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Abstract — A full account of our most recent studies on the chemistry of lactam-,
lactone-, and thiolactone-derived vinyl triflates and phosphates is reported. In this
review we focus on the use of these versatile electrophiles in Pd-catalyzed
carbonylative  reactions. They provide, through alkoxycarbonylation,
aminocarbonylation and carbonylative  Suzuki-Miyaura reactions, a
straightforward and convenient access to useful intermediates for the synthesis of

N-, O- and S-heterocyclic and natural compounds.
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1. INTRODUCTION

Cyclic ketene aminal and acetal triflates (i.e. lactam-, imide-, and lactone-derived vinyl triflates, Figure 1),
and the corresponding phosphates, are established useful intermediates in the synthesis of natural
products and heterocyclic compounds.'* Since the first works appeared in the nineties,’ the conditions for
a variety of palladium- and nickel-catalyzed coupling reactions of these intermediates with organotin,
organozinc, and organoboron derivatives, have been found as well as for Sonogashira and Heck reactions,
exchange with metals and coupling with organocuprates.*> When we first come across lactam-derived
vinyl triflates,’ no examples of Suzuki-Miyaura coupling reactions were known, and so, concomitantly
with Coudert’s group in France,’ we started a program aimed at studying the Pd-catalyzed cross-coupling
reactions of these intermediates,” aware of the numerous advantages of boron derivatives (in particular
boronic acids and esters) over other organometals in terms of stability to air and moisture, low toxicity

and environmental impact (besides many of them being commercially available).
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Figure 1
Thus, conditions were found for the Suzuki-Miyaura coupling with alkyl and alkenyl boronic acids and

>19 as well as a-alkoxydienylboronates (Scheme 1).!' Moreover 8-valerolactam-derived vinyl

esters,
triflates were converted into the corresponding vinyl boronates by Pd-catalyzed coupling with
bis(pinacolato)diboron or pinacolborane, which resulted in an umpolung. This boronate efficiently
coupled under Pd catalysis with aryl and heteroaryl bromides to give the corresponding 2-substituted
piperidines in excellent yields, thus further expanding the scope of these triflates.'* The conjugated
alkoxytrienes obtained by the Pd-catalyzed coupling reaction of lactam-derived vinyl triflates with

a-alkoxydienylboronates were used as intermediates for the Nazarov reaction, as these compounds

undergo a 4r electrocyclization process under acidic conditions to afford cyclopenta-fused piperidines in
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11,13

good yields. The coupling products with alkenylboronic acids and esters were instead used as useful

dienes for cycloaddition reactions affording octahydroquinoline derivatives (Scheme 1)."
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Scheme 1

A review on this work and, in general, on the stability and reactivity of lactam-derived vinyl triflates and
phosphates has been published."* The stability of cyclic ketene aminal (and acetal) triflates and
phosphates is an issue of great importance, as several and sometimes unpredictable factors can determine
their rapid decomposition. Small structural modification of the heterocyclic nucleus, the N-protecting
group, the heterocycle substituents, and traces of acidity (even on storage in fridge), all can affect the rate
of degradation of these intermediates,'* which for these reasons are often used as a crude reaction mixture
just after their preparation or purified through basic alumina or silica gel neutralized by an amine.

More recently, our work was focussed on the carbonylative couplings of cyclic ketene aminal triflates and
phosphates (Schemes 2) and the extension of these reactions to lactone-derived vinyl triflates and
phosphates (Scheme 3). We employed also thiolactone-derived vinyl triflates, a class of electrophiles

never used for cross-coupling processes before.
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As depicted in Scheme 3, O- and S-containing triflates and phosphates were also used in
non-carbonylative Suzuki-Miyaura coupling reactions as we were interested in preparing suitable
intermediate for the Nazarov reaction for the synthesis of cyclopenta-fused O- and S-heterocycles.
This reviews deals mainly with the results obtained in our studies on the Pd-catalyzed carbonylative
reactions of lactam-, lactone- and thiolactone-derived vinyl triflates and phosphates, that is

alkoxycarbonylations, aminocarbonylations, and Suzuki-Miyaura carbonylative cross-couplings, and the

Scheme 3

application of the formed products to the synthesis of natural and heterocyclic compounds.

5,11,15,16
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2. ALKOXYCARBONYLATION REACTIONS

Methoxycarbonylation reactions have been carried out on lactam-derived vinyl triflates (and phosphates)
a number of times to prepare useful intermediates for the synthesis of natural products.”!” We recently
exploited such a chemistry for the enantioselective synthesis of roseophilin,'®, 4-hydroxypipecolic acids,"

and fagomine.*’

Scheme 4
Roseophilin (1, Scheme 4) is a macrocyclic pigment isolated from Streptomyces griseoviridis that exhibits
potent cytotoxicity against human cancer cell lines.”’  This, and the unique ansa-bridged
cyclopenta[b]pyrrole structural core of roseophilin, have stimulated the interest of several groups in the
partial or total synthesis of this heterocycle.”” Among the various synthetic procedures to prepare
roseophilin, we decided to revise the one reported by Fuchs in which 13 steps were necessary for the

3

preparation of key isopropyl-substituted ketopyrrole 2 in racemic form.”> Based on our findings about

the remote stereocontrol in the Nazarov reaction,“’ls’16

we envisioned a faster route to obtain bicyclic
ketopyrrole 2 in enantiopure form by electrocyclization of pyrroline 4 (Scheme 4) in which the properly
oriented buten-3-yl chain on the N-heterocycle would control the absolute stereochemistry of the C4 atom,
bearing the isopropyl group, in a Nazarov reaction. Thus N-tosyl pyrrolidinone 5 (Scheme 5) was
converted into the corresponding vinyl triflate 6 which was directly used without prior purification in the
subsequent Pd-catalyzed carbonylation reaction. The carbonylation was realized under standard
conditions (10% Pd(OAc),, PhsP, EtsN, CO) in the presence of MeOH to give methyl ester 7 in 65%
overall yield. This ester was then converted into the corresponding Horner-Emmons-Wadsworth reagent 8
(41%) and finally reacted with isobutyric aldehyde to afford the requisite dienone 4. The same dienone
was also prepared by a shorter and more convergent procedure as depicted in Scheme 6. Triflate 6 was

initially converted into the corresponding stannane 10 by a Pd-catalyzed coupling reaction with MegSns,.

Then, crude stannane 10 was coupled with 4-methyl-2-pentenoyl chloride in the presence of (Ph;P)4Pd as
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a catalyst in refluxing toluene. At the time, this was the first Stille coupling of lactam-derived vinyl
stannanes with acyl chlorides, and in the present case provided 4 in 24% over three steps. Unfortunately
the umpolung of 6 could not be realized by borylation as in the case of the corresponding six-membered
lactam derivatives'? as this triflate decomposed quickly during the reaction with both

bis(pinacolato)diboron and pinacolborane.
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To complete the synthesis, compound 4 was dissolved in pure TFA and the electrocyclization was
complete in 20 h to give (2R,4S5)-9 (Scheme 5) as a single diastereomer (43% yield after chromatography)
possessing a 2,4-cis relative stereochemistry as established by NOESY studies. Compound 9 was finally
subjected to oxidation yielding target compound (4S5)-2 in 48% after chromatography.

