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Allylic hydroxy phosphonates and their derivatives can be interconverted by using cross metathesis
with second generation Grubbs catalyst. The absolute stereochemistry of the starting phosphonate
is conserved in the product. Cross metathesis reaction of the acrolein-derived phosphonate 2a yields
a series of functionalized allylic hydroxy phosphonates. However, the cross metathesis reaction is
often accompanied by competing dimerization and alkene migration reactions leading to a reduction
in yield. The cinnamaldehyde- and crotonaldehyde-derived phosphonates 2b and 2c¢ were also
examined. In general, the metathesis reactions of phosphonates 2b and 2¢ are considerably slower
than those for phosphonate 2a leading to mixtures. Several hydroxyl-protected derivatives of the
phosphonate 2a (methyl carbonate 3a, acetate 4a, N-tosyl carbamate 5a, TBDMS 6a, and
acetoacetate 7a) undergo metathesis without competing side reactions to give substituted allylic

phosphonates in good to excellent yield.

Introduction

A major emphasis in the development of new organic
reactions is the control of absolute stereochemistry via
chiral catalysts.! For over 10 years there has been an
interest in the asymmetric synthesis of hydroxy phos-
phonates,?? precipitated not only by their biological
activity,* but also because they are attractive precursors
to other a- and y-substituted phosphonates.’~7 Allylic
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hydroxy phosphonates are particularly attractive be-
cause, like allylic alcohols, they participate in a number
of stereoselective or stereospecific reactions leading to
highly functionalized phosphonates.”

Although there are many attractive routes for the
synthesis of hydroxy phosphonates,?® nonracemic allylic
hydroxy phosphonates are most conveniently generated
by enzymatic kinetic resolution,® or asymmetric cataly-
sis.? Both methods have attained varying levels of suc-
cess, but a general, reproducible, high-yielding, and
highly selective method is still unavailable. We reasoned
that it would be easier to optimize reaction conditions to
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SCHEME 1. Proposed Cross Metathesis
Meo\(.P? R Meo\g o
MeO™ \/\ — MeO” \/\/
OH OH

SCHEME 2. A Generic Cross Metathesis Reaction

R1 R2
:\R2 . \ / .
+ Desired heterodimer
_\, R' R R2 R?
R \—/ + \—/

Undesired homodimers

produce a single, structurally simple phosphonate in high
enantiomeric excess, high yield, and large quantities,
which would serve as a convenient precursor to more
complex substituted allylic hydroxy phosphonates. This
could conceivably be achieved by a cross metathesis
reaction of an acrolein-derived phosphonate and an
alkene (Scheme 1).

The cross metathesis reaction has become a powerful
tool for alkene synthesis.!® Potentially, three possible
products can be obtained including the desired hetero-
dimeric product and two undesired homodimeric products
(Scheme 2). Examples of cross metathesis (CM) and ring
closing metathesis (RCM) involving vinyl and allyl phos-
phonates and related compounds have been reported.!-12
However, metathesis reactions involving interconversion
of allylic hydroxy phosphonates remain to be explored.

The hydroxy phosphonates 2a—c¢ were prepared by the
addition of dimethyl phosphite to the corresponding
aldehyde. The nonracemic phosphonates were prepared
by catalytic asymmetric phosphonylation, using dimethyl
tartrate and titanium isopropoxide as the catalyst,”
whereas the racemic compounds were prepared with use
of Et3N.!® The enantiomeric excess of the nonracemic
phosphonates was determined by HPLC on a chiral
stationary phase or 3'P NMR spectroscopy with quinine
as the shift reagent.?»1* The hydroxy phosphonate 2a was
converted into the corresponding carbonate 3a, acetate
4a, N-tosylcarbamate 5a, tert-butyldimethylsilyl 6a, and
acetoacetate 7a derivatives with standard reaction condi-
tions (Scheme 3).
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P. R. Tetrahedron Lett. 1998, 39, 3939. (¢) Stoianova, D. S.; Hanson,
P. R. Tetrahedron Lett. 1999, 40, 3297. (d) Stoianova, D. S.; Hanson,
P. R. Org. Lett. 2000, 2, 1769. (e) Bujard, M.; Gouverneur, V.;
Mioskowski, C. J. Org. Chem. 1999, 64, 2119. (f) Timmer, M. S. M.;
Ovaa, H.; Filippov, D. V.; van der Marel, G. A.; van Boom, J. H.
Tetrahedron Lett. 2000, 41, 8635.
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The acrolein-derived phosphonate 2a (Table 1, entry
1) rapidly underwent self-metathesis with the Grubbs
second generation ruthenium benzylidene catalyst in
CH,Cl; even in the presence of other alkenes to give
dimer 8 in good yield. The dimer is insoluble in CHCl;
and precipitated from the reaction solution. Fortunately,
when the cross metathesis reaction was performed in
chloroform with excess alkene, dimer formation was
suppressed in favor of heterometathesis.

The acrolein-derived phosphonate 2a was converted to
substituted allylic hydroxy phosphonates 2b,d—g by
treatment with Grubbs second-generation catalyst and
a terminal alkene in chloroform at 40—45 °C in modest
yield (Table 1). The formation of the substituted products
was always accompanied by the formation of varying
amounts of dimer 8. The trans geometry (cis <10%) of
the products was confirmed by comparison of the spec-
troscopic data of allylic hydroxy phosphonates with
known alkene geometry. In the 3C NMR spectra, the
signals for C-1 in the trans isomers (~69 ppm) are
downfield of the cis isomers (~64 ppm). In the 3P NMR,
the signals for the trans isomers are upfield of the cis
isomers by approximately 0.5 ppm.

In addition to terminal olefins, metathesis of disubsti-
tuted olefins provided the corresponding products oc-
casionally in higher yield. Phosphonate 2f prepared
utilizing cis-1,4-diacetoxy-2-butene (entry 7) provided the
product in 61% yield, whereas a reaction utilizing allyl
acetate (entry 6) gave less than a 30% yield. However,
trans-stilbene (entry 3), a disubstituted olefin, was not
as efficient as styrene (entry 2), a terminal alkene, in the
formation of phosphonate 2b. It was also observed that
prolonged heating resulted in the formation of acyl
phosphonate 9 as a new byproduct. The acyl phosphonate
9, which exhibits a characteristic peak at 0.5 ppm in the
31P NMR spectrum, probably arises via migration of the
alkene from C(2)=C(3) to C(1)=C(2), followed by enol to
ketone tautomerism.

Dimerization of the racemic acrolein phosphonate 2a
should, assuming the reaction rates are unaffected by
stereochemistry, give a 50:50 mixture of the meso and
RR/SS diastereoisomers, whereas the cross metathesis
reaction of nonracemic acrolein phosphonate 2a (70% ee,
85:15 R:S) is expected to give a mixture consisting of the
meso diastereoisomer (26% y) and the RR/SS diastereo-
isomer (74% y, 97% ee). In practice, the racemic phos-
phonate 2a typically gave a 75:25 mixture (by HPLC) of
the meso and RR/SS diastereoisomers in the precipitated
product isolated by filtration of the reaction mixture. The
isolated dimer mixture (from racemic 2a) was recrystal-
lized from methanol to give pure meso diastereoisomer.
Both the crude dimer mixture and the recrystallized meso
isomer exhibited identical 3'P (24.5 ppm) and 'H NMR
spectra in DMSO solution. X-ray crystal data, obtained
for several single crystals from a sample crystallized from
MeOH, showed the presence of only the meso diastereo-
isomer (Figure 1). HPLC of samples of the crystallized
(MeOH) or insoluble solid (CH3Cly) and the corresponding
solutions revealed that the RR/SS isomer is more soluble
than the meso isomer in both methanol and CH;Cl; since
it remains in the mother liquor.

