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Abstract — We have synthesized model compounds of three types heterocyclic
compounds by electrophilic cyclization and cycloisomerization  of
4-phosphorylated 6-hydroxyhepta-2,3-dienoates. Reactions with electrophiles
produce mixtures of the 2,5-dihydro-1,2-oxaphosphole-5-carboxylates and the
5-phosphorylfuran-2(5H)-ones by competitive electrophilic cyclization due to the
neighboring phosphonate (phosphine oxide) and the carboxylate groups
participation. Starting compounds were smoothly converted into the corresponding
4-phosphoryl-5,6-dihydro-2H-pyran-2-carboxylates, by using 5 mol% of a silver

salt as a catalyst in the 6-endo-trig cycloisomerization reaction.

Allenes are versatile building blocks with broad applications in modern synthetic chemistry, and are
extremely important subunits in a variety of natural products and pharmaceutical molecules.t21&2
Phosphorylated allenes including allenylphosphonates and phosphine oxides are an important class of
allene-containing, extremely versatile reagents in organic chemistry, especially for the preparation of
structurally diverse organophosphorus compounds and phosphorus heterocyclic compounds.? Literature
data on the reactions of phosphorylated allenes (phosphonates, phosphinates, and phosphine oxides) with
electrophilic reagents show that depending on the structure of the starting allenic compound as well as the
type of the electrophile, the reactions proceed with cyclization of the allenic system bearing phosphoryl
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group (O=P-C=C=C) to give heterocyclic compounds in most cases.*>

Furan-2(5H)-ones (y-lactones) are important intermediates in organic synthesis® and much attention has
been paid to the development of efficient and diverse synthetic methods for construction of this
five-membered ring system.. Among these, cyclization involving allenecarboxylic acids and their
derivatives, the so-called lactonization reaction, is one of the most efficient pathways.”

On the other hand, transition metal-catalyzed cyclization of functionalized allenes bearing a nucleophilic
center has attracted considerable attention in recent years.® Particularly, the cyclization reactions of
allenols catalyzed by Ag(l),2 Hg(l1),22 Pd(0),1L Pd(11),22 Ru(111),22 Au(l),X* and Au(I11)¥ have become
quite useful methodologies for the synthesis of five- or six-membered oxygen-containing heterocycles.
Intramolecular cyclization of the diethylphosphono-substituted o-allenic alcohols in the presence of
AgNO3% and CuCl, e yielded 3,6-dihydro-2H-pyran-4-yl- and 4,5-dihydro-3-furanylphosphonates.

Our long-standing research program focuses on the synthesis and the development of efficient cyclization
reactions of trifunctionalized allenes. More specifically, our attention is drawn to 4-phosphorylated
6-hydroxyhepta-2,3-dienoates as 1,1,3-trifunctionalized allenes. These molecules can be considered a
combination of an allenephosphonate or allenylphosphine oxide, an allenecarboxylate and a
hydroxyallene and they are supposed to have different reactivity profiles in cyclization reactions. In a
continuation to our communications® on the synthesis and cyclization reactions of the bifunctionalized
allenes, in this paper, we present recent results of our studies dedicated towards the electrophilic
cyclization and cycloisomerization reactions of 4-phosphorylated 6-hydroxyhepta-2,3-dienoates, which
strongly improve the scope of this method for synthesis of heterocyclic compounds.

