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Abstract. Synthesis, structures and stability (thermal and air) of allenylphosphonates of the type
(OCH,CMe,CH,0)P(O)C(R)=C=CR'R"” and [R"R'C=C=C(R)P(0O)(OCH,),],C are discussed. Thermally
activated dimerization (cycloaddition) of (OCH,CMe,CH,O)P(O)C(H)=C=CMe, leads to the phos-
phonocyclobutane [(OCH,CMe,CH,O)P(O)C(H)=],[C-CMe-] (18). Many of these allenes undergo addi-
tion of diethylamine to lead to enaminophosphonates that are readily hydrolysed by water to lead to S-
ketophosphonates. The latter compounds are useful as Horner—-Wadsworth-Emmons (HWE) reagents. Mo-
lecular structures of (OCH,CMe-,CH,0)P(O)C(CH,OH)=C=CH, (6), [H,C=C=C(H)P(O)(OCH,),]-C (9),
(OCH,CMe,CH,0)P(O)CH=C=CH, (12), [(OCH,CMe,CH,0)P(O)C(H)=],|C—CMe-], (18), and the S-keto-
phosphonate (OCH,CMe,CH,0O)P(O)CH,)-C(O)CHMe, (24) have been determined. In compound 6, in-
termolecular hydrogen bonding between the phosphoryl oxygen and the hydroxyl group leading to an
infinite chain is observed. In 6, there is a significant deviation (ca 7°) from the orthogonality expected be-
tween the planes containing 4 atoms of (a) H,C=C and (b) C=C(H)P in the allene part. In 9, weak C-H...O

interaction between the phosphoryl oxygen atom and a CH, proton of the six-membered ring is present.

Keywords.
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1. Introduction

Allenes have two cumulative but orthogonal C=C
bonds that can undergo a variety of reactions and
hence can be transformed into a variety of other use-
ful organic compounds.' Phosphorylated allenes (al-
lenylphosphonates) that constitute a subclass of
allenes are also synthetically useful.” In our work on
organophosphonates.” we needed to synthesize di-
fferent allenylphosphonates as substrates for a vari-
ety of reactions.”’ Three synthetically useful
reactions using allenylphosphonates developed from
our laboratory are shown in scheme 1.**®" How-
ever, the number of readily accessible allenylphos-
phonates that are convenient to handle as solids is
rather limited. Solid state structural studies on such
phosphonates are also rather limited.® In addition,
very little information is available on the thermal
stability as well as allenic group reactivity (in

*For correspondence

Allenylphosphonate; phosphonyl-cyclobutane; cycloaddition; X-ray crystal structure;

allenylphosphonates) towards water. These are some
of the points we address in this paper.

2. Experimental

Chemicals were procured from Aldrich or from local
manufacturers; they were purified when required ac-
cording to standard procedures.” All reactions, unless
stated otherwise, were performed in a dry nitrogen
atmosphere. 'H, °C and *'P{H} NMR spectra were
recorded using a 200 or a 400 MHz spectrometer in
CDCl; (unless stated otherwise) with shifts referen-
ced to SiMey (0= 0) or 85% H;PO,4 (0 = 0). Infrared
spectra were recorded on a JASCO FT/IR 5300 FT-
IR spectrometer. Mass spectra were recorded using a
LCMS 2010A. LC-MS data were obtained using
electrospray ionization (positive mode) on a C-18
column at a flow rate 0-2 mL/min using MeOH/water
(90:10) as eluent. Melting points were determined
by using a local hot-stage melting point apparatus
and are uncorrected. Microanalyses were performed
using a Thermo Finnigan EA1112 analyser. Com-
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Scheme 1.

pounds 1'’and 2'' were prepared by methods re-
ported in the literature.

2.1 Synthesis of allenylphosphonates
(OCH,CMe,CH,O)P(CR*=C=CR'R’) (3-5)

To a solution of substituted propargyl alcohol
R’C=CCR'R*0OH (23-5 mmol) in dry THF (50 mL)
was added triethylamine (2-47 g, 3-40 mL, 23-5 mmol),
the mixture stirred for 5 min, and then (OCH,CMe,
CH,0O)PC1 (1) (4-11 g, 3-37 mL, 23-5 mmol) in THF
(20 mL) was added drop-wise (~ 0-5 h) at 0°C. The
contents were brought to room temperature, stirred
further for 1 h, and then refluxed for 16 h. Triethyl-
amine hydrochloride formed was filtered off and
solvent removed in vacuo from the filtrate. Allenes
3-5 were purified by column chromatography (silica
gel; ethyl acetate-hexane 2 : 3).

2-1a (OCH,CMe,CH,O)PC[(CH),CH;]=C=CH, (3):
Yield: 4-87 g (80%; using 23-5 mmol of 1). M.p.:
57-60°C. IR (KBr): 3071, 2928, 2855, 1944, 1769,
1470, 1372, 1258, 1047, 993, 824 cm™'. '"H NMR: §
0-90 (¢, *J(H-H) =6-8 Hz, 3 H, CH,CH:). 0-99 and
120 (2s, 6 H, C(CH),), 133-1.35 (m, 4H,
CH,CH,CH,), 1-52-1-56 (m, 2H, PCCCH,), 2-16-
2:23 (m, 2H, PCCH,), 3-93-4-09 (m, 4H, OCH,)
5.04 (td, *J(P-H) = 13-6 Hz, *J(H-H) ~ 3-1 Hz, 2H,
=CH,). "C NMR: § 14-0 (s, CH,CH3), 21-0 and 21-7
(2s, C(CHs),), 22:3 (s, CH,CH3), 27-6 (d, *J(P-
C) = 6-1 Hz, CH,CH,CH.), 27-8 (d, *J(P-C) = 6-1 Hz,
PCCH,CH,). 312 [s CJ(P-C) <2-0 Hz), PCCH,],
32-6 (d, *J(P-C) = 7-3 Hz, C(CHa),), 767 (s, 20CH,),
77-3 (s, =CH,), 92-0 (d, 'J(P-C) =180-7 Hz, PC),
211-5 (d, 2J(P-C) = 6-1 Hz, PCC) [the assignment of
the alkyl carbons is tentative]. 'P NMR: & 11-3.
LC/MS m/z 259 [M + 1]"-
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2.1b  (OCH,CMe,CH,O)PC[(CH,)sCH;]=C=CH,
(4): Yield: 4-99g (78% using 23-5 mmol of 1). M.p.:
58-61°C; IR (KBr): 3075, 2926, 2857, 1943, 1773,
1470, 1372, 1258, 1047, 997, 826 cm™'. '"H NMR: §
0-89 (¢, *J(H-H) ~ 6.8 Hz, 3H, CH,CH>), 0-99 and
1-19 (25, 6H, C(CH),), 1-30-1-37 (m, 6H, CH,CH,
CH,CH;), 1.50-1-55 (m, 2H, PCCCH,), 2-16-2-21
(m, 2H, PCCH,), 3-92-4-09 (m, 4H, OCH,), 5-04 (d,
*J(P-H) = 13-6 Hz, 2H, =CH,). °C NMR: & 14-0 (s,
CH,CH;), 21-0 and 21.7 (2s, C(CHs),), 225 (s,
CH,CH;), 27-7,, 27-85, 28-7 and 31-5 (4s, PCCH,
CH,CH,CH,CH,CH;), 32-5 (d, *J(P-C)=6-6 Hz,
C(CHs),), 76-6 and 767 (2s, OCH,), 77-2 (d., *J(P-
C)=15-8 Hz, =CH,), 92-0 (d. 'J(P-C) =181-3 Hz,
PC), 211-5 (d, *J(P-C) = 5-9 Hz, PCC). *'P NMR: §
12-2. Anal. Calc. for C4H,505P: C, 61-75; H, 9-25.
Found: C, 61-76; H, 9-23.

2.1c (OCH,CMe,CH-O)PC(Ph)=C=CH(CH=CHMe)
(5): Yield: 5-01 g (70% using 23-5 mmol of 1). M.p.:
122-124°C; TR (KBr): 2961, 2926, 1927, 1815,
1597, 1491, 1476, 1456, 1267, 1055, 1003 cm . 'H
NMR: 6 0-91 and 1-33 (2s, 6H, C(CH5),). 1-85 (dd,
*JH-H)=5-3Hz, “JH-H)=3.5Hz, 3H, CH,).
3.96-4.02 (m, 4H, OCH,), 5-92-5.97 (m, 2H,
CH=CH-CH;), 6-44 (dd, 1H, “J(P-H)~ 12.0 Hz,
*J(H-H) ~6-0 Hz, C=C=CH), 7-28-7-63 (m, SH,
ArC). ®C NMR (100 MHz, CDCL): & 185 (s,
=C(H)CH3), 20-9 and 22:0 (25, C(CHs),), 32-6 (d.
*J(P-C)=7-0Hz, C(CH:),), 77-2 and 77-6 (2d.
*J(P-C) = 7-0 Hz, OCH,), 97-7 (d, *J(P-C) = 16-0 Hz,
C=C=CH), 97-3 (d, 'J(P-C) = 181.0 Hz, PC), 122.8
(d, “J(P-C) = 10-0 Hz, C=C=CH-CH), 127-8, 1279,
128-1, 128-8. 131-2¢, 131-3,4 (ArC), 132-0 (d, *J(P-
C)=5.0Hz, CH=CH(Me)), 2128 (d, >J(P-
C) =3-0 Hz, PCC). *'P NMR (160 MHz, CDCl;): §
6-7. Anal. Calc. for C;;H;,05P: C, 67-09; H, 6-96.
Found: C, 67-05; H, 6-96.