The low stability of the pirrolidinone-derived vinyl triflate 6, which could not be stored in fridge for more
than 24 h and had to be used without purification, was due to the augmented ring strain compared to
o-valerolactam-derived vinyl triflates. Based on our own experience, these are generally much more
stable, can be purified by chromatography and be stored for months in fridge. Thus it was quite a surprise

to observe the rapid degradation of 4-O-silyloxy-substituted o-valerolactam-derived vinyl triflates and
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phosphates during and after their preparation as possible intermediates in the synthesis of
(25,4R)-4-hydroxypipecolic acid."” (25,4R)-4-hydroxypipecolic acid 11 (Scheme 7) was isolated from the
leaves of Calliandra pittieri and Strophantus scandeus,”* and is a constituent of cyclodepsipeptide
antibiotics such as virginiamycin S2.%° It is also embedded in the structure of some NMDA receptor
antagonists,”® and HIV-protease inhibitors.”” Because of its importance in medicinal chemistry, numerous

enantioselective synthesis of 11 have been reported.*®

OH
Q Q= O, = ofios

CO H CO,Me 14
CO,Me CO,Me

(2S,4R)-11 12 13
Scheme 7
We envisaged a synthetic route to enantiopure (2S,4R)-4-hydroxypipecolic acid 11 (Scheme 7) from
commercial ethyl (35)-4-chloro-3-hydroxybutanoate 14, in which the key step was the stereocontrolled
hydrogenation of tetrahydropyridine-2-carboxylate derivative 12. This in turn could be obtained by
Pd(0)-catalyzed methoxycarbonylation of a vinyl triflate prepared from enantiopure lactam 13. A bulky
substituent (TBDPS or TBDMS group) on the hydroxy group of 12 should direct the reduction to the less
hindered face of the double bond providing the target cis product.
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(+)-17 R=TBDMS 24 R =TIPS (38%)
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Scheme 8
To test this hypothesis, we started from racemic ethyl 4-chloro-3-hydroxybutanoate 14 (Scheme 8) to
prepare requisite N-protected piperidinones 16-18 having a bulky protection already installed on the
4-hydroxy group.'” We first attempted the conversion of lactam 16 into the corresponding vinyl triflate by
treatment with KHMDS in THF at — 78 °C and then quenching the enolate with N-phenyl triflimide.

However, only elimination to give 21 (45% after chromatography) occurred. Moreover the signals of
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2-O-silylated compound 22 (1:2 ratio with 21) were observed in the '"H NMR spectrum of the crude
reaction mixture. Repeating the experiment with the TBDMS-protected lactam 17, also in this case
elimination was the major pathway, together with the formation of a relatively greater amount of the silyl
enol ether 23 (29% after chromatography). As the last attempt, we prepared also the TIPS
(triisopropylsilyl) ether 18,%” on the grounds of the reported greater stability to basic conditions of the
TIPS ethers compared to TBDPS and TBDMS ethers.” In this case the 'H NMR analysis of the crude
reaction mixture revealed that only a minor part of the starting material was converted into the
corresponding vinyl triflate 19 (25% after chromatography), whereas the remaining product was silyl enol
ether 24. 4-Silyloxy substituted lactams appear therefore unsuitable for the preparation of the
corresponding vinyl triflates. On the other hand, structurally different lactams containing silyloxy groups
were successfully converted into the corresponding triflates by other authors (Figure 2),"* so the problem

in our case was due to the allylic position of the silyloxy group.

\ TIPSO, El
TBDMSO" rl
TBDPSO. .
HéNlo “N"o ST ONT O

Cbz CO,Me
TBDMSO
S o
Ts COzMe

TDS = (Me,CHMe,C)Me,Si
Figure 2
A possible cause of the strong tendency of enolates (or triflates) from 16, 17 and 18 to give the
elimination products is the A(1,2) strain between the olefinic proton on C-3 and the bulky equatorial

silyloxy group after formation of the enolate (Scheme 9).
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Scheme 9
To reduce the strain, the 4-silyloxy group adopts an axial orientation®’ more subject to elimination under
the reaction conditions for stereoelectronic reasons. Interestingly we observed also migration of the silyl
group to the enolate O atom, which must have occurred intermolecularly. Instead, the 4-benzyloxy group
of compound 15 (Scheme 8), and the 4-[p-methoxybenzyloxy] group of (R)-25 (Scheme 10) resisted
under the basic conditions so that enantiopure vinyl triflate (R)-26 (Scheme 10) could be quantitatively

prepared and subjected to Pd-catalyzed methoxycarbonylation under standard conditions to give key
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intermediate (R)-27. This was converted into the 4-silyloxy derivatives (R)-31 and (R)-32 which were
hydrogenated providing, after exhaustive hydrolysis, target pipecolic acid (2S,4R)-11 with excellent

stereoselectivity (cis/trans ratio from 17:1 to 23:1).
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Scheme 10

The procedure to prepare enantiopure protected hydroxy ester (R)-27 was later improved (Scheme 11) by
switching from triflate 26 to the corresponding phosphate (R)-33 which proved much more stable and, of
course, economically convenient to prepare. Based on the high facial selectivity in the hydrogenation
conditions and having in mind the synthesis of (+)-fagomine (34) (Scheme 11), we thought that the same
stereocontrol could occur in a hydroboration reaction. (+)-Fagomine is a 1,2-dideoxy-azasugar isolated
from Castanospermum australe (Leguminosae)’® and the seeds of Japanese buckwheat Fagopyrum
esculentum (Polygonaceae)” which exhibits strong antihyperglycemic effect in streptozocin-induced
diabetic mice and in potentiation of the glucose-induced insulin secretion.** Thus, phosphate (R)-33 was
prepared by treatment of (R)-25 with a slight excess of KHMDS (0.5 M solution in toluene) in THF at
-78 °C, followed by addition of diphenylchlorophosphate. Phosphate (R)-33 could be purified by
chromatography on silica gel (85%) consequently allowing higher and reproducible yields in the
subsequent carbonylative step (from 86 to 95% in various experiments).

After deprotection to (R)-28 (Scheme 10), conversion into the corresponding TBS (#-butyldimethylsilyl)
ether, reduction of the methyl ester with DIBAL-H, and protection as the SEM

[(B-(trimethylsilyl)ethoxy)methyl] ether (R)-35, the hydroboration/oxidation steps proceeded smoothly to
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give (R)-36 as the desired distereoisomer (Scheme 11). Thus, as in the case of the hydrogenation, the
bulky 4-silyloxy group, which in (R)-35 is axially oriented to remove the A(1,2)-strain with 3-H,
effectively directed the hydroboration to the opposite face, providing, after oxidation, (R)-36.

Exhaustive deprotection provided eventually (+)-fagomine 34 in 23% overall yield.”
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(PhO),P(O)CI MeOH, EtN
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_ref.20 -78t0 0 °C ~OH reflux O\\O/ Hel
[/ _OSEM 2. Me3NO OSEM N OH
THF, 65 °C N H
CO,Me H
(R)-34 (100%)
(R)-35 (76%) (R)-36 (70%)

Scheme 11

3. AMINOCARBONYLATION REACTIONS

Due to our studies on Nazarov reaction, we were particularly interested in new and convenient synthetic
sequences leading to conjugated dienones. To this aim, Weinreb amides could be considered versatile
intermediates, hence we undertook an investigation aimed at exploiting heterocyclic derived triflates in
aminocarbonylative coupling leading to the syntheses of heterocyclic Weinreb amides. Moreover, in

order to establish this as a general method for the synthesis of heterocyclic acylated derivatives, reactions

PPh, PPh2
; ; Xantphos

with various nucleophiles were thereafter considered.™

OMe Pd(OAc),/Xantphos 0
(1 + HCI HI{LMe CO (1 atm) %ﬁMe or | Ni
N~ ~OTf base, THF, rt N “Me N
IIBOC or morpholine éoc O Boc O
37 38 39

Scheme 12
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First experiments were conducted under Buchwald’ s conditions in his aminocarbonylative coupling of
aryl bromides;’® then, triflate 37 was treated with 2% of Pd(OAc),, Na,COj (3 equiv), and Xantphos 40 as

the supporting ligand in toluene as a solvent under 1 atm pressure of CO (Scheme 12).