We applied a convenient, efficient, atom economical and regioselective four-step method’to achieve a
range of the 4-phosphorylated 6-hydroxyhepta-2,3-dienoates 1-4. The present paper is a recent part of our
long-term objective to investigate both the scope and the limitations of the electrophilic cyclization and
cycloisomerization reactions of the trifunctionalized allenes, namely the phosphorylated
hydroxyallenecarboxylates. It is necessary to draw attention to the fact that conceptually three distinct
modes of cyclization of the 4-phosphorylated 6-hydroxyhepta-2,3-dienoates 1-4 are possible. They
depend on the electrophilic atom that forms a new bond with the central carbon of the allenic system,
which seems likely.4>12 It is evident that these pathways are closely connected with the intramolecular
neighboring group participation of the phosphoryl, ethoxycarbonyl and/or the hydroxymethyl groups as
internal nucleophile(s) in the final step of the cyclization. Besides the 5-endo-trig cyclizations? to the
2,5-dihydro-1,2-oxaphosphole-5-caboxylates 1, the 5-phosphoryl-furan-2(5H)-ones Il or the
4-phosphoryl-5,6-dihydro-2H-pyran-2-carboxylates 111, the electrophilic addition might afford the
2,3-adducts IV and/or the 2,1-adducts V (Scheme 1).
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We started the present study with the reaction of the 4-(dimethoxyphosphoryl)-6-hydroxyhepta-2,3-
dienoates with protected (1) or unprotected (3) hydroxy group with benzeneselenenyl chloride or sulfuryl
chloride (Scheme 2). We conducted the reactions under the optimized reaction conditions determined in
the similar reactions of the bifunctionalized allenes®22d _ solvent CHCl, at -20 °C using 1.0 equiv of the
allenephosphonate and 1.2 equiv of the electrophilic reagent. We have to say that the reaction under this
set of standard reaction conditions in the favored 5-endo-trig mode affords mixtures of the
2-0x0-2,5-dihydro-1,2-oxaphosphole-5-carboxylates 5 and 5-(dimethylphosphoryl)furan-2(5H)-ones 6 in
the ratio 1.47:1 and 1.41:1 by competitive electrophilic cyclization of the 4-phosphorylated
6-hydroxyhepta-2,3-dienoates 1 and 3 with the neighboring group participation of phosphonate and
carboxylate groups in the cyclization in very good overall yields (74 and 70%).
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Scheme 2

To outline the general terms of this methodology, the reaction of the 4-(diphenylphophinoyl)-6-
hydroxyhepta-2,3-dienoates with protected and unprotected hydroxy group 2 and 4 with bromine or

benzensulfenyl chloride was investigated. Surprisingly, once we applied the current standard conditions
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to the 1,1,3-trifunctionalized allenes comprising a phosphine oxide, an ethoxycarbonyl and a
hydroxymethyl groups such as 2 and 4 (Scheme 3), the interaction afforded mixtures of the
5-ethoxycarbonyl-2,5-dihydro-1,2-oxaphosphol-2-ium  chlorides 7 and 5-(diphenylphosphinoyl)-
furan-2(5H)-ones 8 in overall yields (75% and 73%) in the ratio 1.78:1 and 1.81:1. These reaction
pathways may be interpreted as a result of the neighboring phosphine oxide and ethoxycarbonyl groups
participation as the internal nucleophiles in the favored 5-endo-trig mode cyclization.
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Scheme 3

In addition to the above mentioned preparation of the 2,5-dihydro-1,2-oxaphosphole-5-caboxylates 5 and
7 and the 5-phosphorylfuran-2(5H)-ones 6 and 8 by electrophilic cyclization of the 4-phosphorylated
6-hydroxyhepta-2,3-dienoates 1-4 due to the phosphonate (phosphine oxide) or carboxylate neighboring
group participation in the 5-endo-trig mode cyclization, the next step in our study was to explore the
possibilities of the cycloisomerization reaction of the above phosphorylated hydroxyallenecarboxylates 3
and 4 in the presence of silver salts as catalysts. We conducted the reaction under the optimized reaction
conditions determined in the similar reactions of the phosphorylated (c-hydroxy)-1&€ and (B-hydroxy)-&"€
allenes earlier — solvent methylene chloride, 5 mol% catalyst and room temperature. The reaction
occurred via a 6-endo-trig cyclization and the hydroxy group participates as an internal nucleophile to
give the 4-phosphoryl-5,6-dihydro-2H-pyran-2-carboxylates 9 (Scheme 4).
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In conclusion, we have developed the competitive electrophilic cyclization and silver-catalyzed
cycloisomerization reactions of the 4-phosphorylated 6-hydroxyhepta-2,3-dienoates, which provided an
efficient route to 2,5-dihydro-1,2-oxaphospholes, 5-phosphorylated  furan-2(5H)-ones and
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4-phosphorylated 5,6-dihydro-2H-pyrans which are produced as a result of the participation of the
neighboring phosphonate (phosphine oxide), carboxylate or hydroxy groups as internal nucleophiles in
the 5- or 6-endo-trig cyclization processes. The successful synthesis of these compounds opens a new
access to novel heterocyclic molecules with interesting properties as well as broad range biological

activities.