2.2 Synthesis of the phosphonate allenol
C(CH>0),{P(O)C[CH,(OH)]=C=CH,} (6) and
the phosphono-butadiene [(OCH,CMe,CH,0)(0)
P-C(=CH>)]: (7)

To a solution of diol (4-60 g, 53-4 mmol) and tri-
cthylamine (5-41g, 7-45mL, 53-4 mmol) in THF
(135 mL), compound 1 (9-00g, 7-40mL,
53-4 mmol) in THF (25 mL) was added drop-wise at
—78°C, the mixture stirred for 2 h, brought to room
temperature and was then heated under reflux for
15-18 h. Triethylamine hydrochloride formed was

filtered off and the solvent removed in vacuo. Yield
was 80% on the basis of *'P NMR; the remaining
material was the 1,3-butadiene [(OCH,CMe,CH,0)
(O)P-C(=CHy)]> (7). Pure compound 6 [isolated
yield 2-0 g (17%); low yield because of the other
product] was obtained by crystallization from THF.
M.p.: 134-138°C. IR (KBr): 3304, 3069, 2975,
2938, 1968, 1939, 1827, 1719, 1472, 1238, 1061,
1009, 839 cm™'. 'H NMR: 0-99 and 1-19 (2s, 6H,
C(CH;),), 2-50 (br, 1H, OH), 4-00-4-12 (m, 4H,
OCH,), 433 (td, *J(P-H)=14.0Hz, ‘JH-H)=
2.0 Hz, 2H, CH,OH), 5-15 (1d, *J(P-H) = 12-8 Hz,
°J(H-H) = 2-0 Hz, 2H, C=CH,). ”C NMR: 20-9 and
217 (2s, C(CHs),). 325 (d, *J(P-C)=7-0 Hz
C(CHs),), 60-3 (d, *J(P-C) = 8-0 Hz, CH,0H), 77-1
(d, *J(P-C)=6-0Hz, POCH,), 780 (d, ‘J(P-
C) = 14-0 Hz, C=CH,), 92-9 (d, 'J(P-C) = 183-0 Hz,
PC), 211-3 (d, *J(P-C) = 6.0 Hz, PC=C). *'P NMR:
10-1. Anal. Caled for CoH;504: C: 49-54, H 6-93.
Found: C, 49-47; H, 7-02.

Compound 7: This was isolated from the same
reaction in low yield (0-93 g, 5%), but a quantitative
yield could be obtained by using 1: 2 molar reaction
of propargylic alcohol to 1. M.p.: 182-186°C; IR
(KBr): 2973, 2888, 1931, 1578, 1478, 1265, 1055,
1005, 957 cm™'. '"HNMR: §0-96 and 1-24 (25, 12 H,
C(CHs),), 3-98—4-11 (m, 8H, OCH,), 6-27 (d., *J(P-
H) = 20-1 Hz, 1H, =CHHg, cis to P), 6-56 (d, *J(P-
H) = 44-9 Hz, 1H, =CHAHp, trans to P). °C NMR: &
21-1, 21-9 (2s, C(CH3),), 32-5 (d with virtual cou-
pling (?), *J(P-C) ~ 6-0 Hz, CMe,). 76-9 (d with vir-
tual coupling (?), *J(PC) ~ 6-0 Hz, OCH,), 132:1 (d,
'J(P-C) = 182-0 Hz, PC), 134-2 (d with virtual cou-
pling (?), *J(P-C) ~ 12.0 Hz, PC=C)- *'P NMR: §
9.0. Anal. Calcd for C14H2406P2: C: 4954, H 6-93.
Found: C, 47-97; H, 6-93.

2.3 Synthesis of bis(allenyl)phosphonates
J/R'R°C=C=C(H)P(0)(OCH,),].C (R' =R’ = H (9),
R' =Me, R° = Et (10), R' = R’ = Me (11)): Typical
procedure for 9 and identification of the
intermediate 8

To a solution of 2 (2-04 g, 7-4 mmol) and triethylamine
(1-49 g, 14-8 mmol) in dry THF (30 mL) at 0°C, the
propargyl alcohol (14-8 mmol) was added at 0°C
with continuous stirring. The reaction mixture was
brought to room temperature, stirred for 3 h and fil-
tered. The tricoordinate compound 8 [>90% by *'P
NMR] was characterized by 'H and *'P NMR spectra
['H NMR: 243 (s, 2H, C=CH), 3-30-3-35 and 3-92-
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3-96 (m each, 2 + 2 H, OCH,—C=CH; the two groups
are in slightly different environments), 4-20-4-46
(m, 8H, CH,OP). *'P NMR: 125-7]. In the '"H NMR
spectrum taken at this stage, solvent peaks (THF: &
1-80 and 3-70) were also observed. The filtrate was
heated under reflux for 15-18 h and the solvent re-
moved in vacuo. Compound 9 (1-72 g, 79%) was pu-
rified by crystallization from methanol. M.p.: 199-
201°C. IR (KBr): 3069, 2984, 2915, 1944, 1474,
1279, 1237, 1194, 1156, 1024, 843 cm™'. 'H NMR:
4-17-4-27 and 4-42-4.52 2 m, 8H, OCH,), 5-16-
521 (m, 4H, C=CH,), 5-40-5-42 (m, 2H, PCH). The
compound had a poor solubility and hence *°C NMR
spectrum was not recorded. >'P NMR: 11-36. Anal.
Calcd. C11H1406P21 C, 4344, H, 4-64. Found: C,
43-42; H, 4-69.

Compounds 10 and 11 were purified using col-
umn chromatography (ethyl acetate). Compound 12
was purified by column chromatography using hex-
anec-cthyl acetate (1: 1) mixture. Yields were above
95% for all these compounds on the basis of crude
'p NMR using the same molar quantities; isolated
yields are given below.

2.3a C(CH,0),{P(O)CH)=C=CMekEt}; (10): Yield:
2-11 g, 74%. M.p.: 106-110°C. IR (KBr): 2972,
2915, 1962, 1698, 1458, 1370, 1269, 1200, 1150,
1020, 828cm'. 'H NMR: § 1.07 (+, ‘J(H-
H)=72Hz, 6H, CH,CH;), 1.-80-1-83 (m, 6H,
C=CCH), 2-04-2-13 (m, 4H, CH,CH;), 4-16-4-48
(m, 8H, OCH,), 5-30-5-35 (m, 2H, PCH). °C NMR:
6 119 (s, CH,CH3), 17-5 and 17-6 (25, CH,CHs),
26:0 and 261 (2s, C=CCHs), 373 (t, *J(P-
C) =6-0 Hz, OCH,C), 67-5, 67-6, 67-7 and 67-9 (4d,
*J(P-C) ~6.:0Hz, OCH,), 773 (d, 'JP-C)=
199-1Hz, PC), 1045 (d, *J(P-C)=17-4Hz P-
C=C=C(Me¢)(Et)), 211-8 (s, PC=C). *'P NMR: &
13-0. LC/MS m/z 389 [M + 1]". Diastereomers may
be expected in this case, but we did not get evidence
for the presence of these in our studies.

2.3b C(CH-0){P(O)C(H)=C=CMe.}, (11): Yield:
1.98 g, 76%. M.p.: 140-144°C. IR (KBr): 2986,
2907, 1964, 1682, 1364, 1269, 1200, 1152, 1020,
820cm'. 'H NMR: & 1.80-1-88 (m, I12H,
C=C(CHs),), 4-09-4-50 (m, 8H, OCH,), 5-22-5-25m,
2H, PCH). "C NMR: & 19-0 and 19-1 (2s,
C=C(CHs),), 37-2 (s. OCH,(), 67-7 and 67-9 (2d,
*J(P-C) = 6.5 Hz, OCH,), 75-4 (d, 'J(P-C) = 199-1 Hz,
PC), 98-6 (d, *J(P-C)=17-2 Hz, C=CMe,), 212-3
(s, PC=C). P NMR: & 12-6. LC/MS m/z 361
M+1]".

Allenylphosphonates 12-16 Compounds 12 and
14 were prepared by using literature procedures.'’
Allenes 13 and 15-16 were synthesized similarly using
10-0 mmol of 1.

