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Metal-Catalyzed Cyclizations to Pyran and Oxazine Derivatives
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Abstract Pyrans are privileged heterocyclic structures found in nu-
merous natural compounds with extraordinary biological activities. The
synthesis of these relevant structures has attracted a great deal of at-
tention over the years. Catalytic methodologies based on the activation
of neutral unsaturated functionalities of acyclic compounds that under-
go intramolecular cyclizations have achieved prominent synthetic rele-

vance. In this short review, we discuss the successful construction of di- Carlos Saa (left), born in Lugo, Spain, studied chemistry at the Univer-
hydropyran and dihydro-1,4-oxazine derivatives from acyclic precursors sity of Santiago de Compostela, Spain, where he received his Ph.D. in
by metal-catalyzed intramolecular cyclizations through carbon-carbon, 1985. He spent two years (1987-1988) as a NATO postdoctoral re-
carbon-oxygen, and carbon-nitrogen bond formation. Remarkable search associate at the University of California, Berkeley, working with
synthetic applications are highlighted. Prof. K. P. C. Vollhardt. In 1990 he joined the Department of Organic
1 Introduction Chemistry University of Santiago de Compostela, Spain, as an Associate
2 3,4-Dihydropyrans Professor, and since 2004 he has been a full Professor. His research in-
3 3,4-Dihydro-1,4-oxazines terest centers on the discovery of new reactivity using organometallic
4 3,6-Dihydropyrans catalysts.
5 Synthetic Applications Jests A. Varela (right) was born in 1971 in Lugo, Spain, and studied
6 Summary chemistry at the University of Santiago de Compostela, Spain. He com-
pleted his M.Sc. in 1994 and his Ph.D. thesis in 1999 (excellent award)
Key words allenols, bis-homopropargyl alcohols, catalysis, cycliza- both under the supervision of Prof. Dr. Carlos Sad. He spent a predoc-
tions, heterocyclizations, 1,4-oxazines, pyrans, transition metals toral research training period in Harvard University in 1997 under su-

pervision of Prof. Dr. Matthew Shair. From 1999 to 2001, he spent a
. postdoctoral period as an Alexander Von Humboldt and Marie Curie

1 Introduction Fellow with Prof. Dr. Paul Knochel at Ludwig Maximilians Universitdt in
Munich, Germany. He joined the Department of Organic Chemistry,

Heterocyclic structures, particularly six-membered ox- University of Santiago de Compostela as Ramén y Cajal researcher, and
’ since 2008 he has been an Associate Professor. His research interests

Yge“at?d der}vatlves'. 1.€. pyrans, are' pl"evalent. umt_s found are focused on the discovery of new organometallic catalyzed reac-
in a wide variety of simple and sophisticated bioactive nat- HEme,

ural products.! Over the years a great deal of effort has been

devoted to these important synthetic challenges, and the

metal-catalyzed intramolecular addition of oxygenated nu- for carbohydrate chemistry,> and 3,4-dihydro-1,4-oxazines,
cleophiles across unsaturated carbon-carbon bonds is one  which are versatile heterocyclic motifs present in many
of the most outstanding methods.? This short review focus- natural products and pharmaceuticals® (Scheme 1). Exam-
es on recent progress in metal-catalyzed intramolecular cy- ples involving the synthesis of benzofused derivatives (i.e.,
clizations to 3,4- and 3,6-dihydropyrans (3,4-DHP and 3,6- chromanes’ and benzoxazines®) have also been reported,
DHP). These compounds are useful precursors for tetrahy-  but they are not discussed here.

dropyrans® and glycals,* which are typical building blocks
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Scheme 1 Structures of 2H-pyran, 3,4-dihydro-2H-pyran, 3,6-dihydro-
2H-pyran, and 3,4-dihydro-2H-1,4-oxazine

2 3,4-Dihydropyrans

3,4-Dihydropyran heterocyclic structures are readily
available from metal-catalyzed intramolecular alkoxyl-
ations of terminal 4-alkyn-1-ol derivatives (M = W, Ru, Rh).?
The cyclization involves the formation of a metal vinylidene
intermediate from the alkynol, an electrophilic species at
its o carbene carbon, and subsequent trapping with the nu-
cleophilic hydroxyl group (Scheme 2). Hence, the cycliza-
tion process can be considered as an anti-Markovnikov ad-
dition of the alcohol to the alkyne (endo cyclization).

