We wanted to
52?25%) The wat I st boronic acid try also AICk in 10 mol % which was the best catalyst with
e water present In mixture witrans-1-nexenyliporonic acid can H H . H
interfere with the catalytic cycle by hydrolyzing the aepalladium 2-a|koxy-1,4-pent'ad|en-3-ones ﬁs{F'lgure 1; this gave _the
intermediate complex. Nazarov product in 92% after 50 mit)put to our surprise
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Finally the best conditions [Sc(OEf(3 mol %)] were
applied to substratede,d possessing a distal aromatic moiety
Hox Hox (entries 15 and 16). Notwithstanding the presence of the
I I [ aromatic ring that could stabilize the positive charge of the

W pentadienyl cation, witl8c the reaction was as fast as that

with 3b. Also, thep-F group in3d had no particular effect
on the rate of the process (reaction almost complete in 4 h,
Figure 1. 2-Alkoxy-1,4-pentadien-3-ones. entry 16). Under these reaction conditions, therefore, there
seems not to be dependence of the reaction rate on the
electrocyclization step, as was also recently observed by
AICI; gave very poor results (entry 10). 3lis a harder Frontier?
cation than F&, which could result in a stronger Al In conclusion, we have for the first time carried out a very
bond®in the Nazarov product and thus in a slower turnover. efficient carbonylative SuzukiMiyaura coupling reaction
The presence of thd-CO,Me protecting group could further  using alkenylboronic acids as the nucleophiles, which
favor the APt coordination in the final product, which could  provided 2-N-methoxycarbonylamino)-1,4-pentadien-3-ones
contribute to the sensible difference in reactivity between as useful substrates for the Lewis acid-catalyzed Nazarov
3b and6 under the same conditions. reaction. To this aim, the most competent Lewis acids were

1,4-Pentadien-3-on&sand8 (Figure 1) have been reported Cu(OTf), (2 mol %) and Sc(OT§)(3 mol %) in DCE, which
to react successfully to form the corresponding Nazarov provided the Nazarov product in high yield. Despite the
products in the presence of 2 mol % of Cu(QTify DCE at electron withdrawing N-protecting group, the reactivity of
55 °C.%b Because of the presence of the 2-oxygen atom, 2-amino-1,4-pentadien-3-ones was comparable or just slightly
dienone7 was more reactive tha® under these conditions lower than that of the corresponding 2-alkoxy-1,4-pentadien-
(60% yield after 0.5 h, and 37% yield after 4 h, respectively). 3-ones. As both the carbonylative coupling and the subse-
Based on our reasoning on the effect of N-protection we quent Nazarov reaction were high yielding, the overall
expected something between these results with sub8pate  methodology is a concise and efficient route to cyclopenta-
In fact, after 4 h the conversion intsb was higher than  fused N-heterocycles. The use of chiral Lewis acids for the
50% and after 8 h the reaction was almost complete (92% enantioselective Nazarov reaction ofi4fethoxycarbony-
conversion, 75% yield after chromatography, entry 11). Of lamino)-1,4-pentadien-3-ones is currently being investigated
the fourth period transition metal Lewis acids, however, Sc- in our laboratory.
(OTf)3 (3 mol %) was the best one (entry 13), as the substrate
was quantitatively converted intsh after 3 h at 55 T (86% Acknowledgment. We thank MIUR and University of
yield after chromatography). Florence for financial support, Cassa di Risparmio di Firenze
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mol %), as YB™ is the smallest and the hardest cation of Passaponti and Brunella Innocenti for technical support.
the series, and therefore the closest to the highly efficient
ScA*.22 However, the results were poor, as afieh at 55°C Supporting Information Available: Full experimental
the conversion was only 15% (entry 14), which could simply details and spectroscopic dat&j NMR spectra of com-
reflect the lower Lewis acidity of Yb(OTf)}compared to Sc- pounds3a—d and5a—d. This material is available free of
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