23¢c (OCH,CMe,CH,O)P(O)CH=C=CMe(H) (13):
Yield: 1-74 g (86%). M.p.: 50-52°C. IR (KBr): 1956,
1476, 1373, 1281, 1061, 1011 cm ™. "H NMR: & 0-94
and 116 (2s, 6H, C(CH3),). 1-68-1.82 (m, 3H,
C=C(H)CH), 3-96-4-12 (m, 4H, OCH,), 5-24-5-32
(m, 1H, CHMe), 5-33-5-59 (m, 1H, PCH). °C NMR:
5 12:3 (d, *J(PC) =7-0 Hz, CHCH:), 20-4 and 21-3
(2s. C(CH3),), 321 (d, *J(PC) = 6:0 Hz, CMe,), 76-4
and 76-5 (2d, *J(PC) = 6.0 Hz ecach, OCH.,), 77-5 (d,
'J(PC) = 192-0 Hz, PC), 86-9 (d, *J(PC) =16-0 Hz,
C=CH,), 2123 (br s, C=C=CHMe). *'P NMR: 6 7-9.

2.3d (OCH,CMe,CH-0)P(O)CH=C=CMeEt (15):
Yield: 1-79 g (78%). M.p.: 93-94°C. IR (KBr): 1958,
1474, 1372, 1277, 1061, 1009 cm™'. '"H NMR: § 0-83
and 1-04 (2s, 6H, C(CHs),), 0-92 (¢, *J(HH) = 7-8 Hz,
3H, C=CMecCH,CH;). 1.65 (dd, °J(PH)=6-8 Hz,
°J(HH) = 2-9 Hz, 3H, C=CCH;Et), 1-88-1.97 (m, 2H,
C=CMeCH,CH:), 3-79-3-96 (m, 4H, OCH,), 5-14-
5.19 (m, 1H, PCH). °C NMR: 6 11.7 (d, *J(PC) =
2.4 Hz, C=CMeCH,CH:), 17-5 (d, “J(PC)=17-3 Hz,
=CMeCH,CHj3), 20-8 and 21-5 (25, C(CHa),), 26-0 (d,
*J(PC) = 7-3 Hz, CCH:Et), 32-3 (d, *J(PC)=6-1 Hz,
CMe,), 779 (2d, 'J(PC)=195-3 Hz, PC), 76-2 and
763 (25, OCH,), 103-3 (d, *J(PC)=17-0 Hz, C=
CMeEt), 210-3 (br s, C=C=CMEecEt). *'P NMR: 6 9-3.
Anal. Calcd for C;H;505P: C, 57-39; H, 8-26. Found:
C, 57-64; H, 8-13.

23¢  (OCH,CMe,CH,0O)P(O)C(Ph)=C=C(H)Et (16):
Yield: 2-45 g (84%). M.p.: 108-109°C. IR (KBr):
3057, 3022, 1948, 1597, 1493, 1372, 1262. 1059,
1009 cm™. '"H NMR: & 0-83 and 1-23 (25, 6H,
C(CHs),), 1-09 (¢, *J(HH) =7-6 Hz, 3H, CH,CH>),
218 (grt, *J(HH) = 7-6 Hz, 2H, CH,CH3), 3-77-4-01
(m, 4H, OCH,), 5-70-5-89 (m, 1H, PCH), 7-17-7-28
(m, 3H, Ar-H (meta and para)), 7-55 (d, *J(HH) ~
7.0 Hz, Ar-H (ortho)). >C NMR: & 13-4 (s, CH,CHs),
20-8 (s, CHs), 21-4 (d, *J(PC) = 6-1 Hz, CH,CH3),
21-9 (s, CH3), 32-5 (d, *J(PC) = 6:6 Hz, CMe,), 76-8
and 769 (2s. OCH,), 96-4 (d, 'J(PC) ~ 185-0 Hz,
PC), 96-8 (d, *J(PC) = 14.9 Hz, C=CHEt), 1275,
127-6, 127-7, 128-6, 132-3, 132:4, 209-5 (br s,
C=C=CHEt). *'P NMR: 67-3.

23f [HC=C=C(Ph)P(O)(OCH,),].C (17): This
compound was prepared in a manner similar to that
for 9 using the same molar quantities. Yield: 2:59 g
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(74%). M.p. >300°C. IR (KBr): 3059, 2982, 1939,
1595, 1493, 1269, 1155, 1076, 1020, 938 cm'. 'H
NMR (400 MHz, CDCl): & 3-99-4.04, 4.22-4-33
and 4-58-4-65 (three groups of m, 8H, OCH,), 5-42
(d, 4H, *J(P-H) = 13-2 Hz, =CH.,), 7-26-7-55 (m,
10 H, ArH); "C NMR (100 MHz, CDCl;): § 375 (¢,
*J(P-C) = 5-7Hz, OCH,(), 68-5 and 68-9 (2d, *J (P-
C) = 7-0 Hz each, OCH,), 79-5 (d, *J(P-C) = 15-1 Hz,
C=CH,), 94-8 (d, 'J(P-C) =185-2 Hz, PC), 127-7,
127-8, 128-5, 129-0, 129-9, 130-0 (ArC), 213-5 (d.
*J(P-C) ~4-6 Hz, C=C=C). *'P NMR (160 MHz,
CDCL): §10-6. LC/MS m/z 457 [M + 1]".

2.4  Synthesis of the allene dimer [(OCH,C
Me,CH,O)PCH=],/C-CMe,[,(18): Allene 14 (0-2 g,
0-92 mmol) was heated at 185°C for 6h. TLC
(EtOAc/hexane) showed two spots (approximate ratio
4 : 1) under the UV lamp. The major component (18)
was separated by column chromatography (silica gel,
ethyl acetate-hexane, 3:2). Yield (isolated): 0-14 g
(68%). M.p.: 226-228°C. IR (KBr): 1622, 1476,
1372, 1265, 1061, 1013 cm™'. 'H NMR (400 MHz,
CDCl;): 61-07 and 1-10 (2s, 12H, C(CH3),), 1-33 (s,
12H, =C(CH5),). 3-87 (dd —t, *J(P-H) ~11.3 Hz
each, 2 H, OCH,), 4-15 (dd — t, *J(P-H) ~ 11.3 Hz
each, 2H, OCH,), 5-62 (d. *J(P-H) =16-3 Hz, 1H,
PCH). "C NMR (50 MHz, CDCl;): § 21-5 and 22-1
(2s, CH(CHs;), + =C(CHs;),, two methyl signals have
merged), 32-6 (br, CMe,), 49-7 (br, CMe, of four
membered ring), 75-6 (OCH,). 1052 (d, 'J(P-
C)=186-8 Hz, PCH), 170-8 (d. *J(P-C) = 43-5 Hz,
PC=C). *'P NMR (160 MHz, CDCl;): § 11-0. LC-
MS: m/z 434 [M + 2]+ Anal. Calcd. for C20H3406P21
C, 55-54; H, 7-92. Found: C, 55-47. H, 7-97.

This reaction was also performed in the presence
of hydroquinone (radical quencher), but the *'P
NMR spectrum of the reaction mixture showed
several products [0 (P): —12-3, 10-1, 10-2, 11-0, 11-3,
13-3, 21-8, 23-9] and hence was not analysed further.

2.4a Attempted synthesis of the anthracene adduct
(OCHQCM€2CH20)PCH(C]4H]0) C:CMeg (19) A
mixture of allene 14 (0-9 g, 4-16 mmol) and anthra-
cene (1-13 g, 6:30 mmol) was heated at 185°C for 5—
6 h. TLC (EtOAc/hexane) showed a new UV active
spot under the UV lamp and some unreacted starting
material 14. The compound corresponding to the UV
active spot (18) was separated by column chroma-
tography [silica gel, ethyl acetate-hexane, 3 : 2; yield
0-36 g (20%)]. X-ray structure was determined for this
sample. The expected compound 19 could not be
identified.

2.5 Synthesis of the enaminophosphonates
(OCH-CMe,CH>0)P(O)CH=C(NEt;)CH>R
/R =H (20), Me (21)]

To a solution of allenylphosphonates (12-13)
(1-0 mmol) in acetonitrile (15 mL), diethylamine
(1-0 mmol) was added slowly via syringe. The reac-
tion mixture was heated under reflux for 4 h with
continuous stirring. Solvent was removed in vacuo
to obtain the required compound. The reaction was
very clean without any side products. These were
characterized spectroscopically, because of their
hydrolytic instability leading to the S-ketophospho-
nates.