R R
OH : \ < \
R
[M] OH /O
> 5~ O+ > c=c
—c— Cp=Cu=M] /7 A
C=C-H H H [M]

Scheme 2 Formation of 3,4-dihydropyrans by intramolecular addition
of alcohols to metal vinylidenes from 4-alkyn-1-ols

McDonald and co-workers carried out their seminal
work on cyclizations of highly functionalized terminal 4-
alkyn-1-ol derivatives to 3,4-dihydropyrans with catalytic
W(COg) complexes under photolytic conditions in the pres-
ence of tertiary amines (Scheme 3).10

/
RO
RO _Z" W(CO)s (25 mol%) X
—_—T
OH EtsN, THF 0o
RO hv (350 nm), 50-65 °C RO
Me 77-98% Me

R =TBDMS, TBDPS

Scheme 3 Tungsten-catalyzed formation of 3,4-dihydropyrans from
bis-homopropargylic alcohols

Trost and co-workers later reported that similar cycliza-
tions of bis-homopropargyl alcohols to 3,4-dihydropyrans
can be performed in the presence of catalytic amounts of
CpRuCI(PAr;), complexes that bear the electron-withdraw-
ing ligand tris(4-fluorophenyl)phosphine (Scheme 4).!
Other ruthenium complexes bearing a tetradentate nitro-
gen-phosphorus mixed ligand were also effective catalysts
for the endo cycloisomerization of bis-homopropargyl alco-
hols.!?

NaHCO,
CPRUCH{(4-FCgHa)3P}2 (5 mol%)
= (4-FCgHa)sP (20 mol%)
4 BusNPFg (15 mol%)

OH DMF, 85 °C
R? 44-72%

H1
R', R = alkyl, OR, etc.

X
R? °

R1

Scheme 4 Ruthenium-catalyzed formation of 3,4-dihydropyrans from
bis-homopropargyl alcohols

These cycloisomerization conditions proved to be che-
moselective for O-cyclizations over N-cyclizations. 3,4-Di-
hydropyrans were the only products obtained when 2-ami-
no-4-alkyn-1-ols were exposed to the Ru-catalyzed cy-
cloisomerization conditions (Scheme 5).13

BocHN\(j
|

BocHN
\(\
DMF, 80 °C, 8 h Me" O

Me* OH
85%

CpRuCI(PPhg), (3 mol%)
NaHCOg, BusNPFg
N-hydroxysuccinimide
— e

/ (OH
not observed

N
Boc e

Scheme 5 Chemoselectivity of the ruthenium-catalyzed formation of
3,4-dihydropyrans from 2-amino-4-alkyn-1-ols: O- vs N-cyclization

Similar chemoselective cyclizations of 2-amino-4-
alkyn-1-ols to 3,4-dihydropyrans were also achieved via
rhodium vinylidene intermediates. Wilkinson’s catalysts
with modified electron-poor phosphines as ligands were
able to form rhodium vinylidene intermediates, which were
subsequently trapped by the alcohol (Scheme 6).14

E

OBn @ OBn

BocHN,, H < P |RhCI (cat.) BocHN,, K
oy == Q)

Me™ “OH R Me™ o

(O

3

DMF, 85 °C
67%

Scheme 6 Rhodium-catalyzed formation of 3,4-dihydropyrans from
bis-homopropargyl alcohols

Furthermore, the reactivity of the arylpalladium inter-
mediates obtained by oxidative addition of aryl halides to a
Pd(0) catalyst can be tuned in order to control the catalytic
arylative 5-exo and 6-endo cyclization of bis-homopropar-
gyl alcohols.!> For instance, substrates bearing an ynamide
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moiety in the presence of Pd(0) catalyst and Xantphos as li-
gands mainly afforded 5,6-disubstituted 3,4-dihydropy-
rans, i.e., the product of 6-endo cyclization (Scheme 7).