Table 1. Sinthesis of Weinreb Amides from Heterocyclic Vinyl Triflates

entry triflate product yield (%)*
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*Yields refer to flash chromatography purified products. "Experiments were conducted with anhydrous
DCM and Et;N as a base without substantial variations in yield.
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After 3 h at rt, we observed the complete disappearance of the starting triflate and obtained the amide in
55% vyield after chromatography. With THF as a solvent, the yield of the amide 38 after flash
chromatography purification rose to 78%. The use of Xantphos proved to be mandatory as experiments
conducted with dppp or dppf in the role of ligands gave only lower conversions. Xantphos is a bidentate
ligand developed by van Leeuwen and initially used for the hydroformylation reaction.”’ It possesses a
wide bite angle (110°) and flexibility range (97-133°), and these characteristics are believed to impart a
dynamic coordination environment that may be important for catalyst activity and stability in Pd- and
other transition-metal-catalyzed processes.”® The optimized experimental conditions were thus applied to
the synthesis of a series of heterocyclic Weinreb amides as reported in Table 1. As for the lactam-derived
N-methyl-N-methoxy amides, N-CO,Me and N-tosyl protected amides were recovered in good yields
(entry 4, Table 1), and in these cases, the crude reaction mixtures could be filtered through a short pad of
Celite and directly used for subsequent reactions. Different ring sizes are well-tolerated, so that the
pyrrolidinone-derived amide (entry 2) and the caprolactam-derived amide (entry 5) were isolated in good
yields. The same experimental conditions were applied to the synthesis of lactone-derived (entries 6-7)
and thiolactone-derived amides (entries 8-9). As morpholine derivatives proved to act as Weinreb amide
analogues,’’ when morpholine was used as an amine in the aminocarbonilative process, the corresponding
amides were successfully obtained in 57%, 90% and 66% yield respectively. Moreover, the procedure
could be rewardingly applied to the carbocyclic system as well; a 58% yield of the
cyclohexanone-derived amide was obtained, though in this case a slight amount of carbonylated
homocoupling product was detected. We then decided to inspect the reactivity of the amides reported in
Table 1 with organometallic reagents, namely Grignard and organolithium reagents. First experiments
were conducted on nitrogen amides with discouraging results: as a matter of fact, with carbamates as
protecting groups (Boc, CO,Me, Cbz) the amides showed an inadequate reactivity and were recovered
unchanged even under drastic reaction conditions such as the use of a strong excess of an organometallic
reagent (up to 5 equiv. of BuLi, vinyl or ethylmagnesium bromide) or high temperatures. Satisfactory
results on lactam derived N-tosyl amides were at last obtained with allyl magnesium bromide as a
nucleophile, as the corresponding ketones were isolated in excellent yields (entries 1 and 2, Table 2, 91%
and 90% respectively). Concerning the unexpected low reactivity of N-carbamate protected Weinreb
amides, on the basis of our experimental data we could only presume that both conformational aspects
and metal-chelation phenomena are accountable to explain the observed reactivity.*’ Satisfactory results
have been obtained with oxygen, thio or carbocycle amides (Table 2). The reactions with ethyl, allyl or
vinyl magnesium bromide all proceeded smoothly at -78°C and afforded quite pure ketones in less than 1
hour. Provided that the sequence is feasible, the vinylation reaction using the commercial available and

cheap vinyl magnesium bromide could be considered of remarkable synthetic worth. In the case of
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caprolactone derived amide (entry 5), the reaction with THP protected lithium but-3-yn-1-ol efficiently
proceeded at -78 °C and was complete within 30 min, affording the corresponding conjugated enynone in

an 87% yield after flash chromatography purification.

Table 2. Conversion of heterocyclic amides into functionalized ketones

OM f °
e
‘ N or | NJ R-M ‘ R
X “Me X THF X
(6]

o o
X= N-Boc, N-CO,Me, R= Et, Allyl, Vinyl
N-Ts, O, S, C
entry product T (°C) Yield %
AV
1 -78 91
N
Ts o
o
2 N -78 90
Ts O
A
3 0 -78 76
ol
7
4 0 -78 78
0
OTHP
5 Il = -78 87
o
o
||
6 S -78 80
o
LI
7 S -78 72
0
|
8 -78 94
0

*Yield after chromatographic purification.

4. CARBONYLATIVE SUKUKI-MIYAURA COUPLING REACTIONS

Although carbonylative cross-couplings are powerful synthetic tools, no examples of such reactions were
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known to have been carried out on ketene aminal and acetal triflates and phosphates when we started to
evaluate the possibility of forming new C—C bonds through carbonylative cross-coupling reactions
involving organometallic reagents. Stille carbonylative processes were well known and widely used.*!
However, since tin compounds are toxic, we opted to investigate the carbonylative Pd-catalyzed coupling
reactions of ketene aminal and acetal triflates with boronic acids. Due to the current interest in the
Nazarov reaction of unsymmetrical dienones having one of the double bond embedded in a heterocyclic

11,15,16,18, 42
structure,

we first evaluated the use of substituted vinylboronic acids (Figure 3) as the coupling
partners, and extended this study to a thiolactone-derived enol triflate as an example of a class of

electrophiles that have never been used in any kind of metal-catalyzed coupling process.*

+ . ()
N/\OTf MeQOTf N
Ts

N orf
R R
41 R = COs;Me 43 44 R = Cbz
42R =Ts 45 R = COoMe
QL
o~ OoTf O “o1f S~ OTf
46 47 48
R/\/\/B(OH)Z @/\VB(OH)Z B(OH),
R =Me
R =Et
Figure 3

An initial survey of the conditions for the carbonylative coupling of cyclic ketene aminal triflate 41
(Scheme 13) resulted in 5% Pd(OAc),/10% PhsP being the best catalyst system in anhydrous THF when
carrying out the reaction in the presence of CsF (3 equiv) to generate the negatively charged,
four-coordinate boron “ate” complex that is required for the transmetalation step. So, with triflate 41 and
2 equiv of (E)-1-hexenyllboronic acid, at room temperature and under atmospheric pressure of carbon
monoxide, we observed the rapid formation of the carbonylative coupling product 49, which was obtained
in 67% yield after chromatography. The non-carbonylated coupling product 50 was also obtained in 5%
yield. For a comparison, we carried out also the carbonylative Stille coupling of triflate 41 with
(E)—tributyl 1-hexenylstannane (Scheme 13) under standard conditions, which resulted in a much slower
reaction, as it proceeded only at high CO pressure (50 atm) and temperature (60 °C), to provide the
coupling product in 67% yield.**
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5% Pd(OAC),, 10% PhsP
CO (1 atm), CsF, THF

Q 49 (67%) 50 (5%)

N OTf
R
\/WSHBU3 ‘
41 R = CO,Me N X
3% (PhsP)4Pd, LiCl I‘? o
CO (50 atm), THF, 60 °C
49 (67%)
Scheme 13

To explore the scope of the reaction, a series of structurally different vinyl triflates derived from lactams,
lactones, and one thiolactone (Figure 3) were subjected to Suzuki-Miyaura carbonylative coupling with
various alkenylboronic acids (Tables 3 and 4). Of these triflates, 43, 46 and 47 were unstable compounds
prone to quickly decompose. Therefore they were used without purification just after their preparation.
The results of the carbonylative coupling of triflates 41-45 derived from differently protected (N-tosyl,
N-Cbz, N-CO,Me) five-, six-, and seven-membered lactams were really satisfactory (Table 3). We were
particularly pleased to obtain the coupling product between five-membered heterocyclic triflate 43 and
I-pentenylboronic acid (entry 6) in 77% yield as this procedure could represent a better alternative to that
previously proposed for the preparation of a roseophilin synthetic precursor.'® As the yield of the
carbonylative coupling under standard conditions was barely acceptable with seven-membered ring
triflate 45 (48%), being relatively high the amount of the non-carbonylated product (18%), the reaction of
triflates 44 and 45 with (E)-1-pentenyllboronic acid was carried out in the presence of dppf
[1,1°-bis-(diphenylphosphino)-ferrocene] as a ligand, which is reported to increase the relative amount of
the carbonylated product in Suzuki-Miyaura carbonylative processes.” We thus obtained the carbonylated
coupling products in good chromatographic yield (62 and 61%, respectively, entries 7 and 8), together
with a lower amount of by-products (11-13%).