2.5a Compound 20: Yield: Quantitative. M.p.: 58—
60°C. IR (KBr): 1570, 1439, 1219, 1061, 1001 cm .
'"HNMR: 60-92 and 1-10 (25, 6H, C(CH3),), 1-09 (¢,
*J(H-H) = 7-1 Hz, 3H, N(CH,CH),), 2-26 (d, “J(P-
H)=15Hz 3H CNEt)CH:)., 320 (¢, ‘J(H-
H) = 7-1 Hz, 2H, N(CH,CHs),), 3-65-3-74 (m, 3H,
OCH,+PCH), 416-420 (dd —>t, *J(H-H)=
2.3 Hz, *J(P-H) ~ 9-4 Hz, 2H, OCH,). °C NMR: &
124 (s, C(NCH,CH:);Me), 172 (d, *J(P-C)=
4-4 Hz, C(NEt,)CH3), 21-2 and 21-6 (25, C(CHs),).
32-1 (d, *J(P-C) =4-8 Hz, CMe,), 43-6 (s, C(NCH,
CH;),Me), 70-1 (d, 'J(P-C)=218-9 Hz, PC). 743,
74-4 (2s, OCH,), 160-0 (d, *J(P-C)=21-6 Hz,
PCH=C). >'P NMR: 624-7.

2.5b Compound 21: Yield: Quantitative. M.p.:
55-56°C. IR (KBr): 1573, 1474, 1360, 1217, 1059,
1005 cm™'. '"H NMR: 6 0-84 (s, 3H, C(CHs)), 0-99—
1-06 (many lines, 12H, C(CH;)+ N(CH,CH;),) +
=C(CH,CH3)), 189 (d, “J(P-H)=1.5Hz 3H,
C(CH,CH;), 2-56 (¢ *J(H-H) = 6-6 Hz, 2H, CH,CHs),
3-10 (¢, *J(H-H) = 6.9 Hz, 2H, N(CH,CHj3),), 3-55-
3-63 (m, 3H, OCH,+PCH), 4-06 (r. *J(P-H) =
10-5Hz, 2H, OCH,). "C NMR: § 123 (s,
C(NCH,CH;),Et), 136 (s, (CH,CH3), 19-6, 21-0 (2s,
C(CH,),). 23-2 (d, *J(P-C) = 4-4 Hz, C(CH,CH3), 31-9
(d, *J(P-C) = 5-2 Hz, CMe,), 43-0 (s, CONCH,CHj3),
Et), 69-5 (d, 'J(P-C) =217-9 Hz, PC), 74-2 and 74-3
(2s, OCH,), 165-3 (d, *J(P-C) =22-1 Hz, PCH=C).
*'P NMR: 623-8.

2.6 Synthesis of B-ketophosphonates
(OCH,CMe,CH,0)P(O)CR’C(O)CHR'R® (22-26)

To a solution of allenyl phosphonates 12-16
(10-0 mmol) in dry acetonitrile (20 mL) was added
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diethylamine (0-73 g, 1-03 mL, 10-0 mmol) and the
mixture stirred for 4 h. The reaction mixture was then
treated with 2N HCI, stirred for 8 h and extracted
with dichloromethane (CH,Cl;) (3 x 30 mL). The
CH,CIl, layer was dried (Na,SQO,), solvent was re-
moved and the residue purified by column chro-
matography (silica gel; hexane-cthyl acetate) to
obtain 22-26.

2.6a (OCH,CMe,CH,O)P(O)CH,C(O)Me  (22):
Yield: 1-94g (94%). M.p.: 85-86°C. IR (KBr):
1714, 1273, 1061, 1009 cm™'. 'H NMR: & 0-90 and
0-99 (2s, 6H, C(CH3),), 2-30 (s, 3H, C(0)CH3), 3-09
(d, *J(P-H)=21.5 Hz, 2H, PCH,), 3-80-4-05 (m,
4H, OCH,). "C NMR: §21-0 and 21-5 (25, C(CHs),),
31-5 (d, *J(P-C) = 4-1 Hz, C(O)CHa), 32-5 (d, *J(P-
C) =5-3Hz, CMe,), 41-7 (d, 'J(P-C) = 123-9 Hz, PC),
76-1, 76-2 (2s, OCH,), 199-3 (d, *J(P-C) = 6-0 Hz,
PCH,C(0)). *'P NMR: & 13-8. Anal. Calcd for
CsH,50.P: C, 46-60; H, 7-33. Found: C, 46-84; H,
7.32.

2.6b  (OCH,CMe,CH,0)P(O)CH,C(O)Et (23):
Yield: 1-87 g (85%). M.p.: 98-100°C. IR (KBr):
1715, 1267, 1063, 1007 cm . '"H NMR: 6 0-93-1-09
(3 lines, 9H, C(CH:), + CH.CH:), 2-58 (grt, *J(H-
H) ~6-:0Hz, 2H, CH,CH:), 3-12 (d, “JP-
H) = 21.-0 Hz, 2H, PCH,). 3-83-4-12 (m, 4H, OCH,).
BC NMR: 6§ 7-4 (s, CH,CH;), 21-1 and 21-5 (2s,
C(CHs),), 32-5 (d, *J(P-C) = 6-6 Hz, CMe,), 37-5 (s,
CH,CH;), 402 (d, 'J(P-C)=122-6 Hz, PC), 76-0
and 76-1 (2s, OCH,), 2019 (d. *J(P-C) =6-1 Hz,
PCH,C(0)). *'P NMR: & 14-0. Anal. Calcd for
CoH,,0,P: C, 49-09; H, 7-78. Found: C, 48-88; H,
7.75.

2.6c (OCH,CMe,CH,O)P(O)CH,C(O)CHMe; (24):
Yield: 1-42 g (61%). M.p.: 102-104°C. IR (KBr):
1713, 1474, 1267, 1059, 1009 cm™'. "H NMR: § 1-00,
1-10 (25, 6H, C(CHs),), 1-06 (d, *J(H-H) = 6-8 Hz,
6H, CH(CH),), 2-77-2-87 (gnt, *J(H-H) = 6.8 Hz,
1H, CH(CHs),), 3-12 (dd, *J(P-H) = 19-6 Hz, *J(H-
H) = 2.0 Hz, 2H, PCH,), 3-88—4-14 (m, 4H, OCH,).
BC NMR: 6 179 (s, CH(CHs),). 21-2 and 21-6 (2s,
C(CHs),, 325 (d, *J(P-C) = 6:6 Hz, CMe,), 37-3 (s,
CH(CHs),), 40-9 (d, 'J(P-C) = 104-3 Hz, PC), 76-0
and 76-1 (2s, OCH,), 205-5 (d. *J(P-C) =6-0 Hz,
PCH,C(0)). *'P NMR: § 14-2.

2.6d (OCH,CMe;CH-0)P(0)CH,C(O)CH(Me)Et
(25): Yield: 1-30 g (56%). M.p.: 92-94°C. IR (KBr):
1711, 1634, 1273, 1063, 1009 cm ™. "H NMR: §0-81

(t, *J(H-H) = 7-4 Hz, 3H, CH,CH:), 1-00 and 1-06
(25, 6H, C(CH3),), 1-07 (d, *J(H-H) = 6.7 Hz, 3H.
CHCH), 1-27-1-42, 1-54-1.73 (2m, 2H, CH(Me)
CH,CHa), 2-69 (m, 1H, CH(CH;)CH,CH3), 3-20 (d.
*J(P-H) =22-3 Hz, 2H, PCH,). 3-89-4-14 (m, 2H,
OCH,). "C NMR: § 11-3 (s, CHCH,CHa), 15-2 (s,
CH(CH3)CH,CHs), 21-1 and 21-6 (25, CMe,), 25-4
(s, CH(CH:)CH,CH;), 325 (d, *J(PC)=7-3Hz
C(CHs),), 38-1 (d, 'J(P-C) = 126-1 Hz, PC). 48-8 (s.
CH(CH)CH,CHa), 76-0 and 76-1 (25, OCH>), 205-4
(d, *J(P-C) = 6-0 Hz, PCH,C(0)). *'P NMR: § 14-6.

2.6e (OCH,CMe,CH,0)P(O)CHPhC(O)CH,CH,
CH; (26): Yield: 1-33 g (43%). M.p.: 138-140°C. IR
(KBr): 1717, 1263, 1059, 1005 cm™'. '"H NMR: §
0-82 and 1-01 (2s, 6 H, C(CH:),), 0-84 (¢, *J(H-H) =
6-3 Hz, 3H, CH,CH,CH), 1-58 (m, 2H, CH,CH,CHj),
2.51-2-64 (m, 2H, CH,CH,CH,), 3-67-3-88 (m, 2H,
OCH,), 4-03 (t, *J(P-H) ~ 6-0 Hz, 2H, OCH,), 4-53
(d, *J(P-H) = 21-2 Hz, 2H, PCH,), 7-23-7-49 (m, 5H,
Ar-H). ”C NMR: § 13-3 (s, CH,CH,CH3), 169 (s,
CH,CH,CH.), 21-1 and 21-7 (25, C(CHs),), 326 (d,
*J(P-C)=7-4Hz, CMe,). 452 (s, CH,CH,CH,),
58-5 (d, 'J(P-C) = 129-0 Hz, PC), 76-0 and 76-1 (24,
*J(PC) = 6-7 Hz ecach, 20CH,), 128-1, 128-8. 1296,
129.9, 130-5, 202-9 (d, *J(PC) = 4-9 Hz, PCH,C(0)).
'P NMR: §12-3.