Alternatively, the nonracemic phosphonate (70% ee)
gave a 25:75 mixture of meso to RR/SS diastereoisomers.
Recrystallization of this mixture gave a solid predomi-
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SCHEME 3. Preparation of Allylic Hydroxy Phosphonate Derivatives®

(0]

H. _~_R'" aorb Meo_ S ; c,d,ef org MeO_ 1
y U © 1 /P R1
\([)]/\/ MeO™ ﬁ\/\/R R'=H MeO \/\/
OH OR?
T

:a l; |;h 2a, R: H 3aR"=H, R2= CO,Me (81%)
b, 2b, R' = Ph 4aR'=H, R?=Ac (61%)
1c, R'=Me 2¢, R'=Me

5aR' = H, R2 = CONHTSs (72%)
6aR' = H, R? = SiMe,t-Bu (85%)
7aR' = H, R? = COCH,COCH; (82%)

@ Reagents and conditions: (a) dimethyl tartrate, Ti(OiPr)s, Et20, (MeO):P(O)H; (b) (MeO)2:P(O)H, EtsN; (¢) C1CO2Me, Py, DMAP,
CH3CN; (d) AcCl, PVP, CHsCly; (e) TsNCO, CHoCly; (f) t-BuMe2SiCl, imidazole, CHsCly; (g) diketene, DMAP, CHoClo:THF (1:1).

TABLE 1. Metathesis with Acrolein-Derived Phosphoate

(0] =N
MeO_ 1 " "R® CHyCl, or CHC, Meo\p& SUR® MeO\ﬁ Meo\,g
M ~
e0 OH 5moI%Gr;IE)\sII,40°C OH Y\)\ OMe + \ﬂ/\
2a Mes-N__N-Mes 2b,d-g 9
T e
ci-RUS
(cyP Ph 10
Entry Alkene Product E.e.of2a | % Yield
(e.e.)
Meo_§ MeO\
1 B ﬁ\(\)\ OMe 76
M X C
T owe ) @)
2a 8
2 MeO\ \/\/@ s1°
\/Q 70% (70%)
3 N O MeO\(Pv\)@ 31°
MeO™ ™Y
@ o *) @)
4 g MeO ﬁ N 57°
LT, ®) @
5 s o\. « g
W (€3] &
6 NN e AN <30°
OAc Y\/\ (€3) )
2f
— o
7 a0~ \—onc MeOS 1 61°
MeO” OAc
OH 2f C3)] ®
0 0 0
8 \)\/c} MEO>SN} 30°
SH 20 70% (70%)

@ 5% catalyst 10, CH3Clg. ® 5% catalyst 10, CHCls, 5 equiv of alkene.

nating in the meso isomer (70:30) and a mother liquor
containing an excess (12:88) of the RR/SS diastereo-
isomer. Attempted cross metathesis reaction with the
meso dimer and 4-methyl-1-pentene or styrene in MeOH
solution resulted in low conversion (<30%) over extended
reaction times. In other solvents, little or no reaction was
observed.

The cinnamyl 2b and crotonyl 2¢ phosphonates were
examined to study the effect of allylic phosphonate
substitution on the metathesis reaction. The cinnamyl
phosphonate, in particular, was interesting because it can
be recrystallized to >95% ee and, therefore, appeared to
be a promising precursor for the synthesis of other
hydroxy phosphonates of high enantiomeric excess.”%
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TABLE 2. Metathesis with Substituted Allylic Phosphonates

He et al.

(0] 0] (0]
Tnzgjﬂ\./\/w 2R3 CHLCL '\l\llllzcc))jﬁ\;/\/Ra + '\’\//II:C();B\-/\ + starting material
H catalyst 10 H z 5
OR? OR? OR
2bR'=Ph,R2=H 2R2=H 2aR?=H
2cR'=Me, R2=H 3R2=CO,Me 3aR?=CO,Me
3bR'=Ph, R?=CO,Me for R® see table
3¢ R' = Me, R2= CO,Me
Entry | Phosphonate | Phosphonate Alkene Catalyst/ | Product % Yield
(RY) (R?) time (e.e.)
S OMe
1 Ph H \/\©/ 2.5% 2h 50% conv*
(95% e.e) . 12h (>93%)
1.7 equiv
2b
X
2 Ph H W 5% 2d 74%
(95%e.e.) 5 equiv 36h (95%)
2b
3 Ph H N"0Ac 5% 2f NR
2b 5 equiv. 4 days
S OMe
4 Ph COMe \/\©/ 5% 3h NR
3b . 24h
2 equiv.
5 Me H A 3.75% 2d 48%
2¢ \/\( 12h
3.75 equiv
2a 20%*
6 Me H X0Ac 5% 2¢ 24%
2¢ 5 equiv. 12h 2f 46%
S OMe 3a 22%*
7 Me CO,Me \/\©/ 5% 3¢ 47%
3¢ . 24h 3h 36%
2 equiv.

@ Determined by 3P NMR spectroscopy.

FIGURE 1. Projection view of the meso dimer with 50%
thermal ellipsoids.

In general, the metathesis reactions of phosphonates 2b
and 2c¢ (Table 2) are considerably slower than those for
the acrolein phosphonate 2a. Cross metathesis reaction
of phosphonate 2b with 1.7 equiv of 3-(3-methoxyphenyl)-
propene (entry 1) stopped at approximately 50% conver-
sion, presumably reaching equilibrium. However, reac-
tion with 5 equiv of 4-methyl-1-pentene (entry 2) proceeded
further and the product 2d was isolated in 74% yield. In
both reactions, there was no erosion of enantiomeric

8646 J. Org. Chem., Vol. 69, No. 25, 2004

TABLE 3. Metathesis with Protected Acrolein
Phosphonate Derivatives

PN

MeO\(P 5 equivalents Meo\ﬁ g

MeO E/} 5% catalyst 10 MeO OR?

