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Combretastatin A-1 (CA1)1 and combretastatin A-4 (CA4)2�4

are bothZ-stilbenoid natural products originally isolated from
the African bushwillow tree,Combretum caffrumKuntze (Combre-
taceae). CA1 and CA4 are remarkably potent against human
cancer cell lines (in vitro)5 and are strongly inhibitory against the
polymerization of tubulin into microtubules.6,7 Formulated as
phosphate prodrugs [(CA1P, OXi4503)8,9 and (CA4P, Zybrestat,
fosbretabulin)10] to increase aqueous solubility, these compounds
are currently under investigation in human clinical trials as antic-
ancer drugs.11�21 CA1P and CA4P fall into a relatively new
grouping of compounds collectively referred to as vascular dis-
rupting agents (VDAs).14,22�24 Mechanistically distinct from
antiangiogenic agents, VDAs are characterized by their ability to
selectively damage existing microvasculature25 feeding a tumor,
thus starving that tumor of oxygen and required nutrients.26�30

Interestingly, while CA4 (Z) is generally more potent than CA1
(Z) against human cancer cell lines (in vitro), the corresponding
prodrug CA4P (Z) is somewhat less active than CA1P (Z) in
certain in vivo preclinical tumor growth delay studies carried out in
severe combined immunodeficiency (SCID) mice.31,32 CA1 (Z)

showed more consistent results against murine P388 leukemia in
vitro, and CA1 (Z), in preclinical development, showed higher
vascular disruption and antitumor activity than CA4 (Z).31 The
increased effectiveness of CA1 (Z), compared to CA4 (Z), may be
attributed to the presence of the second hydroxy substituent,
which facilitates formation of the highly reactive ortho quinone
analogue, obtainable through biological oxidation of the 1,2-diol
functionality present in CA1 (Z).33,34

Recent studies by Kirwan et al. have shown that the addi-
tional phosphate group present in CA1P, as compared to CA4P,
results in the formation of numerous metabolites of CA1,
several of which have been identified as monophosphates,
monoglucuronides, and a bis-glucuronide.35 Partial enzymatic
dephosphorylation of CA1P may lead to two regioisomeric
CA1-monophosphates [combretastatin A-1 monophosphate
A (CA1MPA) and combretastatin A-1 monophosphate B
(CA1MPB), Figure 1] in addition to formation of the active drug
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ABSTRACT: The natural products combretastatin A-4 (CA4)
and combretastatin A-1 (CA1) are potent cancer vascular
disrupting agents and inhibitors of tubulin assembly (IC50 =
1�2 μM). The phosphorylated prodrugs CA4P and CA1P are
undergoing human clinical trials against cancer. CA1 is unique
due to its incorporation of a vicinal phenol, which has afforded
the opportunity to prepare both diphosphate and regioisomeric
monophosphate derivatives. Here, we describe the first syn-
thetic routes suitable for the regiospecific preparation of the
CA1-monophosphates CA1MPA (8a/b) and CA1MPB (4a/b).
The essential regiochemistry necessary to distinguish between the
two vicinal phenolic groups was accomplished with a tosyl protecting group strategy. Each of the four monophosphate analogues
(including Z and E isomers) demonstrated in vitro cytotoxicity against selected human cancer cell lines comparable to their
corresponding diphosphate congeners. Furthermore, Z-CA1MPA (8a) and Z-CA1MPB (4a) were inactive as inhibitors of tubulin
assembly (IC50 > 40 μM), as anticipated in this pure protein assay.
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CA1.35 Each of the monophosphates (CA1MPA 8a(Z), 8b(E)
and CA1MPB 4a(Z), 4b(E)) has distinct chemical properties.36

Since the regioisomeric monophosphate salts are structurally
distinct from both CA1P and CA1, it is anticipated that they
may have different activity profiles in biological systems.

’RESULTS AND DISCUSSION

The synthesis of the stilbenoid core of CA4 and CA1, along
with numerous derivatives, has been efficiently achieved using
the Wittig approach.4,32,33 The regiospecificity necessary for the
synthesis of the CA1-monophosphates (Scheme 1) was accom-
plished by distinguishing between the two vicinal phenolic
functional groups at C-20 and C-30 of stilbenes 1a/b and 5a/b
with a selective tosyl protecting group strategy.37 The phosphor-
ylation of monophenols 1a/b and 5a/b was achieved with
dibenzylphosphite as the reagent of choice due to its high
reactivity, which resulted in good yields. Deprotection of the
resultant benzyloxy phosphate esters 2a/b and 6a/bwith TMSBr
followed by treatment with MeONa provided the corresponding
CA1-disodium phosphate salts 3a/b and 7a/b. Removal of the
tosyl group was achieved using NaOH (2 M) in a microwave
reactor at a moderate temperature (50 �C) to afford CA1MPA
8a(Z), CA1MPA 8b(E), CA1MPB 4a(Z), or CA1MPB 8b(E).
In addition to characterization of the intermediates and final
compounds by 1H and 13C NMR and HRMS data, the phos-
phorus-containing compounds were further characterized by
their 31P NMR data. Compounds 4a, 4b, 8a, and 8b each showed
a singlet in their respective 31PNMR spectrum at ca.�6.2 ppm, a
characteristic of phosphoric acid triesters. On conversion of
these phosphoric acid triesters to their respective sodium salts,
each of them showed a downfield shift of ∼9 ppm in their
31P NMR spectrum. HPLC studies were carried out on each
of the Z-monophosphates (4a, 8a) to provide further confirma-
tion of their chemical purity. Under these HPLC conditions
neither dephosphorylation, Z/E isomerization, nor intra-
molecular phosphate migration was observed (see Supporting
Information).