(Pda(dba)s) (2.5 mol%) Ts
Ts X Xantphos (5 mol%) O. N
OH | ©/ KoCOg (2 equiv) e
~ _—
(/ Me* // DMA (0.4 M) X
R 80°C, 12h | —r
51-80% =

Scheme 7 Palladium-catalyzed 6-endo arylative cyclization of bis-ho-
mopropargyl alcohols to 5,6-disubstituted 3,4-dihydropyrans

In contrast, conjugated enynoates with a hydroxyl teth-
er undergo intramolecular 6-endo-dig cyclizations to give
3,4-dihydropyrans in moderate to good yields (Scheme 8).16
Addition of the hydroxyl group to the metal-coordinated
alkyne followed by protonolysis is the accepted mechanistic
pathway for the cyclization process. Interestingly, substitut-
ed 3,4-dihydropyrans can be synthesized in one pot by a
tandem Pd-catalyzed intermolecular-intramolecular pro-
cess that involves an alkynoate/alkyne coupling to give a
conjugated enynoate followed by cyclization in the pres-
ence of catalytic Pd(OAc), and TDMPP |tris(2,6-dimethoxy-
phenyl)phosphine].

EtO,C
R1
EtO,C EtO,C
OH Pd(OAC),/TDMPP (cat) | |
_— —
+ benzene \\ |
Il 25-62% R
R'" “OH R SO R2

H2

R! = Me, CH,OPMB, CH,OTBTMS, CH,Cl
R? = CsHy1, cyclopentyl, Bu, Ph, CH,OH

Scheme 8 Palladium-catalyzed formation of 3,4-dihydropyrans by
alkyne/alkynoate coupling followed by cyclization

R3
OH ” CO,Et
R 0 SHEN
(MeCN),PdCly, Cu(OAG)s-Hz0 BaL
Ph3P (10 mol%) o n
* LiBr (20 mol%), DME
m 05, 20 h, 65 °C R! o
2
COLEt R l
R'  R% R® yield (%) Re
4-O,;NCeH; H Et 52 ot
4MeOCeH, H Et 56 R b Y
4-MeOCeHs H Me 55
Ph(CHp), H Et 44 R! (]
CiHe  Me 50 R

Scheme 9 Palladium-catalyzed formation of dihydropyranones by a
cascade Wacker-Heck process

A novel Pd(Il)-catalyzed oxy-carbopalladation (Wacker-
Heck) process with B-hydroxy-ynones also provided access
to highly functionalized 2,3-dihydropyran-4-ones featuring
an interesting dienic system (Scheme 9).”

Alternatively, 2,3-dihydropyran-4-ones can be prepared
in moderate to good yields by an intramolecular palladi-
um(Il)-mediated oxidative cyclization of B-hydroxy-enones
(Scheme 10).18

o
OH O
Pd source, O
R1J\)v\ﬂ2 —_— |
solvent, 50 °C
61% R! O R?

R'  R2 yield (%)
Ph(CH2)2 Me 79
Ph(CH)2 Pr 76

Ph Me 86
Et Ph 43
BnOCH, Me 75
Et Me 52

Scheme 10 Palladium(ll)-mediated oxidative cyclization of B-hydroxy-
enones to 2,3-dihydropyran-4-ones

A novel cyclization of alkynals and alkynones to 2-vinyl-
3,4-dihydropyrans has recently been described.!® The mild
process probably takes place by trapping of the electrophil-
ic vinyl ruthenium carbene [generated in situ by treatment
of catalytic amounts of Cp*RuCl(cod) with alkynals/
alkynones and (trimethylsilyl)diazomethane] with O-nuc-
leophiles from the carbonyl functionalities (Scheme 11).