() 3a-7aOR CH,Cly, 40°C 3q.74 OF

entry protecting group (R2) % yield

1 CO;Me 3 92

2 Ac4 90

3 CONHTs 5 88

4 SiMegt-Bu 6 89

5 COCH,COCH;37 82

excess in the products. Allyl acetate (entry 3) was
unreactive toward the phosphonate 2b and the carbonate
derivative 3b (entry 4) was unreactive toward 3-(3-
methoxyphenyl)propene and several other alkenes. The
crotonyl phosphonate 2¢ reacted with 4-methyl-1-pentene
(entry 5) to give the phosphonate 2d in 48% isolated yield.
Unlike phosphonate 2b, the crotonyl phosphonate 2¢
showed some reactivity toward allyl acetate (entry 6)
leading to mixtures of the starting material 2e¢, the
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TABLE 4. Metathesis with Carbonate Protected Acrolein Phosphonate Derivatives

Meo\g A R3 Meo\g SR
MeO” X MeO”
QMe catalyst 10 0CO,Me
3a 2 3e-0 2
Entry Alkene Product Yield
(e.e)
Me0\9
1 Me0” T N - NR
0CO,Me
MeO\g o/b
2 N1vs MeO™ NN 1vs 60%
5 equiv. OCO,Me 3e
MeO__i
3 N Moo PN onc NR
OAc OCO,Me 3f
O B 0 (6]
MeO_t
4 o% e GG 32%
5 equiv. OCO,Me 3g
MeO\ICIJ
5 N OMe Meo” ™ OMe 68%"
1.5 equiv.
Meo_§
6 NN MeO/F; x 97%"*
10 equiv. 0OCO,Me 3i
o)
MeO_ i
0,
7 N Meo’FJ N"“NHBoc 10%
NHBoc 0CO,Me 3 conv
g Meo\ﬁ «
A -
NBr MeO Br 2%
5 equiv. 0CO,Me 3k o
Me0\||c:|J o/
9 NN CoMe Me0” NSNS o Me 68?’
5 B.c BCco,Me Boc 31 (70%)
equiv.
Meo\g 0oC
10 S r%oc COMe MeO” X N._-CO,Me 949%°
RN AVY2
. OCO,Me
2 equiv. 2 3m
1 NSO MeO\g o/d
2 equiv. MeO™ X OH 62%
0CO,Me 3n
OAc OAc
Q
AcO AcO
12 %mm Ko o N 87%
NPhth NPhth
Me0,C0™ ~F e
OMe 3o

@ 5% catalyst 10, CHoCly. b 5% catalyst 10, PhMe. ¢ 7.5% total catalyst 10 added in 3 portions, CHxCly. ¢ 5% total catalyst 10 added in
2 portions, CH2Cls. ¢ 5% catalyst 10, CH2Clg, 3 equiv of phosphonate 3a.

expected product 2f, and surprisingly the acrolein phos-
phonate 2a. Similarly, reaction of the carbonate 3¢ with
3-(3-methoxyphenyl)propene led to product mixtures

(entry 7).

In an effort to optimize the cross metathesis reaction
and suppress the unwanted side reaction, the cross

metathesis reaction of several protected phosphonates
3a—"7a (Table 3) and 4-methylpent-1-ene was examined.
Reaction of the protected phosphonates 3a—7a and
4-methyl-1-pentene in CHyCl,; with 5 mol % of Grubbs
second generation catalyst gave the hetero-cross-metath-
esis products in high isolated yields (82—92%). The
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homodimer of alkene was also formed; however, no
homodimerization of the phosphonates or alkene bond
migration was observed. Fortunately, the dimer of the
alkene also entered into the metathesis reaction with the
phosphonates 3a—"7a, so its formation had little conse-
quence on the reaction outcome.

Since the carbonates are useful substrates for pal-
ladium-catalyzed additions,®7? the carbonate derivative
3a was examined more extensively. In general, the yields
with terminal alkenes were good to excellent (Table 4).
Only hetero-substituted allyl systems (e.g., entries 3, 4,
and 7) failed to give satisfactory yields. Several functional
groups including esters, alcohols, imide, carbamate, and
halide could be incorporated into the phosphonates by
using the metathesis reaction (entries 8—12). In all cases,
the E isomer was predominant (>10:1). The signals for
C-1 in the trans isomers in the *C NMR spectra are
downfield of the cis isomers by approximately 5 ppm.
Where examined, the enantiomeric excess of the starting
material was preserved in the product, for example (Table
4, entry 5), the reaction of phosphonate 3a (69% ee by
HPLC) with 3-(3-methoxyphenyl)propene gave the sub-
stituted phosphonate 3h (69% ee by HPLC) in 68% yield.

In summary, the alkene cross metathesis reaction
between acrolein-derived phosphonates and alkenes was
successfully applied to the preparation of E allylic hy-
droxy phosphonates. The enantiomeric excess of the
starting phosphonates was preserved in the products. The
cinnamaldehyde- and crotonaldehyde-derived phos-
phonates 2b and 2¢ were also examined. In general, the
metathesis reactions of phosphonates 2b and 2c¢ are
considerably slower than those for phosphonate 2a lead-
ing to product mixtures. We are currently applying this
chemistry to the synthesis of allylic hydroxy phos-
phonates as chiral building blocks for use in the asym-
metric synthesis of natural products.

Experimental Section

Dimethyl [1-(Acetoxy)-2-propenyl]phosphonate (4a).
Acetyl chloride (0.9 mL, 12.3 mmol) was added to a stirred
suspension of poly(4-vinyl)pyridine (PVP) (0.97 g, 9.3 mmol)
in CH2Clz (10 mL) at 0 °C, followed by addition of hydroxy
phosphonate 2a (1.02 g, 6.17 mmol). The reaction mixture was
stirred at room temperature until the reaction was complete
as indicated by TLC. The reaction mixture was filtered to
remove the polymer and the solvent was evaporated in vacuo.
The crude product was purified by chromatography (SiOq,
hexane:EtOAc, 1:1) to give the pure acetate 4a as a colorless
0il (0.78 g, 61%): IR (neat, NaCl) 1751 cm™!; 'TH NMR (CDCl;)
0 5.88 (1H, m), 5.66 (1H, m), 5.35 (2H, m), 3.76 (3H, d, Jup =
10.7 Hz), 3.74 (3H, d, Jup = 10.7 Hz), 2.11 (3H, s); 13C NMR
(CDCl3) 6 169.3 (d, Jop = 7.6 Hz), 129.3 (d, Jcp = 4.4 Hz), 119.6
(d, Jcp = 11.6 Hz), 69.1 (d, Jcp = 168 Hz), 54.0 (d, Jcp = 7.0
Hz), 53.8 (d, Jep = 6.4 Hz), 20.9; 3P NMR (CDCl;) 6 20.7,
HRMS (FAB, MH") caled for C;H;405P 209.0579, found
209.0582.

Dimethyl[1-(p-Tolylsulfamylcarbonyloxy)-2-propenyl]-
phosphonate (5a). To a solution of phosphonate 2a (0.135 g,
1 mmol) in CH2Cl; was added tosyl isocyanate (0.168 mL, 1.1
mmol) at room temperature. After being stirred for 2 h, the
mixture was concentrated in vacuo to yield the crude product.
Recrystallization from EtOAc/hexanes gave a white solid
(0.262 g, 72%): IR (neat, NaCl) 1748 cm™%; 'H NMR (CDCls)
0 7.93 (2H, d, Juu = 8.4 Hz), 7.34 (2H, d, Jun = 8.0 Hz), 5.80
(1H, m), 5.46 (1H, m), 5.35 (2H, m), 3.77 (3H, d, Jup = 10.8
Hz), 3.75 (3H, d, Jup = 10.8 Hz), 2.44 (3H, s); *'P NMR (CDCl;)
0 20.0; HRMS (FAB, MH") calcd for C13H19NO7PS 364.0620,
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found 364.0622. Anal. Caled for C13H1sNO7PS: C, 42.98; H,
4.99. Found: C, 43.07; H, 5.06.