’BIOLOGICAL EVALUATION

The cytotoxicity of the four CA1-monophosphates CA1MPA
(8a,b) and CA1MPB (4a,b) was evaluated using a panel of
three human cancer cell lines, prostate (DU-145), ovarian
(SK-OV-3), and lung (NCI-H460), with doxorubicin as a

reference compound. This procedure was based on the
standard sulforhodamine B (SRB) assay.38,39 The GI50 values
are shown in Table 1. The Z-series CA1-monophosphates
(4a and 8a) showed enhanced cytotoxicity compared to the
corresponding E-series regioisomers (4b and 8b). This re-
flects the increased cytotoxicity of Z-CA1 compared to E-CA1.
The Z-series CA1-monophosphates (4a and 8a) were evalu-
ated for their ability to inhibit tubulin assembly and were
found to be inactive (IC50 > 40 μM), which is consistent with
the results obtained with CA1P.

’EXPERIMENTAL SECTION

General Experimental Procedures. Dichloromethane, aceto-
nitrile, and tetrahydrofuran (THF) were used in their anhydrous
forms, as obtained from the chemical suppliers. Reactions were
performed under an inert atmosphere using nitrogen gas, unless
specified. Thin-layer chromatography (TLC) plates (precoated glass
plates with silica gel 60 F254, 0.25 mm thickness) were used to
monitor reactions. Purification of intermediates and products was
carried out with a flash purification system using silica gel (200�400
mesh, 60 Å) or RP-18 prepacked columns. Intermediates and
products synthesized were characterized on the basis of their 1H
NMR (500 MHz), 13C NMR (125 MHz), 31P NMR (202 MHz),
gHSQC, and gHMBC spectroscopic data. TMS was used as an
internal standard for spectra recorded in CDCl3. For spectra
recorded in D2O: δ 1H 4.80. All the chemical shifts are expressed
in ppm (δ), coupling constants (J) are presented in Hz, and peak
patterns are reported as broad (br), singlet (s), doublet (d), triplet
(t), quartet (q), septet (sept), and multiplet (m). HRESIMS were
obtained using (+ve or �ve) electrospray ionization (ESI) techni-
ques. Purity of the final compounds was further analyzed at 25 �C
using an Agilent 1200 HPLC system with a diode-array detector (λ =
190�400 nm), a Zorbax XDB-C18 HPLC column (4.6 mm� 150 mm,
5 μm), and a Zorbax reliance cartridge guard-column; eluents, solvent A,
0.1% TFA in H2, solvent B, 0.08% TFA in acetonitrile�H2 (80:20 (v/v)
ratio); gradient, 80% A/20% B over 0 to 5 min; 80% A/20% Bf 5% A/
95% B over 5 to 35 min; 5% A/95% B over 35 to 45 min; post-time
15 min; flow rate 1.0 mL/min; injection volume 20 μL; monitored at
wavelengths of 254, 264, 280, and 300 nm.
(Z)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[(para-toluene-

sulfonyl)oxy]-300-[([bis[(benzyl)oxy]]phosphoryl)oxy]-400-
methoxyphenyl]ethene (2a). Phenol 1a37 (0.120 g, 0.247 mmol)
was dissolved in acetonitrile (10 mL) and cooled to �10 �C. CCl4
(0.20 mL, 2.1 mmol) was added, and the reaction mixture was stirred for
5 min. Diisopropylethylamine (0.40 mL, 2.3 mmol) and DMAP (0.065 g,
0.532 mmol) were added, and the reaction mixture was stirred for an
additional 10 min. Dibenzylphosphite (0.30 mL, 1.4 mmol) was added
slowly to the reaction mixture, which was then stirred for 45 min and
monitored by TLC. On completion, KH2PO4 (25 mL) was added, and the
reaction mixture was allowed to return to ambient temperature. H2O
(25 mL) was added to the reaction mixture, and the organic phase was
separated. The aqueous phase was extracted with EtOAc (3� 10mL), and
the combined organic phases were dried with Na2SO4, filtered, and
concentrated under reduced pressure. Flash chromatography of the crude
product using a prepacked 10 g silica column [eluents; solvent A, EtOAc,
solvent B, hexanes; gradient, 40% A/60% B over 1.15 min (1 CV), 40% A/
60% Bf 10% A/90% B over 12.30 min (10 CV), 10% A/90% B over 3.07
min (2.5 CV); flow rate 12.0 mL/min; monitored at 254 and 280 nm]
afforded 2a (0.12 g, 0.59mmol, 67%) as a yellowoil: 1HNMR(CDCl3, 500
MHz) δ 7.77 (2H, d, J = 8.4 Hz, H-200, H-600), 7.40�7.30 (10H, m, Ph),
7.16 (2H, d, J = 8.4 Hz, H-300, H-500), 7.00 (1H, d, J = 8.8 Hz, H-60), 6.71
(1H, d, J = 8.8 Hz, H-50), 6.47 (2H, s, H-2, H-6), 6.36 (1H, d, J = 16.2 Hz,
H-1a), 6.30 (1H, d, J = 16.2 Hz, H-10a), 5.12 (4H, m, OCH2Ph), 3.81 (3H,