2.7 HWE reaction using the [-ketophosphonates
22-23: Synthesis of a,f-unsaturated ketones
27a—e and 28a—f

To the S-ketophosphonate 22 or 23 (10-0 mmol) in
dry THF (20 mL), K,CO; (1-66 g, 12-0 mmol) was
added and the reaction mixture stirred for 30 min at
room temperature. Then aldehyde (10-0 mmol) was
added in one lot and the reaction mixture was re-
fluxed for 24 h. After cooling to room temperature,
the reaction mixture was quenched with cold water
(20 mL) and extracted with ether (2 x 30 mL). The
ether layer was dried (Na,SQO,), the solvent removed
and the residue was purified by column chromatog-
raphy (silica gel; hexane-cthyl acetate) to obtain
27a—e or 28a—f.

2.7a CeHp4-Me(H)C=C(H)C(O)Me (27a): Yield:
126 g (79%). M.p.: liquid. IR (KBr): 1667, 1611,
1258, 1208, 1179, 980 cm™'. '"H NMR: 62-36 (s, 6H,
Ar-CH; + C(O)CH,), 6-67 (d, *J(H-H) = 16-6 Hz, 1H,
HC=CHC(0O)Me), 7-19 (d, *J(H-H) =8-8 Hz, 2H,
Ar-H), 7-41-7-53 (3 lines, 3H, Ar-H + CsHs-4-Me-
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HC=CH). ”C NMR: 6 21-4 (s, ArCHs), 27-4 (s,
C(0)CHa,), 126-3, 128-3, 129-7, 131.7, 141-0, 143-4,
198-3 (s, C(O)Me). Anal. Calcd for C,;H;;0: C,
82-50; H, 7-50. Found: C, 82-68; H, 7-38.

2.7b  CsH,-3-Me(H)C=C(H)C(O)Me (27b): Yield:
13 g (81%). M.p.: liquid. IR (KBr): 1669, 1611,
1258, 1229, 978 cm™'. 'H NMR: &6 2-37 (s, 6H, Ar-
CH; + C(O)CH»), 6-69 (d, *J(H-H) = 15-6 Hz, 1H,
CeH,-3-Me(H)C=CH), 7-22-7-35 (m, 4H, C¢H,-3-
Me(H)C=CH), 748 (d, *JH-H)=15-6Hz 1H,
CcH4-3-Me(H)C=CH). *C NMR: &6 21-3 (s, Ar-
CH,), 27-5 (s, C(O)CH3), 125-5, 127-0, 1289, 131-3,
134-4, 138-6, 143-6, 198-3 (s, C(O)Me).

2.7c¢ CsH4-OMe(H)C=C(H)C(O)Me (27c): Yield:
1-53 g (87%). M.p.: 62—64°C. IR (KBr): 1771, 1744,
1229, 1103, 959cm™'. '"H NMR: § 2-35 (s, 3H,
C(O)CH;), 3-83 (s, 3H, OCH:). 6-59 (d, *J(H-
H) = 163 Hz, 1H, C¢H4-4-OMe(H)C=CH), 6-90 (d.
*J(H-H) = 8-7 Hz, 2H, Ar-ortho-H), 7-46 (d, *J(H-
H) =163 Hz, 1H, CcH4-4-OMecHC=CH), 7-48 (d.
*J(H-H) = 8.7 Hz, 2H, Ar-H). °C NMR: 6 274 (s,
C(O)CHa,), 55-4 (s, Ar-OCH;), 114-5, 125-1, 127-1,
130-0, 143-2, 161-6, 1983 (s, C(0)Me)); Anal.
Calcd for C;1H;,0,: C, 75-00; H, 6-82. Found: C,
75-22; H, 6-95.

2.7d  3,4-Cl-CeHs-(H)C=C(H)C(O)Me (27d):
Yield: 1-68 g (78%). M.p.: 52-54°C. IR (KBr):
1672, 1615, 1470, 1258, 1134, 1030, 978 cm'. 'H
NMR: & 2-32 (s, 3H, C(O)CH;), 6:62 (d. *J(H-
H) =166 Hz, 1H, C¢Hs-3.4-ClL,(H)C=CH), 7-29-
7-54 (m, 4H, 3Ar-H + C¢H;-3,4-CLHC=CH). “C
NMR: & 27-8 (s, C(O)CHs), 127-1, 128-4, 129.7,
130-9, 133-2, 134-2, 134-6, 140-2, 197-4 (s, C(O)Me).

2.7e C1 HoH)C=CH)C(O)Me (27¢): Yield: 1-92 g
(78%). M.p.: 100-102°C. IR (KBr): 1660, 1653,
1541, 1520, 1362, 1250, 988 cm™'. '"H NMR: & 2-54
(s, 3H, C(0O)CH3), 6:68 (d, *J(H-H) = 16-6 Hz, 1H,
CHo(H)C=CH), 7-46-7-50 (m, 4H. Ar-H), 7-94-
7-80 (m, 2H, Ar-H), 8-15-8-20 (m, 2H, Ar-H), 8-38
(s, 1H, Ar-H), 842 (d, *J(H-H)=16-6 Hz, 1H.
C4Ho(H)C=CH). ”C NMR: & 279 (s, C(O)CH;),
125-1, 125-4, 126-4, 128-5, 128.9, 129-2, 129-4,
131-3, 135-8, 140-3, 197-7 (s. C(O)Me).

2.7f  (4-Me-CsHy)(H)C=C(H)C(O)Et (28a): Yield:
127 g (73%). M.p.: Liquid. IR (KBr): 1661, 1611,
1362, 1192, 1119, 988 cm™'. '"H NMR: & 1-16 (1,

*J(H-H) = 7-4 Hz, 3H, CH,CH;), 2-36 (s, 3H, Ar-
CHs), 2-67 (¢, *J(H-H) = 7-4 Hz, 2H, CH,CH3), 6-69
(d, *J(H-H) = 16-0 Hz, 1 H, HC=CHC(O)Et), 7-18
(d, *J(H-H) =7-8 Hz, 2H, Ar-ortho-H), 7-42 (d,
*J(H-H)=7-8 Hz, 2H, Ar-meta-H), 7-53 (d, 3H,
*J(H-H) = 16-0 Hz, 1H, C¢H,-4-Me(H)C=CH). "C
NMR: & 8-2 (s, CH,CHs), 21-4 (s, Ar-CHs), 33-9 (s,
CH,CH;), 125-2, 128-3, 129-7, 131-9, 140-8, 142-2,
2009 (s, C(O)E).

2.7g  (CsH4-OMe)(H)C=C(H)C(O)Et (28b): Yield:
1-68 g (89%). M.p.: 48-50°C. IR (KBr): 1684, 1657,
1601, 1572, 1512, 1254, 1177, 1119, 1026, 988,
831 cm . '"HNMR: § 1-13 (¢, *J(H-H) = 6-8 Hz, 3H,
CH,CH), 2-64 (¢, *J(H-H) = 6.8 Hz, 2H, CH,CHs),
3-80 (s, 3 H, Ar-OCHs), 6-59 (d, *J(H-H) = 16-6 Hz,
1H, HC=C(H)C(O)Et), 6-87 (d, *J(H-H) = 8-8 Hz,
2H, Ar-Ortho-H), 7-43-7-53 (m, 3H, 2Ar-H + C¢H,-
4-OMe(H)C=CH). >C NMR: & 8-3 (s, CH,CH,),
33.9 (s, CH,CH3), 55-3 (s, Ar-OCH3), 114-4, 123.9,
127-3, 129-9, 141-9, 161-5, 200-8 (s, C(O)E).

2.7h CH;CH=CH-(H)C=C(H)C(O)Et (28¢): Yield:
121 g (65%). M.p.: Liquid. IR (KBr): 1678, 1622,
1589, 1451, 1358, 1287, 1192, 1123, 999, 748 cm .
'"HNMR: 6 1-14 (¢, *J(H-H) = 6.7 Hz, 3H, CH,CH,),
2:61 (g, *J(H-H) = 6.7 Hz, 2H, CH,CH:), 6-27 (d.
*J(H-H) =160 Hz, 1H, (H)C=CHC(O)Et), 6-85—
6-90 (m, 2H, C;Hs(H)C=C(H)-(H)C=CH + 1 Ar-H),
7-31-7-48 (m, 6H, CsHs(H)C=C(H)-(H)C=CH +
4Ar-H). °C NMR: & 83 (s, CH,CHs), 339 (s,
CH,CH,), 126-8, 127-2, 128-8, 129-0, 129-4, 131-2,
1362, 141-0, 142-1, 152-4, 193-3 (s, C(O)E).