Dimethyl {1-[Dimethyl(zert-butyl)silyloxy]-2-propenyl} -
phosphonate (6a). Imidazole (0.71 g, 10.4 mmol) was added
to a stirred solution of phosphonate 2a (1.08 g, 6.51 mmol) in
anhydrous CH,Cl; (10 mL). The solution was cooled to 0 °C
and dimethyl(tert-butyl)silyl chloride (1.47 g, 9.76 mmol) was
added. After 30 min at 0 °C, the reaction mixture was warmed
to room temperature and stirred overnight. The solvent was
evaporated in vacuo and the crude product was purified by
chromatography (SiOs, hexane:EtOAc, 1:1) to give the silyl
ether 6a as a colorless oil (1.55 g, 85%): 'H NMR (CDCl3) 6
5.93 (1H, m), 5.38 (1H, m), 5.22 (1H, m), 4.45 (1H, m), 3.71
(6H, d, Jup = 10.4 Hz), 0.85 (9H, s), 0.05 (3H, s), 0.01 (3H, s);
13C NMR (CDC1l;) 6 133.7 (d, Jcp = 3.8 Hz), 117.1 (d, Jep =
12.0 Hz), 70.9 (d, Jcp = 169 Hz), 53.8 (d, Jcp = 7.3 Hz), 53.4
(d, Jep = 7.1 Hz), 25.7, 18.3, —4.9, —5.2; 3P NMR (CDCls) 6
22.8; HRMS(FAB, MH") caled for C11H2604PSi 281.1338, found
281.1339.

Dimethyl [1-(2-Keto-butanoyloxy)-2-propenyllphos-
phonate (7a). Diketene (0.3 mL, 4.15 mmol) was added to a
solution of hydroxy phosphonate 2a (0.53 g, 3.19 mmol) in THF
(6 mL) and CHCl; (5 mL) at —20 °C, followed by addition of
DMAP (0.009 g, 0.0013 mmol). The reaction mixture was
stirred at —20 °C for 30 min. The mixture was allowed to warm
to room temperature, and then it was stirred overnight. The
reaction mixture was washed with 0.1% NaOH (twice) and the
aqueous layer was re-extracted with CH3Cls. The combined
organic layers were dried over anhydrous MgSO4 and the
solvent was evaporated in vacuo. The crude product was
purified by chromatography (SiOs, hexane:EtOAc, 1:1) to give
the acetoacetate 7a as a pale yellow oil (0.66 g, 82%) (14%
enol): IR (neat, NaCl) 1754, 1720 cm™!; 'H NMR (CDCl3) 6
5.94 (1H, m), 5.75 (1H, m), 5.42 (2H, m), 3.81 (3H, d, Jup =
10.7 Hz), 3.80 (3H, d, Jup = 10.7 Hz), 3.57 (2H, s), 2.28 (3H,
s); 3C NMR (CDCls) 6 199.6, 165.4 (d, Jcp = 7.7 Hz), 128.6 (d,
Jep=4.4 Hz), 120.0 (d, Jcp = 11.6 Hz), 69.7 (d, Jcp = 168 Hz),
54.0 (d, Jcp = 7.0 Hz), 53.7 (d, Jcp = 6.4 Hz), 49.8, 30.2; 3P
NMR (CDCls) 6 19.9 (86%), 20.5 (14%); HRMS (FAB, MH")
caled for CoH1606P 251.0684, found 251.0687.

General Procedure for the Alkene Cross Metathesis
Reaction. An oven-dried flask was charged with Grubbs
second generation catalyst 10 (68 mg, 0.08 mmol) under an
argon atmosphere. A solution of the phosphonate (0.550 g, 3.31
mmol) in freshly distilled solvent (usually CH3Cly) was added,
followed by addition of terminal or disubstituted olefin (0.5 to
10 equiv). The septum was then quickly replaced with a
condenser connected to an argon bubbler. The flask was
immersed in an oil bath preheated to 45 °C until the reaction
was complete (monitored by 3'P NMR spectroscopy). The
mixture was concentrated in vacuo and purified directly by
silica gel chromatography or pretreated with DMSO and then
concentrated in vacuo and purified directly by silica gel
chromatography. Quantities, experimental variations, yields,
and characterization data are given below.

Tetramethyl (1,4-Dihydroxybut-2-enyl)-1,4-diphospho-
nate (8). Hydroxy phosphonate 2a (0.550 g, 3.31 mmol) and
Grubbs catalyst (0.068 g, 0.08 mmol) in CH3Cls (3 mL) for 15
h at 40 °C gave, after filtration, the diphosphonate 8 as a white
solid (0.381 g, 76% yield): mp 200—203 °C (MeOH); 'H NMR
(de-DMSO) 6 5.90 (1H, br s), 5.83 (1H, m), 4.53 (1H, m), 3.67
(3H, d, Jup = 10.1 Hz); 3C NMR (d¢-DMSO) 6 127.5 (app t,
Jep = 5.3 Hz), 68.2 (dd, Jcp = 164, 3.7 Hz), 53.0 (app t, Jop =
3.0 Hz), 52.6 (app t, Jcop = 3.1 Hz); 3'P NMR (DMSO) 6 24.5.
Anal. Caled for CgH130gPs: C, 31.60; H, 5.96. Found: C, 30.69;
H, 5.95.

Dimethyl [1-Hydroxy-5-methyl-2-hexenyl]lphospho-
nate (2d). Hydroxy phosphonate 2a (0.255 g, 1.53 mmol),
4-methyl-1-pentene (1.0 mL, 7.67 mmol), and Grubbs catalyst
(0.0651 g, 0.0766 mmol) in CHCl;3 (3 mL) for 24 h at 40 °C

(15) Ahn, Y. M.; Yang, K. L.; Georg, G. I. Org. Lett. 2001, 3, 1411.
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gave, after chromatography (SiO2, hexane:EtOAc, 1:1), the
hydroxy phosphonate 2d as a colorless oil (0.19 g, 57%) (E:Z,
12:1): IR (neat, NaCl) 3298 cm~!; 'H NMR (CDCls) 6 5.88 (1H,
m), 5.59 (1H, m), 4.47 (1H, dd, Juu = 7.0 Hz, Jup = 10.4 Hz),
3.82 (3H, d, Jup = 10.4 Hz), 3.81 (3H, d, Jup = 10.4 Hz), 1.98
(2H, m), 1.67 (1H, m), 0.90 (3H, d, Jun = 6.7 Hz), 0.89 (3H, d,
Jun = 6.6 Hz); 3C NMR (CDCl3) 6 134.7 (d, Jcp = 13.1 Hz),
125.2 (d, Jcp = 3.9 Hz), 69.5 (d, Jeop = 161 Hz), 53.8 (d, Jep =
7.1 Hz), 41.9 (d, Jcp = 1.5 Hz), 28.4 (d, Jep = 2.9 Hz), 22.5,
22.4; 3P NMR (CDCl3) 6 24.9; HRMS (EI, M") caled for
CoH1904P 222.1021, found 222.1017.