Figure 1. Combretastatin A-1 (CA1) and combretastatin A-4 (CA4)
derivatives.
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s, OCH3-4), 3.75 (3H, s, OCH3-40), 3.68 (6H, s, OCH3-3, -5), 2.33 (3H, s,
CH3-400);

13C NMR (CDCl3, 125 MHz) δ 152.8 (C, C-3, C-5), 151.5 (C,
C-40), 145.2 (C, C-400), 140.4 (C, C-20), 137.2 (C, C-4), 135.9 (C, Ph),
134.2 (C, C-30), 133.7 (C, C-100), 132.0 (C, C-1), 131.5 (CH, C-1a), 129.6
(CH,C-300, C-500), 128.5 (CH,C-200, C-600), 128.4 (4CH, Ph), 128.3 (2CH,
Ph), 127.7 (4CH, Ph), 127.0 (CH, C-60), 126.0 (C, C-10), 123.9 (CH,
C-10a), 110.8 (CH, C-50), 106.1 (CH, C-2, C-6), 69.7 (2CH2, OCH2Ph),
60.9 (CH3,OCH3-4), 56.5 (CH3,OCH3-40), 56.0 (CH3,OCH3-3, -5), 21.6
(CH3, CH3-400);

31P NMR (CDCl3, 202 MHz) δ �6.16; HRESIMS m/z
746.2017 [M + 1]+ (calcd for C39H40O11PS

+, 746.2024).
(Z)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[(para-toluene-

sulfonyl)oxy]-300-[(disodium)phosphate]-400-methoxyphe-
nyl]ethene (3a). Dibenzylphosphate 2a (0.31 g, 0.41 mmol) was
dissolved in acetonitrile (25 mL) cooled to �10 �C. Freshly distilled
TMSBr (0.27 mL, 2.1 mmol) was added, and the reaction mixture was
stirred for 3 h at�10 �C. Next the reaction mixture was added dropwise
to a suspension of NaOMe (0.111 g, 2.06 mmol) in MeOH (10 mL)
cooled to �10 �C. The reaction mixture was stirred for 3 h and then

allowed to slowly return to ambient temperature. On completion, MeOH
was removed in vacuo. Flash chromatographic separation of the crude
product using a prepacked 30 g RP-18 silica column [eluents, solvent A,
H2O, solvent B, acetonitrile; gradient, 100% A/0% B over 0 to 1.19 min
(1 CV), 100% A/0% Bf 60% A/40% B over 18.28 min (14 CV), 0% A/
100% B over 3.57 min (3 CV); flow rate 25.0 mL/min; monitored at 254
and 280 nm] afforded sodium phosphate 3a (0.13 g, 52%) as an off-white
solid: 1H NMR (CD3OD, 500 MHz) δ 7.93 (2H, d, J = 8.1 Hz, H-200,
H-600), 7.28 (2H, d, J = 8.1Hz, H-300, H-500), 6.78 (1H, d, J= 8.6Hz, H-60),
6.75 (1H, dd, J = 8.6 Hz, H-50), 6.53 (2H, s, H-2, H-6), 6.04 (1H, d, J =
12.2 Hz, H-10a), 6.01 (1H, d, J = 12.2 Hz, H-1a), 3.86 (3H, s, OCH3-40),
3.74 (3H, s, OCH3-4), 3.64 (6H, s, OCH3-3, -5), 2.38 (3H, s, CH3-400);
13C NMR (CD3OD, 125 MHz) δ 154.9 (C, C-40), 154.1 (C, C-3, C-5),
146.8 (C, C-400), 143.4 (C, C-20), 140.5 (C, C-30), 138.4 (C, C-4), 135.7
(C, C-100), 133.9 (C, C-1), 131.5 (CH, C-1a), 130.8 (CH, C-300, C-500),
129.8 (CH, C-200, C-600), 126.1 (CH, C-10a), 124.8 (CH, C-60), 124.5 (C,
C-10), 112.2 (CH, C-50), 107.9 (CH, C-2, C-6), 61.3 (CH3, OCH3-4),
57.2 (CH3, OCH3-40), 56.6 (CH3, OCH3-3, -5), 21.8 (CH3,CH3-400);

31P

Table 1. Cytotoxicity of CA1-monophosphate Analogues and Related Compounds against Human Cancer Cell Lines SK-OV-3,
NCI-H460, and DU-145 and Inhibition of Tubulin Polymerization

GI50 (μM) SRB assaya inhibition of tubulin polymerization IC50 (μM)

compd SK-OV-3 NCI-H460 DU-145

CA1 (Z)b 0.0384 ( 0.0242 0.0153( 0.0158 0.0326( 0.0173 1.9c

CA1 (E)d 2.27 1.32 2.14 11 ( 0.9

8a (Z) 0.00164( 0.000700 0.00356( 0.000267 0.00277( 0.000884 >40

8b (E) 0.465( 0.0597 1.55( 1.30 2.13( 1.37 nde

4a (Z) 0.00260( 0.0000403 0.0334( 0.00206 0.0155( 0.00836 >40

4b (E) 0.681( 0.177 0.336( 0.0856 0.520( 0.302 nde

CA1P (Z)f 0.00103 0.0133 0.00287 >40g

aAverage of n g 3 independent determinations. b See ref 7 for additional data. This batch of CA1 was synthesized by the current authors using the
method found in ref 1. c See ref 40. d See ref 41. e nd = not determined. f See ref 42. g See ref 43 for additional data.