2.7i CiHo(H)C=C(H)C(O)Et (28d): Yield: 1.77 g
(68%). M.p.: 94-98°C. IR (KBr): 1661, 1616, 1194,
1019, 982 cm™'. '"HNMR: 6127 (¢, *J(H-H) = 7-6 Hz,
3H, CH,CH:), 283 (¢. *J(H-H)=7-6Hz 2H.
CH,CH;), 671 (d, *J(H-H) =164 Hz, 1H, HC=
CHC(O)Et), 7-44-7-50 (m, 4H, Ar-H), 7-97-8-02 (m,
2H, Ar-H), 8-17-8-21 (m, 2H, Ar-H), 8-43 (s, 1H,
Ar-H), 848 (d, *J(H-H) =164 Hz, 1H, CHy(H)
C=CH). ”C NMR: ¢ 82 (s, CH,CH:), 346 (s,
CH,CH;), 1252, 125-4, 1263, 1282, 1289, 129-5,
131-4, 134-9, 139-2, 200-8 (s, C(O)E).

2.7 CsHskeCsH,(H)C=C(H)C(O)CH,CH; (28e):
Yield: 1-82 g (68%). M.p.: 98-100°C. IR (KBr):
1686, 1657, 1605, 1360, 1125, 1034, 980 cm'. 'H
NMR: § 1-14 (¢, *J(H-H) = 6:8 Hz, 3H, CH,CH>),
258 (¢, *J(H-H) = 6-8 Hz, 2H, CH,CH;), 4-13 (s,
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5H, ferrocenyl-H), 4-41-4-42 (m, 2H, ferrocenyl-H),
4-48-4-49 (m, 2H, ferrocenyl-H), 634 (d, *J(H-
H) = 15-6 Hz, 1H, HC=CH(CO)Et), 7-44 (d, *J(H-
H)=15-6Hz, 1H, CsHsFeCsH4(H)C=CH). "“C
NMR: 6 8-5 (s, CH,CHs), 33-6 (s, CH,CHj3), 68-7,
69-7, 70-9, 78-9 (ferrocenyl-C), 123-6 (s, HC=CH
(CO)EY), 143-6 (s, CsHsFeCsHH C=CH), 200-2 (s,
C(O)Et). Anal. Caled. for CsHjsFeO: C, 67-16; H,
5-97. Found: C, 67-34; H, 6-08.

2.7k EtC(O)C(H)=C(H)-CsH(H)C=C(H)C(O)Et
(28f): Yield: 1.91¢g (79%). M.p.: 112-116°C. IR
(KBr): 1657, 1366, 1192, 1065, 990 cm™'. 'H NMR:
5 1-16 (+, *J(H-H) = 7-8 Hz, 3H, CH,CH), 2-68 (q.
*J(H-H)=7-8 Hz, 2H, CH,CH:). 6-75 (d, *J(H-
H) = 16-6 Hz, 1H, HC=C(H)C(O)Et), 7-48-7-56 (3
lines, 3H, 2Ar-H + (H)C=C(H)-CH,~(H)C=C(H)).
BC NMR: 6 81 (s, CH,CH;), 34-2 (s, CH,CH,),
126-5, 128-7, 136-5, 140-9, 200-5 (s, C(O)Et). Anal.
Calcd. for Ci¢Hi30,: C, 79-34; H, 7-44. Found: C,
79-48, H, 7-32.

2.8 Allylation of p-ketophosphonates 22-23:
Isolation of allylated products (OCH,CMe,CH,0)
P(O)CH,C(OH)(CH,CH=CH)CH>R [R = H (29),
Me (30)]

To a solution of p-ketophosphonate 22 or 23
(1-0 mmol) in dichloromethane (20 mL) kept over
molecular sieves (4 A, ~0-5 g), diallyltin dibromide
(0-33 g, 1-0 mmol)"* was added via syringe at room
temperature and the mixture stirred for 20 h. The re-
action mixture was quenched with 8% aq. NaOH
(20 mL) and extracted with dichloromethane (2 x
30 mL). The organic layer was dried (Na,SO,) and
the solvent was removed to obtain the crude p-
hydroxyphosphonate 29 or 30. These were purified
by column chromatography (silica gel; hexane-ethyl
acetate).

2.8a Compound 29: Yield: 0-12g (49%). M.p.:
82-84°C. IR (KBr): 3349, 1642, 1260, 1067 cm .
'"H NMR: 6 100, 1-11 (25, 6H, C(CH3),), 1-36 (s,
3H, C(OH)CHs), 2-08 (dd, *J(H-H) = 10-9 Hz, *J(P-
H) = 17-3 Hz, 2H, PCH,), 237 (d, *J(H-H) = 7.3 Hz,
2H, CH,CH=CH,), 3-79 (dd, *J(H-H)=12.6 Hz,
*J(P-H) =113 Hz, 2H, OCH,Hg), 420 (¢, *J(P-
H)=11.3 Hz, 2H, OCH,Hz). 5-04 (d, *J(H-H) =
13-0 Hz, 2H, CH,CH=CH,), 6-82 (m, 1H, CH,CH=
CH,). "C NMR: §21-3, 21-7 (25, C(CH3),), 28-2 (d,
*J(PC) = 9-4 Hz, CH(OH)CHa), 32.7 (s, CMe,), 35-5

(d, 'J(PC)=131-3Hz, PC), 478 (d, *J(P-C)=
12:3 Hz, CH,CH=CH,), 70-2 (d, *J(P-C) =4-8 Hz,
CH(OH)), 748, 750 (2s, OCH,), 1186 (s,
CH,CH=CHy,), 133-8 (s, CH,CH=CH,). *'P NMR: &
25.9.

2.8b Compound 30: Yield: 0-16 g (62%). M.p.:
74-76°C. IR (KBr): 3434, 1647, 1240, 1060,
1015cm™'. '"H NMR: & 0-88 (+, *J(H-H) =7-2 Hz,
3H, CH,CH:). 0-97, 1-08 (2s, 6H, C(CH3),), 1-62 (q.
*J(H-H)=7-2Hz, 3H, CH,CH;), 2-05 (d, *J(P-
H)=17-7Hz, 2H. PCH,), 234 (d. *J(H-H)=
7.3 Hz, 2H, CH,CH=CH,), 3-76 (¢, *J(P-H) = *J(H-
H)=13-7Hz, 2H, OCH,Hg), 4-16 (¢, *J(P-H) =
10-2 Hz, 2H, OCH,H5), 5-07 (d, *J(H-H) = 13-3 Hz,
2H, CH,CH=CH.,), 6-78 (m, 1H, CH,CH=CH,). °C
NMR: 6 7-8 (s, CH,CH3), 21-3, 21.7 (25, C(CHs),).
32-4 (d, *J(P-C)=5-8 Hz, CMe,), 329 (d, *J(P-
C)=9-1Hz, CH(OH)CH,CH;), 337 (d. *J(P-
C)=131.0 Hz, PCH,), 442 (d, *J(P-C)=9-9 Hz,
CH,CH=CH,), 72-3 (d, *J(P-C) = 4-8 Hz, CH(OH)),
74.8, 749 (2s, OCH,), 118:4 (s, CH,CH=CH,),
133-7 (s, CH,CH=CH.). *'P NMR: §26-4.

2.9 X-ray structural analysis of 6, 9, 12, 18 and 24

X-ray data were collected on a Bruker AXS SMART
diffractometer using Mo-K, (1= 0-71073 A) radia-
tion. The structures were solved by direct methods;'*
all non-hydrogen atoms were refined anisotropi-
cally. The allenic C—H hydrogen atoms were located
by difference Fourier maps in both the cases, and re-
fined isotropically. In the case of 6, the O—H hydro-
gen was also located by difference Fourier map, and
refined isotropically. All the other hydrogen atoms
were placed geometrically and refined using a riding
model with CH, (methylene) constrained to 0-97 A
with Ujso(H) = 1-2U.(C), and CH; constrained to
0-96 A with Ui,(H) =1-5U,,(C). In compound 12
pseudosymmetry is indicated, but we could not re-
fine the structure in any other space group; the Flack
parameter using ‘twin’ command was reduced to
zero. The quality of data for 18 was not good, but
the structure could be unambiguously characterized.

2.10 Crystal data

Compound 6: C;H;s0,P, M =218-18, Monoclinic,
space group P2;/n, a=28-7632(8), b =9-3504(9),
c=13-8022(13) A, £=105-62(10), V=1089-18
(18) A°, Z=4, p=1331gcem>, F(000) =464,
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1=0-240 mm ', data/restraints/parameters: 2634/0/
138. S (all data)=1-024, R indices (I > 2o ({)):
R1=0-0448, wR2 (all data) = 0-1314. Max./min. re-
sidual electron density (eA ) 0-381/-0.251.

2.10a Compound 9: Cy1H1406P,, M =304-16,
Tetragonal, space group [4,/a, a=12-9203(4), b =
12:9203(4), ¢=16-8163(11) A, V'=2807-2(2) A°,
Z=8,p=1439gcm, Fop = 1264, u=0-328 mm ',
data/restraints/parameters: 1369/0/115. S (all data) =
1-095. R indices (I > 2o (l)): R1 =0-0334, wR2 (all
data) = 0-0943. Max./min. residual electron density
(eA ) 0-239/-0-240.