Dimethyl [1-Hydroxy-4-(trimethylsilyl)-2-butenyl]-
phosponate (2e). Hydroxy phosphonate 2a (0.251 g, 1.51
mmol), allyl trimethylsilane (1.2 mL, 7.57 mmol), and Grubbs
catalyst (0.0643 g, 0.0757 mmol) in CHCl; (5 mL) at 40 °C for
23 h gave after chromatography (SiOg, hexane:EtOAc, 1:1) the
hydroxy phosphonate 2e as a colorless oil (0.313 g, 82%) (E:Z,
10.7:1): IR (neat, NaCl) 3300 cm™!; 'H NMR (CDCls) 6 5.86
(1H, m), 5.42 (1H, m), 4.42 (1H, dd, Juu = 7.5 Hz, Jup = 8.5
Hz), 3.81 (6H, d, Jup = 10.4 Hz), 1.55 (2H, dd, Jun = 8.3 Hz,
Jup = 3.3 Hz), 0.02 (9H, s); 3C NMR (CDCl;) 6 133.3 (d, Jcp
= 13.7 Hz), 122.3 (d, Jcp = 4.1 Hz), 69.8 (d, Jcp = 162 Hz),
53.7 (d, Jop = 7.1 Hz), 53.6 (d, Jcp = 7.2 Hz), 23.6, —1.8; 31P
NMR (CDCls) 6 25.4; HRMS(FAB, M*) caled for CoHy104PSi
252.0947, found 252.0938.

Dimethyl (1-Hydroxy-4-acetoxy-2-butenyl)phospho-
nate (2f). Hydroxy phosphonate 2a (1.01 g, 6.08 mmol), cis-
1,4-diacetoxy-2-butene (2.09 g, 12.17 mmol), and Grubbs
catalyst (0.125 g, 0.15 mmol) in CHCl3 (3 mL) for 24 h at 40
°C gave, after chromatography (SiOg, hexane:EtOAc, 1:1), the
hydroxy phosphonate 2f as a light brown oil (0.88 g, 61%): IR
(neat, NaCl) 3299, 1739 cm™!; 'H NMR (CDCl;) 6 6.01 (2H,
m), 4.57 (3H, m), 3.82 (6H, d, Jup = 10.4 Hz), 2.08 (3H, s); 13C
NMR (CDCl3) 6 171.1, 128.6, 127.5 (d, Jcp = 12.7 Hz), 68.8 (d,
Jep = 161 Hz), 64.4, 54.3 (d, Jcp = 6.9 Hz), 54.1 (d, Jop = 7.4
Hz), 21.3; 3P NMR (CDCl;) 6 24.6.

Dimethyl [1-Hydroxy-3-(1,3-dioxan-1-yl)prop-2-enyl]-
phosphonate (2g). Hydroxy phosphonate 2a (0.30 g, 1.81
mmol), 2-vinyl-1,3-dioxalane (0.362 mL, 3.62 mmol), and
Grubbs catalyst (0.042 g, 0.05 mmol) in CHCl; (3 mL) for 9 h
at 40 °C gave, after chromatography (SiO3, hexane:EtOAc, 1:1),
the hydroxy phosphonate 2g as a light brown oil (0.12 g, 30%)
(E:Z, 7.8:1): '"H NMR (CDCl;) 6 6.00 (2H, m), 5.33 (1H, m),
4.59 (1H, m), 3.90 (4H, m), 3.81 (3H, d, Jup = 10.4 Hz), 3.80
(3H, d, Jup =10.3 Hz); 1*C NMR (CDCls) 6 130.4 (d, Jcp = 3.5
Hz), 129.0 (d, Jcp = 11.9 Hz), 103.0 (d, Jcp = 1.9 Hz), 68.3 (d,
Jep = 161 Hz), 65.11, 65.08, 54.2 (d, Jcp = 7.1 Hz), 53.9 (d,
Jep = 7.4 Hz); 3P NMR (CDCl;) 6 24.3.

Dimethyl [1-Hydroxy-5-methyl-2-hexenyllphospho-
nate (2d) from (1R),(2E)-Dimethyl (1-Hydroxy-3-phenyl-
2-propenyl)pPhosphonate (2b). Phosphonate 2b (>95% ee,
0.3 g, 1.24 mmol), 4-methyl-1-pentene (0.521 g, 6.19 mmol),
and Grubbs catalyst (0.051 g, 0.062 mmol) in CH3Cl; (5 mL)
at 40 °C for 36 h gave, after chromatography (SiOs, hexane:
EtOAc 4:1, then hexane:EtOAc 1:1), the phosphonate 2d as a
colorless oil (0.202 g, 74%, >95% ee) (E:Z, 12.5:1).

Dimethyl [1-Hydroxy-5-methyl-2-hexenyl]phospho-
nate (2d) from Dimethyl (1-Hydroxy-2E-butenyl)Phos-
phonate (2¢). Phosphonate 2¢ (0.3 g, 2.22 mmol), 4-methyl-
1-pentene (0.701 g, 8.33 mmol), and Grubbs catalyst (0.069 g,
0.084 mmol) in CHyCl, (5 mL) at 40 °C for 12 h gave, after
chromatography (SiOs, hexane:EtOAc, 4:1, then hexane:
EtOAc, 1:1), the phosphonate 2d as a colorless oil (0.176 g,
48%) (E:Z, 14.3:1).

Dimethyl[1-(Methoxycarbonyloxy)-5-methyl-2-hexenyl]-
phosphonate (3d). Phosphonate 3a (3.0 g, 13.4 mmol),
4-methyl-1-pentene (8.5 mL, 67 mmol), and Grubbs catalyst
(0.568 g, 0.67 mmol) in CH2Cl; (30 mL) at 40 °C for 20 h gave,
after chromatography (SiOs, hexane:EtOAc, 1:1), the phos-
phonate 3d as a pale yellow oil (3.43 g, 92%) (E:Z 11.8:1): IR
(neat, NaCl) 1754 cm™!; 'H NMR (CDCls) 6 5.92 (1H, m), 5.53
(1H, m), 5.43 (1H, dd, Jun = 7.8 Hz, Jup = 12.4 Hz), 3.81 (3H,
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d, Jup = 10.7 Hz), 3.80 (3H, s), 3.79 (3H, d, Jup = 10.7 Hz),
1.97 (2H, m), 1.65 (1H, m), 0.87 (6H, d, Jun = 6.6 Hz); 3C
NMR (CDCI3) 6 154.9 (d, Jcp =99 HZ), 137.9 (d, Jcp = 12.5
Hz), 121.5 (d, Jep = 4.0 Hz), 73.2 (d, Jcp = 170 Hz), 55.5, 53.9
(d, Jcp =172 HZ), 53.8 (d, Jcp = 6.6 HZ), 41.8 (d, JCP =1.2
Hz), 28.2 (d, Jcp = 2.6 Hz), 22.4; 3P NMR (CDC]l;) 6 20.5;
HRMS(EI, M) caled for C11Hg106P 280.1076, found 280.1074.