Scheme 1. Synthesis of Z/E-CA1-20-monophosphates and Z/E-CA1-30-monophosphates
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NMR (CD3OD, 122 MHz) δ 2.73; HRESIMS m/z 611.0723 [M + 1]+

(calcd for C25H26Na2O11PS
+, 611.0723).

(Z)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[hydroxy]-300-[(di-
sodium)phosphate]-400-methoxyphenyl]ethene (4a). A solu-
tion of sulfonate ester 3a (0.089 g, 0.146 mmol) and NaOH (3mL, 2M)
inMeOH(3mL) in a 5mLmicrowave safe sealed vial was heated to 50 �C
for 30 min. Reversed-phase TLC (30:70 acetonitrile�H2O) was used to
monitor the reaction. On completion, aqueous solvents were evaporated
under reduced pressure. The crude product was subjected to flash
chromatography using a prepacked 30 g RP-18 silica column [eluents,
solvent A, H2O, solvent B, acetonitrile; gradient, 100% A/0% B over 1.19
min (1 CV), 100%A/0%Bf 60%A/40%B over 13.12min (10CV), 0%
A/100% B over 3.57 min (2 CV); flow rate 25.0 mL/min; monitored at
254 and 280 nm], affording sodium phosphate 4a (0.063 g, 0.14 mmol,
95%) as an off-white solid: 1H NMR (D2O, 500 MHz) δ 6.82 (1H, d, J =
8.6 Hz, H-60), 6.69 (1H, d, J = 12 Hz, H-10a), 6.65 (2H, s, H-2, H-6), 6.60
(1H, d, J = 12 Hz, H-1a), 6.53 (1H, d, J = 8.6 Hz, H-50), 3.83 (3H, s,
OCH3-40), 3.75 (3H, s, OCH3-4), 3.69 (6H, s, OCH3-3, -5);

13C NMR
(D2O, 125MHz) δ 152.0 (C, C-3, C-5), 151.6 (C, C-40), 147.3 (C, C-20),
135.6 (C, C-4), 133.7 (C, C-1), 131.3 (C, C-30), 129.5 (CH, C-1a), 126.3
(CH, C-10a), 123.8 (CH, C-60), 119.7 (C, C-10), 106.4 (CH, C-2, C-6),
104.4 (CH, C-50), 60.8 (CH3, OCH3-4), 56.0 (CH3, OCH3-40), 55.8
(CH3, OCH3-3, -5);

31P NMR (D2O, 122 MHz) δ 3.68; HRESIMSm/z
457.0633 [M + H]+ (calcd for C18H20Na2O9P

+, 457.0635).
(Z)-1-[30,40,50-Trimethoxy]-2-[200-[(benzyl)oxy]]phosphoryl)-

oxy]-300-[(para-toluenesulfonyl)oxy]-400-methoxyphenyl]ethene
(6a). Phenol 5a37 (0.77 g, 1.8 mmol) was dissolved in acetonitrile (15 mL)
cooled to�10 �C. CCl4 (2.00 mL, 20.7 mmol) was added, and the reaction
mixture was stirred for 5 min. Diisopropylethylamine (0.7 mL, 4 mmol) and
DMAP (0.151 g, 1.23 mmol) were added, and the reaction mixture was
stirred for an additional 10min. Dibenzylphosphite (0.50mL, 2.3mmol) was
added slowly to the reaction mixture, which was then stirred for 1 h and
monitored by TLC. On completion, saturated KH2PO4 solution (25 mL)
was added, and the reaction mixture was allowed to return to ambient
temperature. H2O (25 mL) was added to the reaction mixture, and the
organic phase was separated. The aqueous phase was extracted with EtOAc
(2 � 20 mL), and the combined organic phases were dried over Na2SO4,
filtered, and concentrated under reduced pressure. The crude product was
subjected to flash chromatography using a prepacked 100 g silica column
[eluents, solvent A, EtOAc, solvent B, hexanes; gradient, 30% A/70% B over
3.18 min (1 CV), 30%A/70% Bf 80%A/20% B over 33.00min (10 CV),
80% A/20% B over 6.36 min (2 CV); flow rate 40.0 mL/min; monitored at
254 and 280 nm], affording 6a (0.91 g, 1.2 mmol, 78%) as a yellow oil: 1H
NMR(CDCl3, 500MHz) δ 7.75 (2H, d, J=8.4Hz,H-200, H-600), 7.35�7.25
(10H, m, Ph), 7.21 (2H, d, J = 8.4 Hz, H-300, H-500), 7.04 (1H, d, J = 8.8 Hz,
H-60), 6.63 (1H, d, J = 11.9 Hz, H-10a), 6.62 (1H, d, J = 8.8 Hz, H-50), 6.51
(1H, d, J = 11.9 Hz, H-1a), 6.42 (2H, s, H-2, H-6), 5.06 (4H, m, OCH2Ph),
3.82 (3H, s,OCH3-4), 3.64 (6H, s,OCH3-3, -5), 3.60 (3H, s,OCH3-40), 2.36
(3H, s,CH3-400);