EXPERIMENTAL

General Procedure for the Electrophilic Cyclization Reactions of the 4-Phosphorylated
6-Hydroxy-2-methylhepta-2,3-dienoates 1-4.

To a solution of the 4-phosphorylated 6-hydroxy-2-methylhepta-2,3-dienoates with protected (1 or 2) or
unprotected (3 or 4) hydroxy group (3.0 mmol) in dry CH2Cl> (10 mL) at -20 °C was added dropwise
with stirring a solution of electrophilic reagent (sulfuryl chloride, bromine, benzenesulfenyl chloride or
benzeneselenenyl chloride) (3.6 mmol) in the same solvent (10 mL). The reaction mixture was stirred at
the same temperature for 3 h (5 and 6) and 5 h (7 and 8) at room temperature. After evaporation of the
solvent, the residue was purified by column chromatography on a silica gel with EtOAc/hexane. The pure
products 5 and 6 had the following properties:

Ethyl 2-Methoxy-5-methyl-2-oxo-4-phenylselenenyl-3-(2-tetrahydro-2H-pyran-2-yloxypropyl)-2,5-
dihydro-1,2-oxaphosphole-5-carboxylate 5a. Orange oil, yield: 44%. Eluent for TLC: EtOAc:hexane =
1:5, R 0.44; IR (neat, cm™): 1022 (C-O-P), 1125 (C-O-C), 1269 (P=0), 1438, 1491 (Ph), 1581 (C=C),
1726 (C=0). 'H NMR (600.1 MHz): § 1.10-1.27 (m, 6H, OTHP), 1.29 (t, J=6.8 Hz, 3H, MeCH-0), 1.33
(d, J=6.3 Hz, 3H, MeCH), 1.76 (s, 3H, MeC=), 2.63-2.74 (m, 2H, CH>), 3.50-3.65 (m, 2H, OTHP), 3.74
(d, J=11.4 Hz, 3H, MeO), 4.10-4.24 (m, 1H, MeCH), 4.16 (q, J=6.8 Hz, 2H, MeCH-0), 4.56-4.63 (m, 1H,
OTHP), 7.38-7.46 (m, 5H, Ph). 3C NMR (150.9 MHz): & 14.0 (CHs), 20.1 (CH2), 21.9 (J=7.8, CH3), 22.9
(J=4.5, CHs), 26.1 (CH>), 32.2 (CH>), 37.3 (J=5.8, CH>), 52.0 (J=14.8, CH3), 62.4 (CH>), 64.1 (CH>),
70.2 (J=8.2, CH), 91.5 (J=10.0 Hz, C), 96.2 (CH), 128.0 (J=101.5 Hz, C), 128.3-140.1 (Ph), 168.5
(J=15.3 Hz, C), 183.5 (J=8.2 Hz, C). 3P NMR (242.9 MHz): & 33.4. HRMS (ESI): m/z calcd for
C22H3,07PSe [M+H]* 518.4190, found 518.4221. Anal. Calcd for C22H3107PSe: C 51.07, H 6.04. Found:
C 51.03, H 6.09.