As the first attempts of carbonylative coupling of the crude reaction mixture containing cyclic ketene
acetal triflate 46, performed under standard conditions with 5 mol % of Pd(OAc),, provided a lower
relative amount of the carbonylated product (42% yield). Also with this triflate the reaction was carried
out in the presence of dppf as a ligand (Table 4, entry 1), which provided a higher ratio between the
carbonylated (50%) and non carbonylated product (6%).
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Table 3. Carbonylative Suzuki-Miyaura coupling of Triflates 41-45"

B(OH),

RZ7X

( n /\R/3 ( n R3 n
RT | R— | R |

\R2+

N OTf
| 5% Pd(OAc),, 10% PhsP | |
R’ CO (1 atm), base, THF R'" O R' R?
entry triflate product (%) (%)
| (.
1 41 N " 79 NN pre 12
MeOAO O MeO/&O
|
2 41 N ~" 83 -
MeO&O o
| Ph
3 41 N 68 -
Meo&o O
|
4 42 N P 69
'i's (e )
|
5 42 N x-h 60 -
'i's (e}
\ nPr /@\/\
6 43 NS 77 N" ©F nPro g
Ts O Ts
7C 44 / nPr 62 Q&\ 13
N X N nPr
Cbz o Cbz
8¢ 45 / nPr 61 ()\/\ 11
N X ,N nPr
M602C 0O MeOZC

"Reactions carried out on 0.5-1.5 mmol of substrates at rt with 5 mol % of catalyst [Pd(OAc),] and 10
mol % of PhsP, 2 equiv of boronic acid and 3 equiv of CsF. All reactions were complete after 3-4 h.
®Yield after chromatography. “Reaction carried out in the presence of dppf as a ligand.

These conditions were applied to the coupling of 46 with the other boronic acids, obtaining in both cases

the carbonylated products in acceptable chromatographic yield after two steps (entries 2 and 3). The

carbonylative coupling of crude triflate 47 with (E)-1-pentenyllboronic acid in the presence of dppf
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provided the desired compound only in 32% yield, together with less than 6% of the non carbonylated

product (entry 4). Degradation of unstable triflate 47 took place to a great extent under these conditions

and we believe that also for the six-membered ketene acetal triflates partial decomposition of the

substrates causes generally lower yield than with the lactam derivatives.

Table 4. Carbonylative Suzuki-Miyaura Couplings of Triflates 46-48"

Rz/\(B(OH)z

R(”:\/IL R® R R® Ny
_\ _\ NN R2 + _\ Z 2
X" OTf 50, Pd(OAC),, 10% PhyP X TR
X=0,8 CO (1 atm), base, THF 0 R
entry triflate product (%)° product (%)
| nPr Q\/\
1 46 0 N 50 0 > ey 6
(0]
2 46 o X 51 0" >F > ph 4
(0]
L1 |
3 46 0 X 52 o) 6
(0] Ph
4 47 / NPT 32 ()\/\ 6
(0] O nPr
0]
c | nPr @\/\
5 48 S A 56 S nPr 22
(0]
c | Ph (\/H\/\
6 48 s X 57 S Ph 19
(0]

"Reactions carried out on 0.5-1.5 mmol of substrates at room temperature in the presence of 5 mol % of
catalyst [Pd(OAc),] and 6.25 mol % of dppf, 2 equiv of boronic acid and 3 equiv of CsF. All reaction
were complete after 3-4 h by TLC. ®Overall yield over two steps after chromatography. ‘Reaction
carried out in the presence of CsOAc as a base and 10 mol % of Ph;P.

Finally, for the carbonylative coupling of dihydrothiopyranyl triflate 48 with (E)-1-pentenyllboronic acid

or (E)-styrylboronic acid, the best results in terms of yield and product ratio were obtained by using

CsOAc as a base (entries 5 and 6) and the reaction products were isolated in good overall yield (56 and
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57%, respectively) after the two steps.

An important observation is that, despite the reactions being carried out under 1 atm of CO, the
non-carbonylative Suzuki-Miyaura coupling, in each optimized conditions, appears as a minor problem
with cyclic aminal and acetal triflates as non-carbonylated products are always obtained in less than 13%
yield. This is not true for thiolactam-derived vinyl triflate 48. Surely the heteroatom has a certain
influence on the relative amount of the products and reasonably this is related to the electron density on
C2 that in turn is greatly dependant on the electronegativity of the heteroatom present in the ring. With
S-containing heterocyclic triflate 48 the higher electron density on C2 could slow down the adsorption of
CO by the palladium complex determining the formation of a higher amount of the non-carbonylated

product.

5. THE NAZAROV REACTION

The Nazarov reaction is one of the most powerful process for constructing five-membered carbocyclic
systems, having found its applications in the synthesis of several natural products.’®'*'® The Nazarov
reaction of N- and O-heterocyclic divinyl ketones and their synthetic equivalents depicted in Figure 4 has

. . . .o 11,15,16,18,42,47.48
been in particular the subject of several recent studies. > > > """

The cyclization forms structurally
interesting cyclopenta-fused heterocyclic compounds (Figure 4) due to their presence in natural and
biologically active compounds.*®* The presence of the heteroatom has a striking influence on the
reactivity of these systems, as it makes the ring closure of the corresponding pentadienyl cations possible
even in the presence of catalytic amounts of Brensted or Lewis acids at room temperature, whilst the

corresponding carbocyclic substrates do not generally react unless more drastic conditions are used.

R4
H" or R2 (T
R §
Lewis acid N R3
|
R" ©
R3
H" or R (T
.
Lewis acid 0 R2
O
Figure 4

The carbonylative reactions carried out in our laboratories and reported in sections 3 and 4 allow for the
rapid preparation of the unsymmetrical divinyl ketones (Figure 4) required for the Nazarov reaction. Very
recently we have in fact applied those procedures for the preparation of a series of N,- O, and
S-containing heterocyclic divinyl ketones for a comparative study on the Lewis- and Brensted acid-

16,50
d,”™

catalyze and organocatalytic’' Nazarov reaction.
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Table S. Lewis acid-catalyzed Nazarov Reaction of Dienones 51-59

Entry Dienone Lewis Acid T Time (h) product Yield
(°C) (%)
% Sc(O0TH); (3%) 55 3 nPr 86
X NPr
1 MeochN 5 51 In(OTf); (15%) 35 12 [Njié 85
MeO,& O
| In(OTf); (10%) 55 2.5 Ph 83
. S Ph [j:é
2 MeO,d O 52 20 4 N 81
MeO,C )
] e Sc(OTf); (10%) 22 20 [Qph 64
N N
3 MeO,C O 53 MeO,C O
| Sc(O0TH); (3%) 55 6.5 Ph 55
N S Ph [\/Q
4 |
Ts O 54 l b
| Sc(O0T1); (3%) 0 4 nPr 65°
5 o X NPr [\/Q
o 55 ol
‘ Sc(OTh); (10%) 0 1 NP“ 63°
Xx_-Ph
6 U T g MmOTH3%) 20 1 oq? 64
o)