R? S
R! = Gp*RuCl(cod) (10 mol%) R ™S
H ———— o)
R NoCHTMS R \—
i
0 ProH, 1t R' = CO,Me, R2 = H; 71%

R' = CH,0Bn, R? = H; 80%
R' = CH,0Ac, R = H; 70%
R' = CO,Me, R? = Me; 68%

Scheme 11 Ruthenium-catalyzed heterocyclization of alkynals to 2-vi-
nyl-3,4-dihydropyrans

The diastereoselectivity of the reaction was further
evaluated by using 3-monosubstituted alkynals as starting
materials. Alkynals bearing methoxycarbonyl, benzyl-
oxymethyl, and acetoxymethyl substituents gave the corre-
sponding 2-vinyl-3,4-dihydropyrans as single cis diastereo-
mers (Scheme 12). However, alkynals bearing bulkier 3-si-
loxy substituents gave lower diastereoselectivity during the
heterocyclization process.

6-Substituted 2-vinyl-3,4-dihydropyrans could be ob-
tained by ruthenium-catalyzed heterocyclization of
alkynones (Scheme 13). The heterocyclization of 3-mono-
substituted alkynones showed complete diastereoselectivi-
ty to give the cis 2,4,6-trisubstituted 2-vinyl-3,4-dihydro-
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H —
== Cp*RuCl(cod) (10 mol%) ™S
R H _— R o]
N,CHTMS _
iy
o) PrOH, R = CO,Me; 25%, cis isomer

R = CH,0Bn; 72%, cis isomer
R = CH,OACc; 68%, cis isomer
R = OTBS; 72%, cis/trans 3.3:1
R = OTIPS: 82%, cis/trans 4:1

Scheme 12 Diastereoselectivity of the ruthenium-catalyzed heterocy-
clization of 3-monosubstituted alkynals to 2-vinyl-3,4-dihydropyrans

pyrans. Enantiomerically pure dihydropyrans could be ob-
tained by starting from (R)-3-(tert-butylsiloxy)alkynones
(Scheme 13).

Me0,C. Cp*RuCI(cod) (10mol%)  MeO,C ™S
o)
MeO,C NchTMS MeO,C" \—
'PrOH, rt R
R = Me 54%
R = Ph 70%
Cp*RuCl(cod) (10 mol%) ™S
MeO,C _— MeO,C O
N.CHTMS —
PrOH, rt 46% Ph
— RSN\
R - Cp*RuCl(cod) (10 mol%) R ™S
TBSO! - R — . TBSO- 0
N,CHTMS —
(o) 'PrOH, rt R
R = Me 68%
R = Ph 70%

Scheme 13 Ruthenium-catalyzed heterocyclization of alkynones to 6-
substituted 2-vinyl-3,4-dihydropyrans and studies of diastereoselectivi-

ty

In addition, enantiomerically enriched 3,4-dihydropy-
rans are readily available by the molybdenum-catalyzed
ring-closing metathesis of enol ethers.?’ The chiral Mo-al-
kylidene complexes efficiently undergo the dissymmetrical

\l o
o [Mo] (cat.) Me |
e e CeHe, 22°C )\
84-97%, ee 23-94% * R Me

R = Cy, Ar, COMe, NHCO,Bn

Scheme 14 Enantioselective formation of 3,4-dihydropyrans by the
molybdenum-catalyzed ring-closing metathesis of enol ethers

process in achiral enol ethers by asymmetric ring-closing
metathesis to give 3,4-dihydropyrans with up to 94% ee
(Scheme 14).

The diastereoselective synthesis of multifunctional 3,4-
dihydropyran derivatives was accomplished by a novel con-
vergent radical cyclization of an aldehyde with two alkenes
catalyzed by FeCl,.?! Iron-catalyzed redox radical recombi-
nations are the processes proposed for the formation of the
3,4-dihydropyran skeleton (Scheme 15).

R? 0. Ar

o 2 1 FeCl, (cat. R
R2__CO.R > (cat.) RI0,C° |

W T (BuO),

—80Y = —5: .
l 48-80%, dr=24-51 i L

[Fe]

O
Fe
R‘OZC R‘ozo

CO R' R?