13CNMR(CDCl3, 125MHz) δ152.8 (C,C-3,C-5), 152.7
(C, C-40), 144.9 (C, C-400), 142.8 (C, C-20), 137.2 (C, C-4), 135.7 (2C, Ph-
C1), 134.3 (C, C-100), 132.1 (C, C-1a), 132.0 (C, C-1), 131.6 (C, C-30),
129.3 (CH, C-300, -500), 129.0 (CH, C-60), 128.5 (CH, C-200, C-600), 128.43
(4CH, Ph), 128.36 (2CH, Ph), 127.8 (4CH, Ph), 124.7 (C, C-10), 124.3
(CH, C-10a), 109.1 (CH, C-50), 106.2 (CH, C-2, C-6), 69.9 (2CH2,
OCH2Ph), 60.9 (CH3, OCH3-4), 56.1 (CH3, OCH3-40), 55.9 (CH3,
OCH3-3, -5), 21.6 (CH3, CH3-400);

31P NMR (CDCl3, 202 MHz) δ
�6.16; HRESIMS m/z 747.2024 [M]+ (calcd for C39H40O11PS

+,
747.2023); anal. C 62.92, H 5.29%, calcd for C39H39O11PS, C 62.73,
H 5.26%.
(Z)-1-[30,40,50-Trimethoxy]-2-[200-[(disodium)phosphate]-

300-[(para-toluenesulfonyl)oxy]-400-methoxyphenyl]ethene
(7a). Compound 6a (0.60 g, 0.80 mmol) was dissolved in acetonitrile
(12mL) cooled to�10 �C. Freshly distilled TMSBr (0.3 mL, 2.3mmol)
was added dropwise, and the mixture was stirred for 1 h at �10 �C. At

that point the mixture was added to a suspension of NaOMe (0.45 g, 8.3
mmol) in MeOH (25 mL) cooled to �10 �C. The mixture was then
stirred for 2 h and allowed to slowly return to ambient temperature. On
completion, MeOH was evaporated at 50 �C in vacuo, and flash
chromatographic separation of the crude product using a prepacked
12 g RP-18 silica column [eluents, solvent A, H2O, solvent B, acetonitrile;
gradient, 100% A/0% B over 1.15 min (1 CV), 100% A/0% Bf 45% A/
55% B over 17.30 min (14 CV), 0% A/100% B over 3.45 min (3 CV);
flow rate 12.0 mL/min; monitored at 254 and 280 nm] led to sodium
phosphate 7a (0.43 g, 0.71 mmol, 88%): 1H NMR (D2O, 500 MHz) δ
7.71 (2H, d, J = 8.4 Hz, H-200, -600), 7.39 (2H, d, J = 8.1 Hz, H-300, -500),
7.01 (1H, d, J = 8.7 Hz, H-60), 7.00 (1H, d, J = 12.1 Hz, H-10a), 6.60 (1H,
d, J = 12.1 Hz, H-1a), 6.59 (1H, d, J = 8.8Hz, H-2, -6), 6.49 (2H, s, H-50),
3.73 (3H, s, OCH3-4), 3.70 (6H, s, OCH3-3, -5), 3.29 (3H, s, OCH3-40),
2.41 (3H, s, CH3-400);

13C NMR (D2O, 125 MHz) δ 151.9 (C, C-3,
C-5), 151.3 (C, C-40), 146.6 (C, C-20), 146.5 (C, C-400), 135.6 (C, C-4),
133.7 (C, C-1), 131.8 (C, C-100), 131.5 (C, C-30), 129.5 (CH, C-1a),
129.5 (CH, C-300, C-500), 128.8 (CH, C-60), 128.2 (CH, C-200, C-600),
127.2 (CH, C-10a), 125.3 (C, C-10), 106.9 (CH, C-50), 106.6 (CH, C-2,
C-6), 60.8 (CH3, OCH3-4), 55.8 (CH3, OCH3-3, -5), 55.5 (CH3,
OCH3-40), 20.7 (CH3, CH3-400);

31P NMR (D2O, 202 MHz) δ
�3.19; HRESIMS m/z 611.0716 [M + 1]+ (calcd for C25H26-
Na2O11PS

+, 611.0723).
(Z)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[(disodium)phos-

phate]-300-[hydroxy]-400-methoxyphenyl]ethene (8a). Sulfo-
nate ester 7a (0.107 g, 0.175 mmol) was dissolved in MeOH (3 mL)
in a 5 mL microwave safe vial with a stir bar. To this solution NaOH
(2 mL, 2 M) was added, the vial was capped, and the reaction mixture
was prestirred for 5 min. The reaction mixture was heated at 50 �C in a
microwave reactor for 30min. Temperatures higher than 50 �Cmay lead
to isomerization of the compound. On completion, the solvents were
evaporated in vacuo and the crude product was subjected to flash
chromatographic separation using a prepacked 30 g RP-18 silica column
[eluents, solvent A, H2O, solvent B, acetonitrile; gradient, 100% A/0% B
over 0 to 1.19 min (1 CV), 100% A/0% Bf 60% A/40% B over 13.12
min (10 CV), 60% A/40% B over 3.57 min (3 CV); flow rate 25.0 mL/
min; monitored at 254 and 280 nm], affording 8a (0.046 g, 0.100 mmol,
58%): 1HNMR (500 MHz, D2O) δ 6.82 (1H, d, J = 12 Hz, H-10a), 6.67
(1H, d, J = 8.7 Hz, H-60), 6.66 (2H, s, H-2, -6), 6.64 (1H, d, J = 8.7 Hz,
H-50), 6.62 (1H, d, J = 12Hz, H-1a), 3.83 (3H, s, OCH3-40), 3.76 (3H, s,
OCH3-4), 3.69 (6H, s, OCH3-3, -5);