2.10b Compound 12: CsHy305P, M =188-15, or-
thorhombic, space group P2;2;2;, a=8-8325(5),
b =8-9436(5), ¢=12-0211(7) A, V' =949-60(9) A°,
Z=4, p=1316gcm, Fyo =400, u=0-256 mm ',
data/restraints/parameters: 1678/0/118. S (all data) =
1-012. R indices (I > 2o (l)): R1 =0-0334, wR2 (all
data) = 0-0980. Flack parameter (using ‘twin’ com-
mand in SHELXL) 0-00. Max./min. residual electron
density (¢A) 0-189/-0-258.

2.10c  Compound 18: Cy,0H3406P,, M = 432-41, or-
thorhombic, space group Pbca, a=19-684(4), b =
11-340(2), ¢ =41-629(8) A, V'=9292(3) A’, Z=16,
p=1236gcem”’, Fopo=23712, u=0-218 mm ', data/
restraints/parameters: 8181/0/521. S (all data) =
0-977. R indices (I > 2o (I)): R1 =0-0961, wR2 (all
data) = 0-2331. Max./min. residual electron density
(eA ) 0-786/-0-286.

2.10d Compound 24: C20H3808P2, M= 46844,
monoclinic, space group P2;, a=6-9687(9), b=
19:661(3), ¢=9-0871(12) A, B=96-102(2)°, V=
1238-03) A°’, Z=2, p=125Tgem™, Fyo =504,
4=0-215mm', data/restraints/parameters: 4345/1/
279. S (all data)=1-225. Flack parameter (using
‘twin” command in SHELXL) 0-13(15). R indices
(I>20(D): R1=0.0811, wR2 (all data) = 0-1646. Max./
min. residual electron density (¢A ) 0-525/-0-257.

Further details as CIF files are available from the
Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK on request, quoting
the deposition numbers CCDC 695272-695276.

3. Results and discussion

The reaction of (OCH,CMe,CH,0)PCl1 (1) or [CIP
(OCH,),],C (2) with the appropriate propargyl alco-

hol in the presence of a base leads to the alle-
nylphosphonates 3—6 and 9-17 (schemes 2 and 3a—
b) after rearrangement of the initially formed P in-
termediate; the butadiene 7 was a by-product during
the synthesis of 6 and species 8 is the P intermedi-
ate prior to the formation of 9. The yields reported
in these and subsequent schemes are those

1 R R2
o F‘?%HB Rl
— 3
e R N
lo} Et;N 0/

1
l A
SO
o} Dt
R'=H, R =H, R® = (CH,),CH; (3, 3(P): 11.3; 80%)

R'=H, R2 = H, R® = (CH,):CH, (4, 8(P): 12.2; 78%)
R! = H, R? = C(H)=C(H)CH,, R? = Ph (5, 8(P): 6.7; 70%)

Scheme 2.

o
7 H o” I
-
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o
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6, 8(P): 10.1; X-ray

Yield: 80% (3'P NMR); 17% (isolated)
(see text for details)

7, 8(P): 9.0
Yield: 20% (3'P NMR); 5% (isolated)
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Ri=R2=Me (11, 5(P): 12.6; 76%)

Scheme 3.
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R'=R2=R3=H (12, 3(P): 7.4; 89%,; X-ray)
R'=R3= H, R?=Me (13, 5(P): 7.9; 86%)
R'=R2=Me, R®=H (14, 5(P): 8.5; 76%)
R'=Me, R2= Et, R*=H (15, 3(P): 9.3, 78%)
R'=H, R2 = Et, R?= Ph (16, &(P): 7.3; 84%)

17, 8(P): 10.6; 74%

for isolated compounds unless stated otherwise. This
type of reaction is known for the synthesis of
allenylphosphonates.'” A slightly modified proce-
dure was utilized to prepare compounds 9-11
(scheme 3b) and 17 that contain the 1,3,2-dio-
xaphosphorinane ring with two reactive allene resi-
dues.

Although in the reaction using 1 we could not de-
tect the P! intermediate alkoxide, we could do so in
the synthesis of 9; the species 8 [R' =R*=H] was
clearly identified by the *'P NMR [&(P) 125-7]
spectrum as essentially a single component prior to
refluxing. Compound 9 was obtained as a crystalline
material from methanol; it had low solubility in
normal organic solvents like toluene, dichloro-
methane, etc. Since the P™ precursor 1 can be pre-
pared by simply stirring phosphorus trichloride with
the 1,3-diol for 24 h followed by distillation in low
vacuum, we think that our allenylphosphonates are
more convenient to synthesize when compared to
several non-phosphorylated allenes. All these al-
lenylphosphonates could be handled in air in gen-
eral, but over a period of ca 15d, 9-11 and 17
turned into liquids. Our attempts to analyse/separate
the components of these liquids (column chromato-
graphy/ NMR), were not successful.

In the synthesis of 6, the product has to be crystal-
lized carefully because the 1,3-butadiene [(OCH,
CMe,CH,0)(0O)P-C(=CH,)]; (7) was also formed in
the same reaction (cf. scheme 3a). A chromato-
graphic separation was rendered difficult because of
similar polarities of 6 and the butadiene by-product
7. We isolated 7 also quantitatively by using 1:2
stoichiometry of the propargylic alcohol and 1.
Since there are a couple of compounds analogous to
7.'* and since this compound did not react with di-
methyl acetylenedicarboxylate (DMAD) or diiso-
propyl azodicarboxylate (DIAD), we did not explore
its chemistry further.

Allenes may be expected to behave as dienophiles
in Diels—Alder reaction. Our intention was to incor-
porate anthracene moiety but when we treated 14
with anthracene (which is expected to behave as a

diene to lead to a [4 + 2] cycloaddition product) at
185°C for 5h, we obtained only the dimerized
allene 18 in a fair yield (scheme 4). Although the re-
action mixture showed other products also [*'P
NMR evidence], we isolated only 18 and not the ex-
pected compound 19. We then tried this reaction in
the absence of anthracene and found that 18 could
be obtained in better yields."” The presence of the
PCH=C moiety in this compound was shown by a
doublet at § 5-62 [ZJ(P-H)=16-3Hz] in the 'H
NMR spectrum and a doublet at & 1052 (‘J(P-
C) = 186-8 Hz) in the °C NMR spectrum. Only one
report on such a reaction is available in the lite-
rature, but without an X-ray structural proof.'® In
our case, we characterized 18 by single crystal X-
ray diffraction (figure 4). Although the crystal qual-
ity was only moderate, the molecular structure was
unambiguously determined. The alkenic protons
(rather than the phosphonate phosphorus atoms) of
the two C=CH[P(O)(OCH,CMe,CH,0)] moicties
are in close proximity to each other most likely to
avoid steric effects. Since the reaction takes place
thermally at eclevated temperatures, a diradical
mechanism is likely to be involved in the formation
of 18; this is similar to the dimerization of many
non-phosphorylated allenes.'’

In our previous paper, we have reported the addi-
tion reactions of secondary amines with allenylphos-
phonates.” In a similar manner, enaminophospho-
nates 20-21 were prepared by starting with 12-13.

SR
o
o P (@) A, [2+2] cycloadditon 1T N\ Mn:
(-]
><:o/ F'\C_C_C/NIIIB Me
—=C= e H
H/ “Me 74 . Me
~
Jex<
14 18 [8(P): 11.0, X-ray]
J
wa (I
Scheme 4.
/’
19 (Not isolated
19 )
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Hydrolysis of 20-21 by 2N HCI afforded the S-
ketophosphonates 22-23 (scheme 5). In reactions
using 14-16, we were able to isolate the S-
ketophosphonates 24-26 although the corresponding
enaminophosphonates could not be isolated. Addi-
tion of 2N HCI to 20 in an NMR tube experiment
showed only 22 along with the starting phosphonate
[’'P NMR] suggesting that the intermediates [A or
B] are very reactive and rapidly lead to 22 or 23.
Some reports on this type of hydrolysis are known in
the literature,'® but the present series of compounds
are well-defined solids that can be stored indefi-

Et.NH 3 + o. 0
120r 13 2—--><: 7 Net, 1O ><: >P//\/ﬁ\
/(E) R o CH,R
R=H [20; 5(P): 24.7]
Me [21; 5(P): 23.8]

R=H [22; &(P): 13.8]
Me [23; 5(P): 14.0]

H,0, H* l T-lest2
N
X G | X &
o & —
H \(\\/F‘ /R i‘l
H H o H
(A) (B)
Scheme 5.

o 0 O 0
XS e XS I e
N CHMe, 4 cH
Q 2 0] \.Et

24 [5(P): 14.2, X-ray] 25 [5(P): 14.6]

0 o 0
N
X
lo)
Ph

nitely in air. In the IR spectra, they show a band at
~1715 em™' corresponding to the carbonyl stretch.
In the '"H NMR, a characteristic doublet at §3-3-3-5
[2J(P-H) ~ 22.0 Hz] for the PCH, protons clearly
shows that a rearrangement of the carbon skeleton
has taken place. The *'P NMR spectra show a single
peak in the range 6 12—15 that are distinctly down-
field to those of the parent allenes [6 7-10]. For ease
of comparison, the °'P NMR data of compounds 3—
18 and 20-26 arc given in table 1. The carbon o to
phosphorus appears as a doublet around & 40.0 in the
BC NMR spectrum; the magnitude of 'J(P-C)
[122-5 Hz] clearly shows that this carbon has less s
character than the corresponding one in 12-16
['J(P—C) 190-200 Hz].