)P Sc(0TH); (3%) 20 15 %Ph 53°
7 YT L °

9]
|
O

Sc(OTH; 3%) 20 1 Pr 67

o0
n
= o}
o
o
/
S
B

n
=]

88
O
‘ Sc(OTf; (3%) 20 1 Ph 73
88
O

9 I sg  In(OTH;(3%) 20 1 72

%trans/cis ratio = 9:1. ° trans/cis ratio = 20:1. ‘trans/cis = 1.2:1

Among various Lewis acids, metal triflates, and in particular Sc(OTf); and In(OTf);, were the most
efficient in catalyzing the electrocyclization process. Sc(OTf); and In(OTf); are the most Lewis acidic
among the catalysts tested as the two cations S¢’” and In’" possess a high charge to radius ratio.”> With
N-CO;Me protected dienones 51-53, all reactions were successfully carried out at either room
temperature or slight heating in the presence of 3-15 mol % of the catalyst (Table 5, entries 1-3). The
Nazarov reaction of the 2-alkoxy-1,4-dien-3-one 55 provided, after 4 h at 0 °C in the presence of 3 mol %
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of Sc(OTHY)s, the Nazarov product (entry 5) in 65% yield after chromatography. Cyclization of 56 was fast
with 10 mol % of Sc(OTf); at 0 °C as well as in the presence of 3 mol % of In(OTf); at 20 °C. Both
Nazarov products (entries 5 and 6) were obtained as a mixture of diastereomers in 9:1 and 20:1 ratio
respectively. The relative stereochemistry of the major isomers was 2,5-trans, which is in accordance with
the results obtained in the mineral acid-catalyzed Nazarov reaction of analogous substrates.'” It is
interesting to notice that the Lewis acid has no effect in varying the sense of conrotation with respect to
the mineral acid-catalyzed process,'® the 2,5-trans products being obtained as the major diastereomers.
The cyclization of 57 was carried out at room temperature in the presence of 3 mol % of Sc(OTf); (entry
7). In this case a 1.2:1 mixture of diastereomers was isolated by chromatography in 53% yield. Also the
cyclization of thiopyranyl derivatives 58 and 59 was very fast, as the Nazarov products (entries 8 and 9)
were obtained in good yield just after 1 h at room temperature.

The (high) relative rates of cyclization of heteroatom-containing dienones 51-59 can be explained on the
basis of the role of the heteroatom in stabilizing the positive charge which develops in the transition state
of the process,'® but also, bidentate binding of the Lewis acid to the substrate (C=0O and heteroatom)

could help the two vinyl moieties in adopting the proper s-cis/s-trans orientation for the cyclization.

6. NEW TRENDS IN NAZAROV CYCLIZATION

The development of progressively milder acid promoters is mandatory for the Nazarov reaction to be
accounted as a versatile synthetic tool. Interestingly, the process could be promoted by both Lewis and
Brensted acids, but while Lewis acid catalysis is well assessed and allows the use of extremely mild
conditions coupled with a high level of regio- and diastereo/enantioselectivity”>*** further efforts are
required to improve protic acid catalysis in the context of the Nazarov cyclization. Among the organic
Bronsted acids, Rouden ef al. demonstrated the efficiency of a catalytic amount of TsOH in promoting the
Nazarov cyclization on a-alkoxydienones.”® The sulfonic acid resin Amberlyst 15* proved to be an

efficient catalyst with suitable substrates.'""

In recent times Rueping et al. described the first
organocatalytic enantioselective Nazarov reaction on activated dienones with BINOL (1,1’-binaphtol)
derived N-triflyl phosphoramides.*’ Recently, o-benzenedisulfonimide (60; Table 6) has been reported to
act in catalytic amounts, as a safe, nonvolatile, and recyclable Bronsted acid.” o-Benzenedisulfonimide
has thus been evaluated as a catalyst in Nazarov electrocyclization. Some preliminary experiments
conducted on B-damascone, an unpolarized and B-trisubstituted dienone that is reported to undergo ring
closure under very harsh conditions,”® gave encouraging results. Thus, on continuing our studies on the
Nazarov cyclization of dienones in which one of the double bonds is embedded in an heterocyclic

framework, a series of heterocyclic derived dienones were considered for the electrocyclization promoted

by the o-benzenedisulfonimide (Table 6).
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Table 6. o-Benzendisulfonimide catalyzed cyclization of heterocyclic dienones

©:SOZ
NH
/

SO,

717

D~
X o X 0
n=12 O
Entry 60 mol (%) Substrate Solvent Time (h)/T (°C)  Yield
LT,
1 30 0 61 toluene 3/100 70
0
2 10 61 no 0.5/60 51
| Ph 66  trans:cis
3 30 0 toluene 0.3/ 100 S:1
o 56
4 30 56 toluene 6/60 66  trans:cis
7:1
avs
S
5 30 o 62 ECOENG212 2/60 65
Ph
|
N
6 5 MeOOC O 52 CH,CICH,C1 3.5/80 78
w
7 10 N 63 CH,CICH,C1 0.2/rt 43
Me OEt
8 50 W«% CH,CICH,Cl 20/ 80 45
N
Me ©
9 30 63 CH,CICH,C1 5.5/80 65

Compounds 61 and 62 (Table 6) were synthesized through the reaction of allyl magnesium bromide with

the corresponding Weinreb amides,” while 56 and 52 through a carbonylative Suzuki-Miyaura cross

coupling between lactone- or lactam-derived vinyl triflates and (E)-styrylboronic acid.'”**° Palladium

catalyzed Suzuki coupling between 1-methyl-1/-indol-2-yl trifluoromethanesulfonate and the suitable

a-ethoxydienylboronate afforded 63 in excellent yields. All the starting compounds were supposed to
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take advantage of the presence of a heteroatom in the a-position of the dienone, nonetheless it should be
pointed out that in the case of allyl derivatives 61 and 62 an isomerization of the terminal double bond
must occur before the cyclization process takes place. In Table 6, a selection of the most significant data
obtained in the various experimental conditions is reported. A satisfactory yield was obtained using
compound 61 in toluene for 3h at 100 °C (entry 1). Due to the low environmental impact of 60, we were
particularly interested in evaluating solvent-free conditions (entry 2). The catalyst could be easily
recovered from the work-up of the reaction mixture through a rapid rinse of the organic layer with water,
and thus reused for further experiments without loss of catalytic activity. Optimized conditions allowed
recovery of the cyclization product at a yield of 51%. In the case of 56 (entry 4), the cyclization proceeds
with good diastereoselectivity with a 7:1 ratio in favour of the frans diastereoisomer. This result is in
accordance with the data obtained with analogous substrates both under Bronsted acid'>'' and Lewis
acid® catalysis. Furthermore, it is worth emphasizing that o-benzenedisulfonimide is efficient in
promoting the Nazarov cyclization also in the case of thio derivative 62 in the ionic liquid ECOENG 212
(entry 5). Azacycle derivatives 52 and 63 are considered in entries 6 and 7. In these cases the reaction
proceeds in dichloroethane at 80 °C with a 5% catalyst loading with a 78% yield for 52. Particularly
efficient was the cyclization of 63 (entry 7). After 10 min at 25 °C the TLC control showed the
disappearance of the starting material and the formation of two new products, the expected cyclic product

together with the open chain ketone 64 in a 2:1 ratio.