13C NMR (125 MHz, D2O)
δ 151.9 (C, C-3, C-5), 148.6 (C, C-40), 140.4 (C, C-20), 138.5 (C, C-30),
135.5 (C, C-4), 133.9 (C, C-1), 129.1 (CH, C-1a), 127.2 (CH, C-10a),
124.2 (CH, C-10), 120.2 (C, C-60), 107.3 (CH, C-50), 106.5 (CH, C-2,
C-6), 60.9 (CH3,OCH3-4), 56.0 (CH3,OCH3-40), 55.8 (CH3,OCH3-3, -5);
31P NMR (D2O, 202 MHz) δ 3.21. HRESIMS m/z 457.0632 [M + H]+

(calcd for C18H20Na2O9P
+, 457.0635).

(E)-1-[30,40,50-Trimethoxy]-2-[200-[(benzyl)oxy]]phosphoryl)-
oxy]-300-[(para-toluenesulfonyl)oxy]-400-methoxyphenyl]ethene
(6b). Phenol 5b37 (0.47 g, 0.96mmol) was dissolved in acetonitrile (10mL)
cooled to �10 �C, CCl4 (1 mL, 10 mmol) was added, and the reaction
mixture was stirred for 5 min. Diisopropylethylamine (0.3 mL, 1.7 mmol)
and DMAP (0.1 g, 0.8 mmol) were added, and the reaction mixture was
stirred for an additional 10 min. Dibenzylphosphite (0.25 mL, 1.1 mmol)
was added slowly to the mixture, and stirring continued for 45 min
(monitored by TLC). On completion, saturated KH2PO4 solution
(50 mL) was added, and the mixture was allowed to return to ambient
temperature. H2O (50 mL) was added, and the organic phase was
separated. The aqueous phase was extracted with EtOAc (3 � 10 mL),
and the combined organic phase was dried overNa2SO4. The solutionwas
filtered and concentrated under reduced pressure. Flash chromatographic
separation of the crude product was performed using a prepacked 100 g
silica column [eluents; solvent A, EtOAc, solvent B, hexanes; gradient,
40%A/60%Bover 1.15min (1CV), 40%A/60%Bf 54%A/46%Bover
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3.22 min (2.7 CV), 54% A/46% B f100% A/0% B over 11.15 min
(9 CV), 100% A/0% B over 3.07 min (2.5 CV); flow rate 12.0 mL/min;
monitored at 254 and 280 nm] and yielded a pure yellow oil, 6b (0.55 g,
0.74mmol, 77%): 1HNMR (CDCl3, 500MHz)δ 7.84 (2H, d, J = 8.4Hz,
H-200, H-600), 7.50 (1H, d, J = 9.0 Hz, H-60), 7.34 (1H, d, J = 16.3 Hz,
H-10a), 7.28 (2H, d, J = 8.4 Hz, H-300, H-500), 7.26�7.22 (10H, m, Ph),
6.88 (1H, d, J = 16.3 Hz, H-1a), 6.76 (1H, dd, J = 9.0, 0.8 Hz, H-50), 6.67
(2H, s, H-2, H-6), 5.08 (4H, m, OCH2Ph), 3.86 (3H, s, OCH3-4), 3.76
(6H, s, OCH3-3, -5), 3.58 (3H, s, OCH3-40), 2.41 (3H, s, CH3-400);

13C
NMR (CDCl3, 125 MHz) δ 153.3 (C, C-3, C-5), 152.6 (C, C-40), 144.9
(C, C-400), 142.4 (C, C-20), 137.9 (C, C-4), 135.5 (2C, Ph), 134.2 (C,
C-100), 133.0 (C, C-1), 131.5 (C, C-30), 129.5 (CH, C-1a), 129.3 (CH,
C-300, C-500), 128.6 (CH, C-200, C-600), 128.42 (4CH, Ph), 128.40 (2CH,
Ph), 127.9 (4CH, Ph), 124.5 (C, C-10), 124.2 (CH, C-60), 121.5 (CH,
C-10a), 109.6 (CH, C-50), 103.6 (CH, C-2, C-6), 70.0 (2CH2, OCH2Ph),
60.9 (CH3, OCH3-4), 56.0 (CH3, OCH3-3, -5), 55.9 (CH3, OCH3-40),
21.6 (CH3, CH3-400);

31P NMR (CDCl3, 202MHz) δ�5.84; HRESIMS
m/z 747.2019 [M]+ (calcd for C39H40O11PS

+, 747. 2023); anal. C 62.46,
H 5.23%, calcd for C39H39O11PS, C 62.73, H 5.26%.
(E)-1-[30,40,50-Trimethoxy]-2-[200-[(disodium)phosphate]-