R' = Me, Et, Bu, Bu, Pr, etc.
R2 = Me, CH,CO,Et, CH,CO,Bu, Bn, etc.

Scheme 15 Iron-catalyzed redox radical diastereoselective formation
of polyfunctionalized 3,4-dihydropyrans

3 3,4-Dihydro-1,4-oxazines

2-Vinyl-3,4-dihydro-2H-1,4-oxazines are pivotal struc-
tures to access therapeutic agents.?? These compounds can
be synthesized by Ru-catalyzed heterocyclization of N-teth-
ered alkynals and alkynones under the same catalytic con-
ditions used for 2-vinyl-3,4-dihydropyrans (Scheme 11),
but in this case in diethyl ether (Scheme 16).1°

/== Cp*RuCl(cod) (10 mol%)
PG—N R

PG—N O
\—§ N,CHTMS _
Y Et,0, rt <R

PG = TolSO,, R = H; 58%
PG = TisSOp, R = H; 57%
PG = 'BuOCO, R = H; 58%
PG = BnOCO, R = H; 55%
PG = Ts, R = Ph; 87%

Scheme 16 Ruthenium-catalyzed heterocyclization of N-tethered
alkynals and alkynones to 2-vinyl-3,4-dihydro-1,4-oxazines

Similarly, 2-methylene-3,4-dihydro-1,4-oxazines can be
accessed by a cooperative Rh(Il)/Brensted acid and Au(I)-
catalyzed ‘formal’ [3+3] annulation of enal diazo ketones
with N-propargylanilines (Scheme 17).23 The reaction prob-
ably takes place through the 6-exo heterocyclization of a
gold-activated N-tethered alkynone generated in situ by
the Rh-catalyzed reaction of enal diazo ketones with N-
propargylanilines (Scheme 17).
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[Rha(OAG)4] (2 mol%) e |
PrAuNTf, (5 mol%) Ar
Y |
" DPP (20 mol%) a7 N |
+ —_— | —
CH,Cl, Nz |
60°C, 6h
It 60-82% o A
| | O Ar
Ar L _

N

H
Scheme 17 3,4-Dihydro-1,4-oxazines by the cooperative Rh(ll)/
Bronsted acid and Au(l)-catalyzed [3+3] annulation of enal diazo ke-
tones with N-propargyl anilines

J. A. Varela, C. Sad

_o I

Rh-catalyzed transannulation of N-sulfonyl-1,2,3-tri-
azoles and epoxides gives rise to 3,4-dihydro-1,4-oxazines
in a regioselective manner (Scheme 18).24 The mechanism
probably involves the initial generation of an a-imino rho-
dium(Il) carbene species from the triazole followed by a
‘formal’ [3+3] cycloaddition with the epoxide.

Ts\
N Ar
N
\ [Rhls_ _R! O.__R!
N Rha(S-PTV), (cat.) j/ . ]/
+ —_—
CHoCl Arj[
/Po 120°C, 1 h TsNZ e
AT N 32-51% Ts
R =H, Me By ol}Rh
o <1
N  OfRn
Rha(S-PTV), = o 14

Scheme 18 Rh-catalyzed transannulation of N-sulfonyl-1,2,3-triazoles
and epoxides to 3,4-dihydro-1,4-oxazines

Alternatively, 3,4-dihydro-1,4-oxazines can be obtained
directly by intramolecular hydroamination of alkynes.
When oxygen-tethered non-activated alkynamines
were reacted in the presence of the zinc-based catalyst
[N-isopropyl-2-(isopropylamino)troponiminato]methylzinc
[{(Pr),ATI}-ZnMe], smooth heterocyclization occurred to