Dimethyl [1-Acetoxy-5-methyl-2-hexenyl]phosphonate
(4d). The acetoxy phosphonate 4a (0.255 g, 1.23 mmol),
4-methyl-1-pentene (0.8 mL, 6.13 mmol), and Grubbs catalyst
(0.052 g, 0.0613 mmol) in CH:Cl; (4.5 mL) at 40 °C for 24 h
gave, after chromatography (SiO2, hexane:EtOAc, 1:1), the
phosphonate 4d as a colorless oil (0.291 g, 90%) (E:Z, 9.5:1):
IR (neat, NaCl) 1751 em™!; 'H NMR (CDCl3) 6 5.87 (1H, m),
5.65 (1H, dd, Juu = 7.8 Hz, Jup = 12.6 Hz), 5.51 (1H, m), 3.79
(3H, d, Jup = 10.6 Hz), 3.78 (3H, d, Jup = 10.6 Hz), 2.12 (3H,
s), 1.96 (2H, m), 1.65 (1H, m), 0.87 (6H, d, Juu = 6.6 Hz); 13C
NMR (CDCls) 6 169.4 (d, Jep = 7.8 Hz), 137.4 (d, Jcp = 12.6
Hz), 121.9 (d, Jcp = 4.1 Hz), 69.2 (d, Jep = 170 Hz), 53.8 (d,
Jep = 7.0 Hz), 53.7 (d, Jcp = 6.4 Hz), 41.8 (d, Jcp = 1.4 Hz),
28.2 (d, Jcp = 2.7 Hz), 22.4, 21.0; 3P NMR (CDCl3) 6 21.6;
HRMS(EI, MH") caled for C11H2205P 265.1205, found 265.1205.

Dimethyl [1-(p-Tolylsulfamylcarbonyloxy)-5-methyl-
2-hexenyl]lphosphonate (5d). Phosphonate 5a (0.251 g,
0.692 mmol), 4-methyl-1-pentene (0.9 mL, 6.92 mmol), and
Grubbs catalyst (0.0294 g, 0.0345 mmol) in CH2Cl; (56 mL) at
40 °C for 22 h gave, after chromatography (SiOs, hexane:
EtOAc, 1:1), the phosphonate 5d as a colorless oil (0.256 g,
88%) (E:Z, 10:1): IR (neat, NaCl) 1754 cm™!; 'H NMR (CDCls)
0 7.94 (2H, d, Jun = 8.3 Hz), 7.33 (2H, d, Jun = 8.3 Hz), 5.83
(1H, m), 5.42 (2H, m), 3.76 (3H, d, Jup = 10.7 Hz), 3.74 (3H,
d, Jup = 10.7 Hz), 2.45 (3H, s), 1.92 (2H, m), 1.59 (1H, m),
0.83 (3H, d, Jun = 6.6 Hz), 0.82 (3H, d, Jgu = 6.6 Hz); 13C
NMR (CDCls) 6 149.8 (d, Jep = 10.7 Hz), 145.2, 139.2 (d, Jcp
= 12.8 Hz), 135.9, 129.8, 128.6, 120.9 (d, Jcp = 3.7 Hz), 71.5
(d, JCP =174 HZ), 54.2 (d, JCP = 6.8 HZ), 54.0 (d, Jcp = 6.8
Hz), 41.8 (d, Jcp = 1.2 Hz), 28.2 (d, Jcp = 2.4 Hz), 22.4, 22.3,
22.0; 3P NMR (CDCls) 6 20.3; HRMS (FAB, MH") calced for
C]7H2N707PS 420.1246, found 420.1249.

Dimethyl {1-[Dimethyl(tert-butyl)silyloxy]-5-methyl-
2-hexenyl} phosphonate (6d). Phosphonate 6a (0.255 g,
0.909 mmol), 4-methyl-1-pentene (0.6 mL, 4.55 mmol), and
Grubbs catalyst (0.0386 g, 0.0454 mmol) in anhydrous CHxCl,
(4.5 mL) at 40 °C for 24 h gave, after chromatography (SiOq,
hexane:EtOAc, 1:1), the phosphonate 6d as a colorless oil
(0.272 g, 89%) (E:Z, 10:1): 'H NMR (CDCl;) 6 5.81 (1H, m),
5.57 (1H, m), 4.47 (1H, dd, Juu = 6.4 Hz, Jup = 14.0 Hz), 3.79
(38H, d, Jup = 10.3 Hz), 3.78 (3H, d, Jup = 10.3 Hz), 1.98 (2H,
m), 1.66 (1H, m), 0.92 (9H, s), 0.90 (3H, d, Juu = 6.7 Hz), 0.89
(8H, d, Juu = 6.7 Hz), 0.12 (3H, s), 0.08 (3H, s); 3C NMR
(CDCls) 6 133.5 (d, Jep = 13.0 Hz), 126.5 (d, Jcp = 3.9 Hz),
70.9 (d, Jop = 171 Hz), 53.9 (d, Jcp = 7.2 Hz), 53.5 (d, Jep =
7.1 Hz), 41.8 (d, Jcp = 2.0 Hz), 28.5 (d, Jep = 3.2 Hz), 25.9,
22.5,22.4, 18.5, —4.5, —4.9; 3P NMR (CDCl;) 6 23.7; HRMS
(FAB, MH™) caled for C15H3404SiP 337.1964, found 337.1960.

Dimethyl[1-(2-Keto-butanoyloxy)-5-methyl-2-hexenyl]-
phosphonate (7d). Phosphonate 7a (3 g, 12 mmol), 4-methyl-
1-pentene (4.6 mL, 36 mmol), and Grubbs catalyst (0.509 g,
0.6 mmol) in CHCly (30 mL) at 40 °C for 20 h gave, after
chromatography (SiOs, hexane:EtOAc, 1:1), the phosphonate
7d as a pale yellow oil (2.99 g, 82%) (E:Z, 10:1): IR (neat, NaCl)
1754, 1721 em™!; 'H NMR (CDCl3) 6 5.84 (1H, m), 5.44 (1H,
m), 3.72 (3H, d, Jup = 10.7 Hz), 3.71 (3H, d, Jup = 10.7 Hz),
3.45 (2H, s), 2.2 (3H, s), 1.90 (2H, m), 1.56 (1H, m), 0.80 (6H,
d, Jur = 6.6 Hz); 3C NMR (CDCl3) 6 199.8, 165.7 (d, Jcp =
8.0 Hz), 138.2 (d, Jcp = 12.6 Hz), 121.4 (d, Jcp = 4.1 Hz), 70.0
(d, Jep = 171 Hz), 53.9 (d, Jcp = 6.5 Hz), 53.8 (d, Jcp = 6.0
Hz), 50.1, 41.8, 30.3, 28.2 (d, Jcp = 2.5 Hz), 22.4; 3'P NMR
(CDCls) 6 20.9; HRMS (EI, MH") caled for C13H2406P 307.1310,
found 307.1311.

Dimethyl [1-(Methoxycarbonyloxy)-4-(3-methoxyphen-
yD-2-butenyllphosphonate (3h).”® Phosphonate 3a (1.5 g,
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6.7 mmol), 3-(3-methoxyphenyl)propene (1.49 g, 10.0 mmol),
and Grubbs catalyst (0.284 g, 0.335 mmol) in CH2Cl; (10 mL)
at 40 °C for 12 h gave, after chromatography (SiO2, CH2Cls:
EtOAc, 1:4), the phosphonate 3h as a pale yellow oil (1.56 g,
68%): IR (neat, NaCl) 1755 em™'; 'H NMR (CDCl;) 6 7.20 (1H,
t, Juu = 7.8 Hz), 6.74 (3H, m), 6.07 (1H, m), 5.65 (1H, m), 5.49
(1H, dd, Juu = 7.9 Hz, Jup = 13 Hz), 3.81 (3H, s), 3.79 (6H, d,
Jup = 11 Hz), 3.78 (3H, s), 3.42 (2H, m); 3C NMR (CDCI;) 6
160.0, 154.9 (d, Jcp = 9.5 Hz), 140.7 (d, Jcp = 2.3 Hz), 136.4
(d, Jep = 12.3 Hz), 129.7, 122.1 (d, Jcp = 3.9 Hz), 121.1, 114 .4,
112.0, 72.9 (d, Jcp = 169 Hz), 55.6, 55.3, 55.1 (d, Jep = 7.1
Hz), 53.9 (d, Jcp = 6.5 Hz), 38.8 (d, Jcp = 1.3 Hz); 3P NMR
(CDCl3) 6 20.7; HRMS (EI, M") caled for C15Ha107P 344.1025,
found 344.1027.