300-[(para-toluenesulfonyl)oxy]-400-methoxyphenyl]ethene
(7b). Dibenzylphosphate 6b (0.32 g, 0.43 mmol) was dissolved in
acetonitrile (5 mL) cooled to �10 �C. Freshly distilled TMSBr
(0.25 mL, 1.9 mmol) was added, and the reaction mixture was stirred
for 3 h at �10 �C. The initial mixture was added dropwise to a
suspension of NaOMe (0.22 g, 4.1 mmol) inMeOH (15mL) cooled to
�10 �C. The reaction was stirred for 3 h and allowed to return to
ambient temperature. On completion, solvents were evaporated in
vacuo (<50 �C to prevent isomerization), and the crude product was
subjected to flash chromatographic separation using a prepacked 30 g
RP-18 silica column [eluents, solvent A, H2O, solvent B, acetonitrile;
gradient, 100% A/0% B over 1.19 min (1 CV), 100% A/0% B f 61%
A/39% B over 12.52 min (9.7 CV), 61% A/39% B f 45% A/55% B
over 5.16 min (4 CV), 0% A/100% B over 3.57 min (3 CV); flow rate
25.0 mL/min; monitored at 254 and 280 nm], affording 7b (0.16 g, 2.6
mmol, 61%) as an off-white solid: 1H NMR (D2O, 500 MHz) δ 7.59
(2H, d, J = 8.4 Hz, H-200, H-600), 7.36 (1H, d, J = 16.3 Hz, H-10a), 7.28
(1H, d, J = 9.5 Hz, H-60), 7.22 (2H, d, J = 8.4 Hz, H-300, H-500), 6.69
(2H, s, H-2, H-6), 6.63 (1H, d, J = 16.5 Hz, H-1a), 6.58 (1H, dd, J = 8.5
Hz, H-50), 3.82 (6H, s, OCH3-3, -5), 3.70 (3H, s, OCH3-4), 3.33 (3H, s,
OCH3-40), 2.28 (3H, s, CH3-400);

13C NMR (D2O, 125 MHz) δ 152.3
(C, C-3, C-5), 151.6 (C, C-40), 146.4 (C, C-400), 144.5 (C, C-20), 136.1
(C, C-4), 134.0 (C, C-1), 131.6 (C, C-100), 131.0 (C, C-30), 129.5 (CH,
C-300, C-500), 128.3 (CH, C-200, C-600), 128.0 (CH, C-1a), 124.5 (C,
C-10), 124.3 (CH, C-60), 122.2 (CH, C-10a), 108.7 (CH, C-50), 103.7
(CH, C-2, C-6), 60.8 (CH3, OCH3-4), 55.9 (CH3, OCH3-3, -5), 55.6
(CH3, OCH3-40), 20.8 (CH3, CH3-400);

31P NMR (CDCl3, 202 MHz)
δ �4.25; HRESIMS m/z 611.0716 [M + H]+ (calcd for C25H26Na2-
O11PS

+, 611.0723); anal. C 48.51, H 4.62%, calcd for C25H25Na2-
O11PS 3 0.5H2O, C 48.47, H 4.23%.
(E)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[(disodium)phos-

phate]-300-[hydroxy]-400-methoxyphenyl]ethene (8b). Sulfonate
ester 7b (0.100 g, 0.164 mmol) was dissolved in MeOH (17 mL) in a
20mLmicrowave safe vial. To this solutionwas addedNaOH(3mL, 2M),
the vial was capped, and the reaction was prestirred for 2 min. The reaction
mixture was heated at 50 �C in a microwave reactor for 30 min. As noted
above, temperatures higher than 50 �C can lead to isomerization. On
completion, the solvents were evaporated in vacuo, and the crude product
was subjected to flash chromatographic separation using a prepacked 30 g
RP-18 silica column [eluents, solvent A, H2O, solvent B, acetonitrile;
gradient, 100% A/0% B over 1.19 min (1 CV), 100% A/0% Bf 60% A/
40%B over 13.12min (10 CV), 60%A/40%B over 3.57min (3 CV); flow
rate 25.0 mL/min; monitored at 254 and 280 nm], providing sodium
phosphate 8b (0.063 g, 0.138 mmol, 84%): 1H NMR (D2O, 500 MHz)

δ 7.46 (1H, d, J=16.55Hz,H-10a), 7.25 (1H, d, J=8.75Hz,H-60), 7.07 (1H,
d, J=16.55Hz,H-1a), 7.03 (2H, s,H-2,H-6), 6.86 (1H, d, J=8.75Hz,H-50),
3.94 (6H, s,OCH3-3, -5), 3.89 (3H, s,OCH3-40), 3.81 (3H, s,OCH3-4);

13C
NMR (D2O, 125 MHz) δ 152.6 (C, C-3, C-5), 148.9 (C, C-40), 140.2 (C,
C-20), 138.3 (C, C-30), 136.1 (C, C-4), 134.6 (C, C-1), 127.5 (CH, C-1a),
124.2 (CH, C-10), 123.9 (C, C-10a), 116.5 (CH, C-60), 107.9 (CH, C-50),
104.1 (CH, C-2, C-6), 60.9 (CH3, OCH3-4), 56.1 (CH3, OCH3-3, -5), 56.0
(CH3, OCH3-40);

31P NMR (D2O, 202 MHz) δ 3.54; HRESIMS m/z
457.0632 [M + H]+ (calcd for C18H20Na2O9P