R1
| lllH R2 [{(Pr),ATI}-ZnMe] (cat.)
—_—T
I benzene, 120 °C
o RS 70-91%

R' = Ph, Bn, PMB
R2, R® = H, alkyl, Ph

R1
|
Me\[N:[R2
0~ "R®
-
Zn—Me
~y

[{(Pr)oATI}-ZnMe] =

Scheme 19 Zn-catalyzed intramolecular hydroamination of alkynyl-
amines to 3,4-dihydro-1,4-oxazines

give the corresponding 3,4-dihydro-1,4-oxazines by an in-
tramolecular hydroamination (Scheme 19).2°

4 3,6-Dihydropyrans

Catalytic asymmetric Wacker-type cyclization of alke-
nyl alcohols promoted by the Pd-SPRIX catalyst afforded
3,6-dihydropyrans through a 6-endo nucleophilic attack of
the hydroxyl group to the metal-activated olefin. The use of
a trisubstituted double bond ensured the exclusive forma-
tion of the 3,6-dihydropyran isomer by B-hydride elimina-
tion of the Pd complex intermediate (Scheme 20).26

Me
Pd(OCOCF3); (15 mol%)
Me” XX (M,S,S)-Pr-SPRIX (18 mol%) Me@i
R p-benzoquinone (4 equiv) Me® o OH
CHoCly, rt
70-86%, 63-70% ee

HO OH

R = Me, Et, Bn

o-N .
"Pr

(M,S,8)-Pr-SPRIX
Scheme 20 Palladium-catalyzed asymmetric Wacker-type cyclization
of alkenyl alcohols to 3,6-dihydropyrans

Allenols are also useful starting materials for the syn-
thesis of simple and chiral 3,6-dihydropyrans. Electrophilic
activation of the allene by Au(I) or Au(III) catalysts in chiral
3-allenols afforded 3,6-dihydropyrans through a 6-endo cy-
cloisomerization with axis-to-center chirality transfer
(Scheme 21, eq. 1).27 Similarly, 3-hydroxy-1,5-allenynes
were chemoselectively transformed into the corresponding
2-ethynyl-3,6-dihydropyrans by preferential Au(I)-cata-

R3 2
H R R
N Au(l) cat. R! AN
R2, - R A et (eq 1)
"-l/ or Au(lll) cat. o COH q
’ RS 30-80% e
R' HO RS R5 RS
R'=H, Bu, Me
R? = H, Me, "Bu, Bu, Ph
R®=H, Me
R*= H, CO,Et, OAc, OMe
R5=H, Me
HO Me, Me R’
— g1 [AUCI(PPhy)] (2 moi%) =
Me - AgSbFg (2 mol%)
R — || (eq2)
Me ——/ CHyCly, reflux (o]
kA 3 45-96%
R R2 R3

R = SiMeg, CHyPr, CH,OMe
R2, R3=H, Me, -(CHy)s-

Scheme 21 Gold-catalyzed 6-endo cyclization of 3-allenols to 3,6-di-
hydropyrans
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OHG, OCOPMP  i5iCly(CHa=CHa)l,] (5 mol%) HO—.,  PCOPMP
TDMPP (10 mol%) AuCls (5 mol%)
) Me CHzClp, 1t CHClp, 1t o /R
62% R = Me, 75%
R = Ph, 55%
HO—,  OCOPMP
HO R
MeO,C / OH
_ ocopmp  PICI(CHa=CHo)}] (5 mol%) Vi /" ocopwp
TDMPP (10 mol%) PdCl, (5 mol%) >
Ph3zP=CHCO,Me allyl bromide

Me
/ CHCly, rt
54%

PMP = 4-MeOCgH,

DMF, rt

R = Me, 59% \
R =Ph, 78%

Scheme 22 Chemo-, regio-, and stereocontrolled metal-catalyzed formation of enantiopure 3,6-dihydropyrans from B,y-allenediols

lyzed activation of the allene over the alkyne functionality
(Scheme 21, eq. 2). Interestingly, reverse chemoselectivity
can be achieved using a platinum catalyst.?8