Dimethyl [4-(1,3-Dioxan-1-yl)-1-(methoxycarbonyloxy)-
2-butenyllphosphonate (3g). Phosphonate 3a (0.26 g, 1.16
mmol), 2-vinyl-1,3-dioxolane (0.6 mL, 5.81 mmol), and Grubbs
catalyst (0.0493 g, 0.058 mmol) in CH3Cls (5 mL) at 40 °C for
20 h gave, after chromatography (SiOq, hexane:EtOAc, 1:1),
the phosphonate 3g as a pale yellow oil (0.11 g, 32% yield):
IR (neat, NaCl) 1758 cm~'; '"H NMR (CDCl;) 6 6.03 (1H, m),
5.87 (1H, m), 5.56 (1H, ddd, Jun =1.4, 5.6 Hz, Jup = 15.3 Hz),
5.30 (1H, dd, Juu = 5.2 Hz, Jup = 1.9 Hz), 3.95 (2H, m), 3.88
(2H, m), 3.80 (3H, s), 3.79 (6H, d, Jup = 10.6 Hz); 13C (CDCl;)
0 154.7 (d, Jep = 8.7 Hz), 131.1 (d, Jep = 11.0 Hz), 126.1 (d,
Jep = 3.8 Hz), 102.3 (d, Jcp = 1.8 Hz), 71.7 (d, Jcp = 167 Hz),
65.1, 65.0, 55.7, 54.3 (d, Jcp = 7.1 Hz), 54.0 (d, Jcp = 6.5 Hz);
3P NMR (CDCl;3) 6 18.8; HRMS (FAB, MH") caled for
C10H150sP 297.0739, found 297.0735.

Dimethyl [1-(Methoxycarbonyloxy)-2-hexenyllphos-
phonate (3i). Phosphonate 3a (0.3 g, 1.34 mmol), 1-hexene
(1.13 g, 13.4 mmol), and Grubbs catalyst (0.055 g, 0.067 mmol)
in CH3Cl; (5 mL) at 40 °C for 22 h gave, after chromatography
(SiOs, hexane then hexane:EtOAc, 4:1), the phosphonate 3i
as a pale yellow oil (0.362 g, 97%) (E:Z, 10:1): IR (neat, NaCl)
1755 em™1; 'TH NMR (CDCl3) 6 5.95 (1H, m), 5.54 (1H, m), 5.43
(1H, dd, Jun = 7.8 Hz, Jup = 12.5 Hz), 3.82 (3H, d, Jup = 10.6
Hz), 3.81 (3H, s), 3.81 (3H, d, Jup = 10.6 Hz), 2.09 (2H, m),
1.35 (4H, m), 0.88 (3H, t, Juu = 7.0 Hz); 1*C NMR (CDCl3) 6
154.9 (d, Jep = 9.9 Hz), 139.2 (d, Jcp = 12.5 Hz), 120.3 (d, Jep
= 3.8 Hz), 73.2 (d, Jcp = 171 Hz), 55.4, 54.0 (d, Jcp = 7.0 Hz),
53.8 (d, Jcp =6.5 HZ), 32.2 (d, Jcp =1.0 HZ), 30.8 (d, JCP =
2.4 Hz), 22.3, 14.0; 3P NMR (CDCl3) 6 20.4; HRMS (FAB,
MH™) caled for C11Hs206P 281.1154, found 281.1157.

Dimethyl [1-(Methoxycarbonyloxy)-4-(trimethylsilyl)-
2-butenyllphosphonate (3e). Phosphonate 3a (0.3 g, 1.34
mmol), allyltrimethylsilane (0.76 g, 6.69 mmol), and Grubbs
catalyst (0.055 g, 0.067 mmol) in toluene (5 mL) at 75 °C for
37 h gave, after chromatography (SiOg, hexane:EtOAc 3:1), the
phosphonate 3e as a pale yellow oil (0.224 g, 60%) (E only):
IR (neat, NaCl) 1755 cm~!; 'H NMR (CDCl3) 6 5.97 (1H, m),
5.37 (2H, m), 3.80 (6H, d, Jup = 10.7 Hz), 3.79 (3H, s), 3.79
(GH, d, JHP =10.7 HZ), 1.56 (2H, dd, JHH =8.3 HZ, JHP =27
Hz), 0.00 (9H, s); *C NMR (CDCls3) 6 155.0 (d, Jep = 11.0 Hz),
137.4 (d, Jep = 13.2 Hz), 118.3 (d, Jcp = 3.8 Hz), 73.8 (d, Jcp
=174 Hz), 55.4, 53.8 (d, Jcp = 7.0 Hz), 53.7 (d, Jcp = 6.4 Hz),
23.8, —1.8; 3P NMR (CDCls) 6 20.9; HRMS (FAB, MoH™) caled
for 022H47012sti2 6212081, found 621.2070.

Dimethyl [6-Bromo-1-(methoxycarbonyloxy)-2-hexenyl]-
phosphonate (3k). Phosphonate 3a (0.3 g, 1.34 mmol),
5-bromo-1-pentene (0.998 g, 6.69 mmol), and Grubbs catalyst
(0.055 g, 0.067 mmol) in CH3Cl; (5 mL) at 40 °C for 26 h gave,
after chromatography (SiOs, hexane then hexane:EtOAc, 4:1),
the phosphonate 3k as a pale yellow oil (0.285 g, 62%): IR
(neat, NaCl) 1755 em~1; 'H NMR (CDCl3) 6 5.90 (1H, m), 5.62
(1H, m), 5.44 (1H, ddd, Jun = 7.4, 0.7 Hz, Jup = 13.0 Hz), 3.81
(3H, d, Jup = 10.6 Hz), 3.81 (3H, s), 3.80 (3H, d, Jup = 10.6
Hz), 3.39 (2H, t, Jun = 6.6 Hz), 2.27 (2H, m), 1.95 (2H, m); 13C
NMR (CDCls) 6 154.9 (d, Jcp = 9.9 Hz), 136.3 (d, Jcp = 12.3
Hz), 120.1 (d, Jep = 4.0 Hz), 73.0 (d, Jcp = 171 Hz), 55.6, 54.0
(d, Jep = 7.1 Hz), 53.9 (d, Jcp = 6.4 Hz), 32.9, 31.5 (d, Jcp =
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2.6 Hz), 30.8 (d, Jcp = 1.0 Hz); 3'P NMR (CDCls) 6 20.1; HRMS
(FAB, MH™) caled for C10H1906BrP 345.0103, found 345.0101.