50, 80,
Lo L
sog SO,
V. @Lﬂ — )
N
Me OEt

N N 0O
Me OFEt Me
63
Amberlyst
~ \
WA
\N/
Me o
64
Scheme 14

We have previously demonstrated that in the conversion of alkoxydienyl heterocyclic derivatives into
cyclic products by Amberlist 15"-catalyzed Nazarov reaction, the divinyl ketone 64 is not an intermediate
of the reaction pathway (Scheme 14)."" However, o-benzenedisulfonimide was efficient in converting 64
into the cyclic product in a separate process (entry 8) even though an higher amount of catalyst and longer

reaction time were required. The efficiency of 60 as a catalyst can be entirely exploited in the direct and
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complete conversion of 63 using slightly stronger conditions (entry 9), the cyclic product was recovered
in a 65% yield. It is remarkable to point out that Amberlyst 15® failed in the direct conversion of 63 into
the corresponding cyclopentenone; in that case 64 was recovered as the only product and then cyclized
with neat TFA. The metal-free procedure proposed allows the use of a safe, nonvolatile and recyclable

organic promoter with a loading factor which is not larger than 30%.

7. CONCLUSIONS

The use of lactam-, lactone- and thiolactone-derived vinyl triflates and phosphates in palladium-catalyzed
carbonylative reactions furnishes a valuable synthetic tool towards heterocyclic frameworks. In this
review we first described the reactivity of heterocyclic-derived enol triflates and phosphates in
alkoxycarbonylation reactions and the use of the products as key intermediates in the synthesis of natural
compounds such as roseophilin, (+)-fagomine, and (25,4R)-4-hydroxypipecolic acid. Aminocarbonylation
was exploited to synthesize heterocyclic Weinreb amides that were successfully reacted with various
nucleophiles to obtain divinyl ketones possessing the right electronic arrangement to undergo a Nazarov
electrocyclization. Furthermore, divinyl ketones were obtained resorting to a Suzuki-Miyaura
carbonylative process between heterocyclic enol triflates and vinyl boronic acids. By means of the herein
proposed synthetic approach, heterocyclic bicyclic frameworks become readily and straightforwardly

accessible structures.

REFERENCES

1. For the most recent syntheses of natural products from lactam—derived enol triflates and phosphates
see: Himbacine analogs: M. V. Chelliah, S. Chackalamannil, Y. Xia, K. Eagen, M. C. Clasby, X.
Gao, W. Greenlee, H.-S. Ahan, J. Agans-Fantuzzi, G. Boykow, Y. Hsieh, M. Bryant, J. Palamada,
T.-M. Chan, D. Hesk, and M. Chintala, J. Med. Chem., 2007, 50, 5147; Naphthyridinomycin
alkaloids: G. H. C. Woo, S.—H. Kim, and P. Wipf, Tetrahedron, 2006, 62, 10507; Fasicularin: M. D.
B. Fenster, and G. R. Dake, Chem. Eur. J., 2005, 11, 639; S. J. Bamford, T. Luker, W. N. Speckamp,
and H. Hiemstra, Org. Lett., 2000, 2, 1157; Alkaloid 223A: N. Toyooka, A. Fukutome, H. Nemoto, J.
W. Daly, T. F. Spande, H. Martin Garraffo, and T. Kaneko, Org. Lett., 2002, 4, 1715; (+)—Cytisine: J.
W. Coe, Org. Lett., 2000, 2, 4205; Anabasine analogs: S. Lindstrém, L. Ripa, and A. Hallberg, Org.
Lett., 2000, 2, 2291; Claveptines A and B: J. D. Ha and J. K. Cha, J. Am. Chem. Soc., 1999, 121,
10012; Lepadin B: N. Toyooka, M. Okumura, and H. Takahata, J. Org. Chem., 1999, 64, 2182;
Desoxoprosophylline: T. Luker, H. Hiemstra, and W. N. Speckamp, J. Org. Chem., 1997, 62, 3592.

2. For the most recent syntheses of natural products from lactone—derived enol triflates and phosphates

see: Brevenal: H. Fuwa, M. Ebine, A. J. Bourdelais, D. G. Baden, and M. Sasaki, J. Am. Chem. Soc.,



720

HETEROCYCLES, Vol. 80, No. 2, 2010

2006, 128, 16989; Gymnocin—A: C. Tsukano, M. Ebine, and M. Sasaki, J. Am. Chem. Soc., 2005,
127, 4326; Pinnatoxins: M. J. Pelc and A. Zakarian, Org. Lett., 2005, 7, 1629; Hemibrevetoxin B: K.
Fujiwara, D. Sato, M. Watanabe, H. Morishita, A. Murai, H. Kawai, and T. Suzuki, Tetrahedron
Lett., 2004, 45, 5243; Azaspiracid—1: K. C. Nicolaou, Y. Li, N. Uesaka, T. V. Koftis, S. Vyskocil, T.
Ling, M. Govindasamy, W. Qian, F. Bernal, and D. Y.—K. Chen, Angew. Chem. Int. Ed., 2003, 42,
3643; Ciguatoxins: M. Sasaki, M. Ishikawa, H. Fuwa, and K. Tachibana, Tetrahedron, 2002, 58,
1889; H. Takakura, M. Sasaki, S. Honda, and K. Tachibana, Org. Lett., 2002, 4, 2771; Gambierol: H.
Fuwa, N. Kainuma, K. Tachibana, and M. Sasaki, J. Am. Chem. Soc., 2002, 124, 14983; 1. Kadota, H.
Takamura, K. Sato, and Y. Yamamoto, J. Org. Chem., 2002, 67, 3494; 1. Kadota, H. Takamura, K.
Sato, and Y. Yamamoto, Tetrahedron Lett., 2001, 42, 4729.

T. Okita and M. Isobe, Synlett, 1994, 589; T. Okita and M. Isobe, Tetrahedron, 1995, 51, 3737; C. J.
Foti and D. L. Comins, J. Org. Chem., 1995, 60, 2656; K. Tsushima, T. Hirade, H. Hasegawa, and A.
Murai, Chem. Lett., 1995, 9, 801; P. Bernabé, F. P. J. T Rutjes, H. Hiemstra, and W. N. Speckamp,
Tetrahedron Lett., 1996, 37, 3561; K. C. Nicolaou, G.-Q. Shi, J. L. Gunzner, P. Gértner, and Z. Yang,
J. Am. Chem. Soc., 1997, 119, 5467.

Most recent studies on cyclic ketene aminal triflates and phosphates: M. Chaignaud, I. Gillaizeau, N.
Ouhamou, and G. Coudert, Tetrahedron, 2008, 64, 8059; E. Claveau, 1. Gillaizeau, J. Blu, A. Bruel,
and G. Coudert, J. Org. Chem., 2007, 72, 4832; D. Mousset, I. Gillaizeau, A. Sabatié, P. Bouyssou,
and G. Coudert, J. Org. Chem., 2006, 71, 5993; H. Fuwa, A. Kaneko, Y. Sugimoto, T. Tomita, T.
Iwatsubo, and M. Sasaki, Heterocycles, 2006, 70, 101; G. R. Dake, M. D. B. Fenster, P. B. Hurley,
and B. O. Patrick, J. Org. Chem., 2004, 69, 5668; S. J. Li and R. K. Dieter, J. Org. Chem., 2003, 68,
969; L. P. Easton and G. R. Dake, Can. J. Chem., 2004, 82, 139.

Most recent studies on lactone—derived enol triflates and phosphates: A. Deagostino, M. Migliardi, E.
G. Occhiato, C. Prandi, C. Zavattaro, and P. Venturello, Tetrahedron, 2005, 61, 3429; C. Prandi, A.
Deagostino, P. Venturello, and E. G. Occhiato, Org. Lett., 2005, 7, 4345; J. E. Milne and P. J.
Kocienski, Synthesis, 2003, 584; J. E. Milne, K. Jarowicki, and P. J. Kocienski, Synlett, 2002, 607; H.
Senboku, H. Kanaya, and M. Tokuda, Synlett, 2002, 140; 1. Kadota, H. Takamura, K. Sato, and Y.
Yamamoto, J. Org. Chem., 2002, 67, 3494.