Enantiopure 3,6-dihydropyrans could also be prepared
by chemo-, regio-, and stereocontrolled Au(IIl)-, Pt(Il)-, or
Pd(Il)-catalyzed 6-endo cyclization of B-allenols and B,y-al-
lenediols derived from D-glyceraldehyde.?® In all cases the
metal-catalyzed 6-endo cycloisomerization is initiated by
chemo- and regiospecific attack of the secondary hydroxyl
group at the terminal allene carbon atom of B,y-allenediols
to give the corresponding 3,6-dihydropyran (Scheme 22).
Moreover, tandem Pd- and Pt-catalyzed cyclization/cou-
pling reactions of 3-allenols with allyl bromide and ylides
gave rise to enantiopure functionalized tri- and tetrasubsti-
tuted 3,6-dihydropyrans (Scheme 22).2%

Bicyclic  3,6-dihydropyrans  (4,6-dihydrofuro[3,4-
c]pyrans) can be accessed from substituted dipropargyl
ethers by means of two consecutive carbopalladations initi-
ated by a ‘formal’ anti-carbopalladation of a non-activated
alkyne. The second carbopalladation step involves the for-
mation of the dihydropyran ring (Scheme 23).3° Mechanis-
tically, when tertiary propargylic alcohols were mixed with
aryl iodides in the presence of Pd(Il) catalysts, syn-car-
bopalladation occurred and the Pd was placed o to the oxy-
gen. If no other reaction pathways are available (e.g., B-hy-

drogens are not present), cis-trans isomerization of the
transient vinyl Pd complex will occur to give the second
carbopalladation on the remaining alkyne.

When substituted propargyl allyl ethers are used as
substrates (tertiary propargylic w-enynols), the cyclization
process that leads to 3,6-dihydropyrans would involve a
‘formal’ anti-carbopalladation followed by Mizoroki-Heck
reaction (Scheme 24). Interestingly, the geometry of the
double bond in the final product is dependent on the geom-
etry of the starting substrate, which would exclude carbo-
cationic intermediates as these would lead to E/Z mixtures.

Me
HO Me
[PACI,(PhCN),] (cat.), PhsP, Phl Ph
J/\ EtsN, DMA, H,0, 100°C, 5h PN\ o\ F
o)

Me
HO. Me

Ph [PACI(PhCN),] (cat.), PhgP, Phi PR N~
2 EtsN, DMA, H,0, 100 °C, 5 h

O
68%
O
Scheme 24 3-Benzylidene 3,6-dihydropyrans by tandem ‘formal’ anti-
carbopalladation followed by Mizoroki-Heck reactions

[PdCI>(PhCN)] (2 mol%)

Ph3P (4 mol%)
Et3N (5 equiv)

Ph
OH group
to direct Ph—I +
the attack

[Pd] Me
| Me Me
——

Ph Ph Ph

Z
O\/ No B-hydrogen

atoms available: cis—
trans isomerization

OH
[Pd]

H,0 (0.55 equiv)
DMA, 100 °C, 5 h
45%

/
O\/ Trapping of antiinter- Ph

Me _O.__ph
Me / Reductive
elimination
Ph /
O

H \O[Pd] Ph

Ph Me

mediate by further
carbopalladation

Scheme 23 Proposed mechanism for the formation of 3,6-dihydropyrans by two consecutive carbopalladations from substituted dipropargyl ethers
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5 Synthetic Applications against A-549 human lung carcinoma and B-16 melanoma,
respectively.3!

As stated in the Introduction, pyran structures and,

The same methodology was used to assemble ring C in

more specifically, 3,4- and 3,6-dihydropyrans are relevant the synthetic approach to bryostatins, a family of structur-
units found in many bioactive natural products. In this sec- ally complicated macrolides that exhibit an exceptional
tion, remarkable synthetic approaches are briefly men- range of biological activities (Scheme 26).32

tioned to highlight the synthetic method used. For the as-

For the synthesis of ring E of several indole alkaloids

sembly of ring A of miyakolide, a macrolide isolated from a such as (+)-6-oxoalstophylline, (-)-alstophylline, and (-)-
sponge of the genus Polyfibrospongia, Pd-catalyzed tandem  alstonerine, a modified Pd-catalyzed Wacker sequence was
alkynoate/alkyne coupling followed by 6-endo cyclization  applied to generate rapidly the cis-fused 3,4-dihydropyra-
was selected to obtain the exomethylene-3,4-dihydropyran ~ nyl enone (Scheme 27).3* For more details of the oxidative
precursor (Scheme 25).!° The bioassay results for the mac-  Wacker cyclization see the comments and details in
rolide showed potent in vitro and in vivo antitumor activity =~ Scheme 9.