Dimethyl [(N-(tert-Butoxycarbonyl)-N-(methyl 2-
acetate)-6-amino-1-(methoxycarbonyloxy)-2-hexenyl]-
phosphonate (31). Phosphonate 3a (0.5 g, 2.2 mmol), alkene
(1.15 g, 4.46 mmol), and Grubbs catalyst (0.078, 0.036, and
0.056 mmol at 0, 16, and 40 h, respectively) in toluene (5 mL)
at 75 °C for 52 h gave, after DMSO addition'® (24 h) and
chromatography (SiO., hexane then hexane:EtOAc, 4:1), the
phosphonate 3l as a pale yellow oil (0.692 g, 68%): IR (neat,
NaCl) 1755, 1698 cm™1; 'H NMR (CDCls) 6 5.95 (1H, m), 5.56
(1H, m), 5.43 (1H, m), 3.93 (1H, s), 3.84 (1H, s), 3.81 (6H, br
s), 3.78 (3H, s), 3.72 (3H, s), 3.25 (2H, m), 2.11 (2H, m), 1.62
(2H, m), 1.46 and 1.41 (9H, s); 3C NMR (CDCl3) (reported as
rotomer pairs) ¢ 170.8 and 170.7, 155.9 and 155.3, 154.9 (d,
Jep = 9.8 Hz), 137.9 and 137.7 (d, Jcp = 12.6 Hz), 121.2 (app
m), 80.5 and 80.4, 73.1 and 73.0 (d, Jcp = 170 Hz), 55.5, 54.0
(d, Jep = 7.2 Hz), 53.9 (d, Jcp = 6.7 Hz), 52.15 and 54.12, 49.6
and 48.95, 48.2 and 48.1, 29.8, 28.5 and 28.4, 27.6 and 27.3;
31Pp NMR (CDCl3) 6 20.3; HRMS (FAB, MH") caled for
ClsH33010NP 4541842, found 454.1834.

Dimethyl [N-(tert-Butoxycarbonyl)-N-(methyl 2-
acetate)-7-amino-1-(methoxycarbonyloxy)-2-heptenyl]-
phosphonate (3m). Phosphonate 3a (0.5 g, 2.2 mmol), alkene
(1.21 g, 4.46 mmol, 2 equiv), and Grubbs catalyst (0.075 and
0.036 mmol at 0 and 17 h, respectively) in toluene (5 mL) at
75 °C for 31 h gave, after DMSO addition'® (24 h) and
chromatography (SiOg, hexane:EtOAc 5:1 then hexane:EtOAc
1:1), the phosphonate 3m as a pale yellow oil (0.94 g, 90%):
IR (neat, NaCl) 1755, 1698 cm™%; 'H NMR (CDCl3) 6 5.92 (1H,
m), 5.52 (1H, m), 5.42 (1H, m), 3.91 (1H s), 3.82 (1H, s), 3.79
(6H, br s), 3.77 (3H, s), 3.71 (3H, s), 3.24 (2H, m), 2.10 (2H,
m), 1.43 (4H, m), 1.39 and 1.33 (9H, s); 3C NMR (CDCl3)
(reported as rotomer pairs) ¢ 170.8 and 170.7, 155.9 and 155.3,
154.9 (d, Jep = 9.9 Hz), 138.4 (m), 120.8 (m), 80.3 and 80.2,
73.1 (d, Jep = 170 Hz), 55.5, 54.0 (d, Jcp = 8.7 Hz), 53.9 (d,
Jep = 6.6 Hz), 52.1, 49.3 and 48.6, 48.2 and 48.1, 32.2, 28.5
and 28.4, 27.9 and 27.7, 25.8; 3P NMR (CDCl3) 6 20.3; HRMS
(FAB, MH™) caled for C19H35010NP 468.1999, found 468.2011.

Dimethyl [7-Hydroxy-1-(methoxycarbonyloxy)-2-hep-
tenyllphosphonate (3n). Phosphonate 3a (1.0 g, 4.5 mmol),
5-hexenol (0.89 g, 8.9 mmol), and Grubbs catalyst (0.18 g, 0.22
mmol, 5%) in CH2Cl; (10 mL) at 40 °C for 30 h gave, after
chromatography (SiOg, hexane then hexane:EtOAc, 4:1), the
phosphonate 3n as a pale yellow oil (0.28 g, 62%) (E:Z, 27:1):
IR (neat, NaCl) 3439, 1755 cm™%; 'TH NMR (CDCl3) 6 5.95 (1H,
m), 5.55 (1H, m), 5.42 (1H, ddd, Juu = 7.7, 0.7 Hz, Jup = 12.5
Hz), 3.80 (3H, d, Jup = 10.6 Hz), 3.80 (3H, s), 3.79 (3H, d, Jup
=10.6 Hz), 3.60 (2H, t, Jun = 6.1 Hz), 2.13 (2H, m), 1.97 (1H,
s), 1.563 (4H, m); 13C NMR (CDCl3) 6 154.9 (d, Jcp = 9.9 Hz),
138.7 (d, Jcp = 12.5 Hz), 120.7(d, Jcp = 3.9 Hz), 73.1 (d, Jcp =
171 Hz), 62.5, 55.5, 54.0 (d, Jcp = 7.1 Hz), 53.9 (d, Jcp = 6.5
Hz), 32.2 (d, Jcp = 0.9 Hz), 32.1, 24.8 (d, Jcp = 2.5 Hz); 3P
NMR (CDCl;) 6 20.4; HRMS (FAB, MH") caled for C11Hg20,P
297.1103, found 297.1106.

Carbohydrate Phosphonate (30). Phosphonate 3a (0.081
g, 0.36 mmol, 3 equiv), O-pentenyl glycoside (0.06 g, 0.12 mmol)
in CH3Cls (2 mL), and Grubbs catalyst (5.1 mg, 0.006 mmol)
at 40 °C for 24 h gave, after chromatography (SiOz, hexane:
EtOAc, 1:1), a diastereoisomeric mixture of phosphonates 3o
as a colorless oil (0.073 g, 87%): IR (neat, NaCl) 1750, 1716
cm™ % TH NMR (CDCly) 6 7.86 (2H, dd, Jun = 3.1, 5.5 Hz), 7.74
(2H, dd, Juu = 3.1, 5.4 Hz), 5.76 (2H, m), 5.33 (3H, m), 5.16
(1H, t, Jur = 9.8 Hz), 4.31 (2H, m), 4.16 (1H, dd, Jux = 1.9,
12.3 Hz), 3.75—3.88 (11H, m), 3.43 (1H, m), 2.10 (3H, s), 2.02
(3H, s), 1.90 (2H, m), 1.85 (3H, s), 1.55 (2H, m); 3C NMR
(CDCl3) 6 170.9, 170.3, 169.7, 167.8, 154.8 (2), 137.4(m), 134.6,
131.5, 123.8, 121.0 (m), 98.3, 72.9 (m), 72.0, 70.9, 69.2, 62.2,
55.5, 54.8, 53.9 (2), 53.8 (d, Jcp = 5.9 Hz), 53.7 (d, Jep = 6.0
Hz), 28.6, 28.5 (2), 20.9, 20.8, 20.6; 3'P NMR (CDCl;) 6 20.22,
20.20; HRMS (FAB, MH™) caled for C30H3sNO16P 700.2007,
found 700.2016.
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