Dimethyl [4-Methyl-5-0x0-3-phenylselenenyl-2-(2-tetrahydro-2H-pyran-2-yloxypropyl)-2,5-
dihydrofuran-2-yl]phosphonate 6a. Light yellow oil, yield: 30%. Eluent for TLC: EtOAc:hexane = 1:5,
Rf 0.65; IR (neat, cm™): 1125 (C-O-C), 1269 (P=0), 1439, 1490 (Ph), 1622 (C=C), 1747 (C=0). H
NMR (600.1 MHz): 6 1.11-1.25 (m, 6H, OTHP), 1.38 (d, J=5.9 Hz, 6H, MeCH), 2.11 (s, 3H, MeC=),
2.50-2.71 (m, 2H, CHy), 3.64-3.77 (m, 2H, OTHP), 3.85 (d, J=10.5 Hz, 6H, MeO), 4.38-4.48 (m, 1H,
MeCH), 4.54-4.59 (m, 1H, OTHP), 7.31-7.94 (m, 5H, Ph). 3C NMR (150.9 MHz): 5 16.7 (J=5.3, CHa),
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20.1 (CH), 24.1 (3=5.2, CHs), 26.0 (CHy), 31.6 (CH2), 38.1 (J=5.7, CH>), 53.7 (J=5.9, 2CH3), 63.4 (CH>),
67.2 (J=7.8 Hz, CH), 96.0 (CH), 102.3 (J=126.5 Hz, C), 128.1 (J=7.9 Hz, C), 128.4-138.7 (Ph), 175.0
(J=8.0 Hz, C), 176.8 (J=15.0 Hz, C). 3P NMR (242.9 MHz): & 15.3. HRMS (ESI): m/z calcd for
C21H3007PSe [M+H]* 504.3925, found 504.3902. Anal. Calcd for C21H2907PSe: C 50.11, H 5.81. Found:
C 50.17, H 5.85.

Procedure for Silver-Catalyzed Cycloisomerization of the 4-Phosphorylated
6-Hydroxy-2-methylhepta-2,3-dienoates 3 and 4

Method A: Silver perchlorate (0.15 mmol) was added to a solution of the 4-phosphorylated
6-hydroxy-2-methylhepta-2,3-dienoates 3 or 4 (3.0 mmol) in dry CH2Cl> (10 mL). The mixture was
stirred at room temperature in the dark for 7 h (for 3) and 9 h (for 4). Saturated sodium chloride solution
was added to precipitate the silver ions. The product was extracted by CHClIs. The organic layer was dried
over anhydrous sodium sulfate. After evaporation of the solvent, the residue was chromatographed on a
column with a mixture of EtOAc and hexane as an eluent to give the pure products 9 as oils.

Method B: The 4-phosphorylated 6-hydroxy-2-methylhepta-2,3-dienoates 3 or 4 (3.0 mmol) is dissolved
in 40:60 water/acetone (10 mL) containing calcium carbonate (1 mmol) and silver nitrate (0.3 mmol). The
mixture was stirred at room temperature in the dark for 12 h (for 3) and 15 h (for 4). The product is taken
up in Et2O and the ether solution is washed with saturated sodium chloride solution. The organic layer
was dried over anhydrous magnesium sulfate. After evaporation of the solvent, the residue was
chromatographed on a column with a mixture of EtOAc and hexane as an eluent to give the pure products
9 as oils, which had the following properties:

Ethyl 4-(Diphenylphosphinoyl)-2,6-dimethyl-5,6-dihydro-2H-pyran-2-carboxylate 9b. Yellow oil,
yield: 70% (Method A), 47% (Method B). Eluent for TLC: EtOAc:hexane:hexane = 1:2, Rf 0.48; IR (neat,
cm1): 1124 (C-O-C), 1177 (P=0), 1440, 1494 (Ph), 1619 (C=C), 1724 (C=0). *H NMR (600.1 MHz): &
1.25 (t, J=6.7 Hz, 3H, MeCH>0), 1.30-1.36 (m, 3H, MeCHO), 1.59 (s, 3H, MeC), 2.33-2.58 (m, 2H,
CHy), 3.59-3.72 (m, 1H, MeCHO), 4.15 (q, J=6.7 Hz, 2H, MeCH0), 6.94-7.05 (m, 1H, =CH). 7.44-7.77
(m, 10H, 2Ph). 3C NMR (150.9 MHz): & 13.8 (CH3), 21.8 (J=4.7 Hz, CH3), 27.1 (J=5.2 Hz, CHs), 39.2
(J=6.0 Hz, CH,), 63.5 (CH), 70.5 (J=7.9 Hz, CH), 71.4 (J=7.8 Hz, C), 128.4-135.3 (2Ph), 132.7
(J=175.4 Hz, C), 144.5 (J=7.9 Hz, CH), 175.9 (J=4.6 Hz, C). 3P NMR (242.9 MHz): &p 37.0. HRMS
(ESI): m/z calcd for C22H2604P [M+H]" 385.4132, found 385.4167. Anal. Calcd for C22H2504P: C 68.74,
H 6.56. Found: C 68.89, H 6.71.
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