A. Guarna, E. G. Occhiato, F. Machetti, and V. Giacomelli, J. Org. Chem., 1999, 64, 4985.

F. Lepifre, C. Buon, R. Rabot, P. Bouyssou, and G. Coudert, Tetrahedron Lett., 1999, 40, 6373.

E. G. Occhiato, A. Trabocchi, and A. Guarna, Org. Lett., 2000, 2, 1241.

E. G. Occhiato, A. Trabocchi, and A. Guarna, J. Org. Chem., 2001, 66, 2459.

F. Lo Galbo, E. G. Occhiato, A. Guarna, and C. Faggi, J. Org. Chem., 2003, 68, 6360.

. E. G. Occhiato, C. Prandi, A. Ferrali, A. Guarna, A. Deagostino, and P. Venturello, J. Org. Chem.,



12.

13.

14.
15.
16.

17.

18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

HETEROCYCLES, Vol. 80, No. 2, 2010 721

2002, 67, 7144; E. G. Occhiato, C. Prandi, A. Ferrali, A. Guarna, and P. Venturello, J. Org. Chem.,
2003, 68, 9728; A. Cavalli, M. Masetti, M. Recanatini, C. Prandi, A. Guarna, and E. G. Occhiato,
Chem. Eur. J., 2006, 12, 2836.

A. Ferrali, A. Guarna, F. Lo Galbo, and E. G. Occhiato, Tetrahedron Lett., 2004, 45, 5271; E. G.
Occhiato, F. Lo Galbo, and A. Guarna, J. Org. Chem., 2005, 70, 7324.

Most recent reviews on the Nazarov reaction: M. A. Tius, Eur. J. Org. Chem., 2005, 2193; H.
Pellissier, Tetrahedron, 2005, 61, 6479; A. J. Frontier and C. Collison, Tetrahedron, 2005, 61, 7577.
E. G. Occhiato, Mini—Rev. Org. Chem., 2004, 1, 149.

C. Prandi, A. Ferrali, A. Guarna, P. Venturello, and E. G. Occhiato, J. Org. Chem., 2004, 69, 7705.
A. Cavalli, A. Pacetti, M. Recanatini, C. Prandi, D. Scarpi, and E. G. Occhiato, Chem. Eur. J., 2008,
14, 9292.

J. Jiang, R. J. De Vita, G. A. Doss, M. T. Goulet, and M. J. Wyvratt, J. Am. Chem. Soc., 1999, 121,
593; T. Luker, H. Hiemstra, and W. N. Speckamp, J. Org. Chem., 1997, 62, 8131.

E. G. Occhiato, C. Prandi, A. Ferrali, and A. Guarna, J. Org. Chem., 2005, 70, 4542.

E. G. Occhiato, D. Scarpi, and A. Guarna, Eur. J. Org. Chem., 2008, 524.

L. Bartali, D. Scarpi, A. Guarna, C. Prandi, and E. G. Occhiato, Synlett, 2009, 913.

Y. Hayakawa, K. Kawakami, H. Seto, and K. Furihata, Tetrahedron Lett., 1992, 33, 2701.

For a review see: A. Flirstner, Angew. Chem. Int. Ed., 2003, 42, 3582.

S. H. Kim, I. Figueroa, and P. L. Fuchs, Tetrahedron Lett., 1997, 38, 2601.

J. T. Romeo, L. A. Swain, and A. B. Bleecker, Phytochemistry, 1983, 22, 1615; V. W. Schenk and H.
F. Schutte, Flora, 1963, 153, 426.

H. Vanderhaeghe, G. Janssen, and F. Compernolle, Tetrahedron Lett., 1971, 12, 2687.

P. L. Ornstein, D. D. Schoepp, M. B. Arnold, J. D. Leander, D. Lodge, J. W. Paschal, and T. Elzey, J.
Med. Chem., 1991, 34, 90; S. J. Hays, T. C. Malone, and G. Johnsonm, J. Org. Chem., 1991, 56,
4084.

D. Lamarre, G. Croteau, E. Wardrop, L. Bourgon, D. Thibeault, C. Clouette, M. Vaillancourt, E.
Cohen, C. Pargellis, C. Yoakim, and P. C. Anderson, Antimicrob. Agents Chemother., 1997, 41, 965.
For a recent review on the asymmetric synthesis of pipecolic acids and derivatives see: C.
Kadouri—Puchot and S. Comesse, Amino Acids, 2005, 29, 101; and also: F. M. Cordero, S. Bonollo,
F. Machetti, and A. Brandi, Eur. J. Org. Chem., 2006, 3235.

Unpublished results.

T. W. Greene and P. G. M. Wuts, Protective Groups in Organic Synthesis, John Wiley & Sons, Inc.,
New York, 3" Edition, 1999.

C. Herdeis, C. Kaschinski, R. Karla, and H. Lotter, Tetrahedron: Asymmetry, 1996, 7, 867.



722

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.

42.

43.
44,
45.

46.

HETEROCYCLES, Vol. 80, No. 2, 2010

R. J. Molyneux, M. Benson, R. Y. Wong, J. H. Tropea, and A. D. Elbein, J. Nat. Prod., 1988, 51,
1198.

M. Koyama and S. Sakamura, Agric. Biol. Chem., 1974, 38, 1111.

H. Nojima, I. Kimura, F.-J. Chen, Y. Sugiura, M. Haruno, A. Kato, and N. Asano, J. Nat. Prod.,
1998, 61, 397; S. Taniguchi, N. Asano, F. Tomino, and 1. Miwa, Horm. Metab. Res., 1998, 30, 679;
A. Kato, N. Asano, H. Kizu, K. Matsui, A. A. Watson, and R. J. Nash, J. Nat. Prod., 1997, 60, 312.
A. Deagostino, P. Larini, E. G. Occhiato, L. Pizzuto, C. Prandi, and P. Venturello, J. Org. Chem.,
2008, 73, 1941.

J. R. Martinelli, D. M. M. Freckmann, and S. L. Buchwald, Org. Lett., 2006, 8, 4843.

M. Kranenburg, Y. E. van der Burgt, P. C. J. Kamer, and P. W. N. M. van Leeuwen,
Organometallics, 1995, 14, 3081.

J. R. Martinelli, , D. A. Watson, D. M. M. Freckmann, T. E. Barder, and S. L. Buchwald, J. Org.
Chem., 2008, 73, 7102.

C. Bee and M. A. Tius, Org. Lett., 2003, 1681 and references therein.

F. Crestey, S. Stiebing, R. Legay, V. Collot, and S. Rault, Tetrahedron, 2007, 63, 419 for indazolyl
N-Boc protected Weinreb amides coupled with organometallic nucleophiles.

A. M. Echavarren and J. K. Stille, J. Am. Chem. Soc., 1988, 110, 1557; W. F. Goure, M. E. Wright, P.
D. Davis, S. S. Labadie, and J. K. Stille, J. Am. Chem. Soc., 1984, 106, 6417; G. T. Crisp, W. J. Scott,
and J. K. Stille, J. Am. Chem. Soc., 1984, 106, 7500.

Substituted 1-(5,6-dihydro-4H-pyran-2-yl)propenones have been investigated as substrates for the
Nazarov reactions also by Trauner and Frontier. W. He, R. Herrick, T. A. Atesin, P. A. Caruana, C.
A. Kellenberger, and A. J. Frontier, J. Am. Chem. Soc., 2008, 130, 1003; W. He, J. Huang, X. Sun,
and A. J. Frontier, J. Am. Chem. Soc., 2007, 129, 489; J. A. Malona, J. M. Colbourne, and A. J.
Frontier, Org. Lett., 2006, 8, 5661; M. Janka, M. He, A. J. Frontier, C. Flaschenriem, and R.
Eisenberg, Tetrahedron, 2005, 61, 6193; G. Liang and D. Trauner, J. Am. Chem. Soc., 2004, 126,
9544; M. Janka, W. He, A. J. Frontier, and R. Eisenberg, J. Am. Chem. Soc., 2004, 126, 6864; W. He,
X. Sun, and A. J. Frontier, J. Am. Chem. Soc., 2003, 125, 14278.