T™MS

lide

R3 R3

Me., )
K O. .R? M HO_.R
o W [Pd] e
M?\/Ie |C =~ /X\ *
; Pz
| Z
MeO,C
CO,Me

Scheme 26 Retrosynthetic plan for the formation of ring C of bryo-
statins

= OMe, R? = O (+)-6-Oxoalstophylline
= OMe, R? = H, (-)-Alstophylline
R1 H, R? = H, (-)-Alstonerine

Scheme 27 Formation of the cis-fused 3,4-dihydropyranyl ring of in-
dole alkaloids by palladium oxidative cyclization

Bejarol metabolites are terpenoids that are found in

plants of S. oblongifolia and they contain a substituted 3,6-
dihydropyran ring with three stereocenters. The first dia-
stereo- and enantioselective total synthesis of (3R,5R,9R)-
bejarol and its (3R,55,9R)-isomer was accomplished using
the Au-catalyzed 6-endo-cyclization of an enantiomerically
pure B-allenol as the key step (Scheme 28).34

Me
+
Me’ X OH

l PhsPAUCI (5 mol%)

Me
Me X OH

o

AgBF, (5 mol%)

Me Q THF, 1, 2h e Q

X

(3R,5R,9R)-Bejarol (3R5S, QH) Bejarol

Scheme 28 Synthesis of (3R,5R,9R)- and (3R,5S,9R)-bejarols by Au-cat-
alyzed 6-endo cyclization of B-allenols

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2016, 48, 3470-3478

Downloaded by: Dot. Lib Information. Copyrighted material.



3477

Synthesis J. A. Varela, C. Saa

6 Summary

Partially hydrogenated pyran derivatives, 3,4- and 3,6-
dihydropyrans, and 3,4-dihydro-1,4-oxazines are key syn-
thetic precursors for scaffolds present in numerous natural
products with relevant biological activities. Metal-cata-
lyzed intramolecular cyclizations are highly effective for
the synthesis of these heterocyclic systems. In the examples
discussed, the formation of an electrophilic species by acti-
vation of the alkyne functionality (vinylidenes, vinyl car-
benes, etc.) of bis-homopropargyl alcohol and derivatives
with metals (W, Rh, Ru, Pd) followed by trapping with oxy-
gen nucleophiles (heterocyclizations) has been the main
approach to obtain the 3,4-dihydropyran nucleus. Neutral
processes (ring-closing metathesis) and redox radical cy-
clizations with carbon-carbon and carbon-oxygen bond
formation, respectively, represent attractive synthetic ap-
proaches to achieve the stereoselective formation of 3,4-di-
hydropyrans. Analogously, the 3,4-dihydro-1,4-oxazine nu-
cleus can be obtained by electrophilic activation of alkynes
in N-tethered alkynals or oxygen-tethered alkynamines fol-
lowed by trapping with oxygen or nitrogen (hydroamina-
tion) nucleophiles, respectively. Similarly, electrophilic acti-
vation of alkenyl alcohols and allenols followed by intramo-
lecular nucleophilic trapping allows the stereoselective
formation of 3,6-dihydropyrans. Substituted mono- and bi-
cyclic 3-benzylidene-3,6-dihydropyrans could be assem-
bled by two consecutive carbopalladations (carbon-carbon
bond formation). Remarkable applications in the synthesis
of natural products are highlighted. We believe that further
novel protocols will be developed in the future and that
these will enable the synthesis of structurally challenging
and bioactive natural products.
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