Compounds 22-26 are interesting reagents for
Horner-Wadsworth-Emmons (HWE) reaction.'” They
can also be used as ketonic substrates.® Our initial
attempts of the HWE reaction using NaH/THF gave
either none or only very low yields of olefinic prod-
ucts. However, when K,CO; was used in place of
NaH in refluxing THF, the reaction using 22-23

proceeded smoothly to afford the o, p-
NV _AcHO PN _E /ﬁ\
>C \)1\ —Xgo, ™~ °=C CH,R
THF, 7000 AT
R=H (22) R=H (27a-e)
Me (23) Me (28a-€)

(see Table 1 for details)

E 0
CH,CH, ‘*‘“‘(i/<
CH_CH
H 2 3
> H 28f
Scheme 6.

Table 2. Details on the HWE reaction of the f-keto-
phosphonates 22—-23 with aromatic aldehydes.

26 [5(P): 12.3]
Table 1. °'P NMR chemical shifts for compounds 3-18
and 20-26.

Compound AP) Compound AP)
no. (ppm) no. (ppm)
3 113 15 93
4 12:2 16 7-3
5 6-7 17 10-6
6 10-1 18 11.0
7 9-0 20 247
8 125.7 21 23-8
9 114 22 13-8
10 13-0 23 14.0
11 12-6 24 142
12 7-4 25 14-6
13 7-9 26 123

14 85

Isolated

Entry R Ar Product () yield (%)

1 H 4-Me-C¢H,4 27a 79

2 H 3-Me-CcHy 27b 81

3 H 4-MeO-C¢Hy 27¢ 87

4 H 3,4-Cl,-CsH; 27d 78

5 H 9-anthryl 27e 78

6 Me 4-Me-CcH,4 28a 73

7 Me 4-MeO-C¢Hy 28b 89

8 Me  PhCH=CH 28¢ 65

9 Me 9-anthryl 28d 68
10 Me ferrocenyl 28e¢ 68
11 Me 4-CHO-CgH,4 28f 79
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unsaturated ketones 27a—e and 28a—f in moderate to
high yields (scheme 6, table 2). It is true that aldol
condensation is the more straightforward route to
o, f-unsaturated ketones than this, but in specific
cases where a particular stereo-/region-chemistry of
the products is required, our procedure offers as an
alternative.

The f-ketophosphonates 22-23 also undergo ally-
lation readily with diallyltin dibromide at room tem-

Figure 1. Top: The molecular structure of 6 showing
the atom numbering scheme at 30% probability level of
the thermal ellipsoids. Bottom: hydrogen bonding in 6
[O(4)-H(4)...0(3") 0-82, 1:95, 2-764(2) A, 174.7°. Sym-
metry code: 1-5—x, 0-5+y, 0-5—z].

perature in dichloromethane in the presence of mo-
lecular sieves (4 A) to give S-hydroxyphosphonates
(OCH,CMe,CH,0)P(0)CH,C(OH)(CH,CH=CH)
CH,R [R=H (29), Me (30)]. Although similar in-
dium mediated allylation reactions have been repor-
ted before,'” our precursors may offer an advantage
because they are relatively easier to synthesize.

O OH
> //\)‘\/\
P
/7 s
= CH,R

R=H (29), 5(P): 25.9
Me (30), 5(P): 26.4

3.1 A brief discussion of the structures of 6, 9, 12,
18 and 24

The structures of 6, 9 and 12 are shown in figures 1-
3; only half of the molecule is present in the asym-

Figure 2. Top: The molecular structure of 9 showing
the atom numbering scheme at 30% probability level of
the thermal ellipsoids. Bottom: hydrogen bonding in 9
[C(3)-H(3A)...0(3") 0-97, 2-41, 3-286(4) A, 150-3°.
Symmetry code: (i) 3/4 +y, 3/4 —x, -1/4 + 2)].
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Table 3. Selected bond parameters for 6, 9 and 12 (A).
Parameter 6 9 12
P-O (ring) 1-565(2) 1-569(1) 1-583(2)
P-O (ring) 1-573(2) 1-568(1) 1-588(3)
P=0 1-456(2) 1-466(1) 1-475(3)
P-C 1-771(2) 1-779(2) 1-777(4)
C(P)=C 1-288(3) 1-302(2) 1-306(6)
C=CH, 1-280(4) 1-290(3) 1-307(6)
Cc=C=C 179-1(2) 178-8(2) 178-7(5)

Figure 3. An ORTEP drawing of 12 (see table 3 for
bond parameters).

Figure 4. An ORTEP picture of compound 18. Selected
bond lengths (A) and angles (°) with esd’s in parentheses:
P(1)-C(6) 1-763(7), P(2)-C(15) 1-761(7), C(6)-C(7)
1-331(8), C(7)-C(8) 1-:518(9), C(8)-C(9) 1-577(9), C(9)—
C(10) 1-514(8), C(10)-C(7) 1-458(9); C(7)-C(8)-C(9)
88-1(5), C(®)-C(9)-C(10) 87-0(5), C(7)-C(10)-C(9)
92-7(5), C(10)-C(7)-C(8) 91-3(5).

metric unit of 9. Selected bond parameters are given
in table 3. The P-O (ring), P=0 and P-C distances
are in the normal range expected for these com-
pounds.® In contrast to many previously reported

Figure 5. An ORTEP drawing of 24. Only one of the
two molecules in asymmetric unit is shown. Selected
bond lengths (A) with esd’s in parentheses: P(1)—C(6)
1-802(5), C(6)—C(7) 1-509(8), C(7)-0O(4) 1-193(6), C(7)—
C(8) 1-507(8).

structures,® the two adjacent C=C bonds of the al-

lenyl group are much closer in length, a feature
similar to that reported by Angelov et al [1-296(4)
and 1-299(4) A].** The C=C=C unit is essentially
linear in all the compounds reported here with a de-
viation of ~1-3° from 180°. The dihedral angle be-
tween the planes containing (i) H(8A), H(8B), C(8)
and C(7), and (i1) P, C(6), C(7) and C(9) in com-
pound 6 is 83(1)° which is significantly different
from the expected orthogonality. In 9 and 12, the
analogous dihedral angles are, respectively, 87(1)
and 89(1)°. The six-membered 1,3,2-dioxaphos-
phorinane ring has a chair conformation in these
structures. Compound 9 has a spirocyclic carbon
center; the angles at this center are within 2° of the
ones required for tetrahedral geometry.

As expected, hydrogen-bonding between the
phosphoryl oxygen and the —OH group is present in
6. This leads to chain type of structure (figure 1,
bottom). In 9, there arc weak C—H...O interactions
between the OCH, protons of the six-membered
phosphorinane ring and the phosphoryl oxygen as
shown in figure 2 (bottom). Thus each oxygen atom
has close contacts with the protons of different me-
thylene groups in the extended structure.

There are two molecules in the asymmetric unit of
18 and only one of these is shown in figure 4. The
cyclobutane ring in 18 can be considered to be pla-
nar. The distances C(6)-C(7) and C(10)-C(15) are
clearly in the double bond region but the corre-
sponding P-C single bond distances are quite short.
In fact, these bonds are shorter than even that seen
in the allenes 6, 9 and 12. It may be noted that two
orientations are possible for the phosphonate moiety
with respect to the C=C, but in the structure, the one
that places the two phosphorus atoms with less steric
interactions is observed. Compound 24, interest-
ingly, crystallizes in the chiral space group P2; with
two molecules in the asymmetric unit. In this f-
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ketophosphonate (cf. figure 5), the phosphorus is
connected to an sp’ carbon, and hence the P-C bond
distance is longer than those in the structures dis-
cussed above. Other structural parameters are normal.

4. Summary

In summary, we have described the synthesis of sev-
eral readily accessible and fairly stable solid al-
lenylphosphonates that can be used as potential
candidates for exploring allene chemistry; two of
these bear additional functionalities like —OH or
CH=CHMe. Bis-allenylphosphonates of type 9-11
and 17 may be useful precursors for polymerization.
An allene dimer (18) that contains a substituted
cyclobutane ring has been structurally characterized.
Horner—Wadsworth—-Emmons reaction using the f-
ketophosphonates derived from allenylphosphonates
serves as an alternative (compared to aldol conden-
sation) source for ¢, f-unsaturated ketones.
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