L. Bartali, A. Guarna, P. Larini, and E. G. Occhiato, Eur. J. Org. Chem., 2007, 2152.

P. Larini, A. Guarna, and E. G. Occhiato, Org. Lett., 20006, 8, 781.

T. Ishiyama, H. Kizaki, T. Hayashi, A. Suzuki, and N. Miyaura, J. Org. Chem., 1998, 63, 4726, and
references therein. It is known that bidentate ligands with large bite angle as dppf increase the
amount of the carbonylated product relative to the non-carbonylated one with aryl triflates and
bromides.

For some recent examples of application of the Nazarov reaction to the synthesis of natural products



47.

48.

49.

50.
51.

52.
53.

54.
55.

HETEROCYCLES, Vol. 80, No. 2, 2010 723

see: W. He, J. Huang, X. Sun, and A. J. Frontier, J. Am. Chem. Soc., 2008, 130, 300; D. R. Williams,
L. A. Robinson, L. A. Nevill, and J. P. Reddy, Angew. Chem. Int. Ed., 2007, 46, 915; G. X. Liang, Y.
Xu, I. B. Seiple, and D. Trauner, J. Am. Chem. Soc., 2006, 128, 11022; G. O. Berger and M. A. Tius,
J. Org. Chem., 2007, 72, 6473; L. F. Wan and M. A. Tius, Org. Lett., 2007, 9, 647.

M. Rueping, W. leawsuwan, A. P. Antonchick, and B. J. Nachtstein, Angew. Chem. Int. Ed., 2007,
46, 2097.

G. Liang and D. Trauner, J. Am. Chem. Soc., 2004, 126, 9544; G. Liang, S. N. Gradl, and D. Trauner,
Org. Lett., 2003, 5, 4931.

For example: H. Drautz, H. Zahner, E. Kupfer, and W. Keller-Schierlein, Helv. Chim. Acta, 1981, 64,
1752; S. Grabley, H. Kluge, and H.-U. Hoppe, Angew. Chem., Int. Ed. Engl., 1987, 26, 664; S.
Grabley, P. Hammann, H. Kluge, J. Wink, P. Kricke, and A. Zeek, J. Antibiot., 1991, 44, 797; C.
Puder, P. Krastel, and A. Zeeck, J. Nat. Prod., 2000, 63, 1258; C. Puder, S. Loya, A. Hizi, and A.
Zeeck, J. Nat. Prod., 2001, 64, 42; B. M. Trost, C. K. Chung, and A. B. Pinkerton, Angew. Chem. Int.
Ed., 2004, 43, 4327; S. Omura, H. Tanaka, J. Awaya, Y. Narimatsu, Y. Konda, and T. Hata, Agric.
Biol. Chem., 1974, 38, 899; A. 1. Gurevich, M. N. Kolosov, V. G. Korobko, and V. V. Onoprienko,
Tetrahedron Lett., 1968, 9, 2209; S. J. Bamford, T. Luker, W. N. Speckamp, and H. Hiemstra, Org.
Lett., 2000, 2, 1157; C. H. Heathcock, M. H. Norman, and D. A. Dickman, J. Org. Chem., 1990, 55,
798; L. E. Overman, G. M. Robertson, and A. J. Robichaud, J. Am. Chem. Soc., 1991, 113, 2598; L.
E. Overman, M. Sworin, L. Bass, and J. Clardy, Tetrahedron, 1981, 37, 4041; Related
proline-specific Maillard compounds: C.-W. Chen, G. Lu, and C.-T. Ho, J. Agric. Food Chem., 1997,
45, 2996.

L. Bartali, P. Larini, A. Guarna, and E. G. Occhiato, Synthesis, 2007, 1733.

M. Barbero, S. Cadamuro, A. Deagostino, S. Dughera, P. Larini, E. G. Occhiato, C. Prandi, S.
Tabasso, R. Vulcano, and P. Venturello, Synthesis, 2009, 2260.

S. Kobayashi and C. Ogawa, Chem. Eur. J., 2006, 12, 5954.

For Lewis acids promoted Nazarov cyclizations, see refs 20, 42, 44, and 46 and: J. Zhu, C. Zhong, H.
F. Lu, G. Y. Li, and X. Sun, Synlett, 2008, 458; D. Song, A. Rostami, and F. G. West, J. Am. Chem.
Soc., 2007, 129, 12019; H. F. Cui, K. Y. Dong, G. W. Zhang, L. Wang, and J. A. Ma, Chem.
Commun., 2007, 2284; M. Shindo, K. Yaji, T. Kita, and K. Shishido, Synlett, 2007, 1096; S. Giese
and F. G. West, Tetrahedron, 2000, 56, 10221; V. K. Aggarwal and A. J. Beffield, Org. Lett., 2003,
5, 5075 and references cited therein; K. J. Irgolic, in Houben-Weyl, 4th ed., Vol. E12b; ed. by D.
Klamann, Thieme: Stuttgart, 1990, 150.

M. Amere, J. Blanchet, M. C. Lasne, and J. Rouden, Tetrahedron Lett., 2008, 49, 2541.

M. Barbero, S. Cadamuro, S. Dughera, and P. Venturello, Synlett, 2007, 2209; M. Barbero, S.



724 HETEROCYCLES, Vol. 80, No. 2, 2010

Cadamuro, S. Dughera, and P. Venturello, Synthesis, 2008, 1379; M. Barbero, S. Cadamuro, S.
Dughera, and P. Venturello, Synthesis, 2008, 3625; M. Barbero, S. Cadamuro, and S. Dughera, Eur.
J. Org. Chem., 2009, 430.

56. G. Ohloff, K. H. Schulte-Elte, and E. Demole, Helv. Chim. Acta, 1971, 54, 2913.

Ernesto G. Occhiato was born in 1964. He received his degree in Chemistry from the
University of Florence (Italy) in 1989. After his three-year PhD studies in Chemical Sciences in
Toronto and Florence, he carried on his research activity as bourse-holder (CNR fellowships
and post-doctoral studies) until 2000 when he became tenured Researcher at the Department of
Organic Chemistry, University of Florence. His research interests are primarily in the
development of new synthetic methods for heterocyclic compounds through transition
metal-catalyzed reactions, biotransformations, and electrocyclic reactions.

Dina Scarpi graduated in Chemistry in 1995 at the University of Florence, where she took her
PhD in 2000 working on steroids and alkaloids chemistry. She spent two years at the Dept of
Chemistry of the Imperial College of London as research associate, developing new peptidic
inhibitors of the human B-tryptase and, back in Italy, she joined Prof. Guarna’s group as a
research fellow and from 2009 as a tenured Researcher. Main research interests concern the
synthesis of biologically active heterocyclic compounds and the development of new ligands for
metals for catalytic processes in asymmetric synthesis.

Cristina Prandi was born in Novara (Italy), and she attended the University of Torino where
graduated in Biology in 1988. She enrolled in the doctoral program of Biology and
Biotechnology of Fungi, conducted graduate work under the supervision of Prof. lacopo
Degani, and received her PhD in June 1993. In July 1993 she was appointed tenured Researcher
at the University of Piemonte Orientale and started working under the direction of Prof. P.
Venturello. In 2005 she moved to the University of Torino. In 2006 she was appointed Associate
Professor in Organic Chemistry. Her research interests include organometallic chemistry,
transition-metal-catalyzed cross-coupling reactions, Nazarov electrocyclization and natural
products’ synthesis.