+, 457.0635).
(E)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[(para-toluene-

sulfonyl)oxy]-300-[([bis[(benzyl)oxy]]phosphoryl)oxy]-400-
methoxyphenyl]ethene (2b).To a solution of phenol 1b37 (0.499 g,
1.03 mmol) in acetonitrile (10 mL) cooled to �10 �C was added CCl4
(0.20 mL, 2.07 mmol), and the reaction mixture was stirred for 5 min.
Diisopropylethylamine (0.7 mL, 4.0 mmol) and DMAP (0.06 g, 0.49
mmol) were added, and the mixture was stirred for an additional 10 min.
Next, dibenzylphosphite (0.5 mL, 2.26 mmol) was slowly added to the
mixture. After stirring for 45min (monitored by TLC), KH2PO4 (10mL)
was added, and themixture was allowed to return to ambient temperature.
H2O (20 mL) was then added, and the organic phase was separated. The
aqueous phase was extracted with EtOAc (3 � 10 mL), the combined
organic phase was dried (Na2SO4), and the solution was filtered and
concentrated in vacuo. The crude product was separated by flash
chromatography using a prepacked 25 g silica column [eluents; solvent
A, EtOAc, solvent B, hexanes; gradient, 20% A/80% B over 1.19 min
(1 CV), 20% A/80% Bf 70% A/30% B over 13.51 min (10.5 CV), 70%
A/30% B over 1.27 min (1.1 CV), 100% A/0% B over 3.57 min (3 CV);
flow rate 25.0mL/min;monitored at 254 and 280 nm] to yield 2b (0.46 g,
0.61 mmol, 60%) as a yellow oil: 1H NMR (CDCl3, 500 MHz) δ 7.73
(2H, d, J = 8.1 Hz, H-200, H-600), 7.40 (1H, d, J = 9.0 Hz, H-60), 7.38�7.32
(10H,m, Ph), 7.06 (2H, d, J=8.1Hz,H-300, H-500), 6.90 (1H, d, J= 9.0Hz,
H-50), 6.80 (1H, d, J = 16.2 Hz, H-10a), 6.71 (1H, d, J = 16.2 Hz, H-1a),
6.53 (2H, s, H-2,H-6), 5.21 (4H,m,OCH2Ph), 3.89 (6H, s, OCH3-3, -5),
3.88 (3H, s, OCH3-4), 3.80 (3H, s, OCH3-40), 2.16 (3H, s, CH3-400);

13C
NMR (CDCl3, 125 MHz): δ 153.2 (C, C-3, C-5), 151.7 (C, C-40), 145.6
(C, C-400), 140.1 (C, C-20), 137.9 (C, C-4), 136.0 (C, Ph), 134.5 (C, C-30),
133.2 (C, C-100), 132.8 (C, C-1), 129.6 (CH, C-300, C-500), 129.0 (CH,
C-1a), 128.6 (CH,C-200, C-600), 128.4 (4CH, Ph), 128.3 (2CH, Ph), 127.8
(4CH, Ph), 125.6 (C, C-10), 122.1 (CH, C-60), 121.4 (CH, C-10a), 111.5
(CH, C-50), 103.7 (CH, C-2, C-6), 69.8 (2CH2, OCH2Ph), 61.0 (CH3,
OCH3-4), 56.4 (CH3, OCH3-40), 56.1 (CH3, OCH3-3, -5), 21.5 (CH3,
CH3-400);

31P NMR (CDCl3, 202 MHz) δ �6.23; HRESIMS m/z
747.2020 [M + 1]+ (calcd for C39H40O11PS

+, 747.2023); anal. C
62.71, H 5.31%, calcd for C39H39O11PS, C 62.73, H 5.26%.
(E)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[(para-toluene-

sulfonyl)oxy]-300-[(disodium)phosphate]-400-methoxyphe-
nyl]ethene (3b). To a solution of dibenzylphosphate 2b (0.16 g,
0.21 mmol) in acetonitrile (12 mL cooled to �10 �C) was added
freshly distilled TMSBr (0.15 mL, 1.14 mmol), and the mixture was
stirred for 3 h at �10 �C. The solution was added dropwise to a
suspension of NaOMe (0.15 g, 2.78 mmol) in MeOH (10 mL) cooled
to�10 �C. The mixture was stirred for 3 h and allowed to slowly return
to ambient temperature, and the solvent was evaporated in vacuo. The
crude product was separated by flash chromatography using a pre-
packed 30 g RP-18 silica column [eluents, solvent A, H2O, solvent B,
acetonitrile; gradient, 100% A/0% B over 1.19 min (1 CV), 100% A/
0% B f 45% A/55% B over 18.28 min (14 CV), 0% A/100% B over
3.57 min (3 CV); flow rate 25.0 mL/min; monitored at 254
and 280 nm] to afford 3b (0.042 g, 32%): 1H NMR (D2O, 500 MHz)
δ 7.52 (2H, d, J = 8.0 Hz, H-200, H-600), 7.08 (1H, d, J = 9.0 Hz, H-60),
6.91 (2H, d, J = 8.0 Hz, H-300, H-500), 6.84 (1H, d, J = 9.0 Hz, H-50), 6.42
(1H, d, J = 16.5 Hz, H-1a), 6.36 (1H, d, J = 16.5 Hz, H-10a), 6.34 (2H, s,
H-2, H-6), 3.82 (3H, s, OCH3-40), 3.73 (6H, s, OCH3-3, -5), 3.71 (3H,
s, OCH3-4), 1.90 (3H, s, CH3-400);

13C NMR (D2O, 125 MHz)
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δ 152.3 (C, C-40), 152.1 (C, C-3, C-5), 146.5 (C, C-400), 140.2 (C,
C-20), 136.1 (C, C-4), 135.7 (C, C-30), 133.5 (C, C-1), 131.8 (C,
C-100), 129.8 (CH, C-200, C-600), 128.3 (CH, C-1a), 127.9 (CH, C-300,
C-500), 124.2 (C, C-10), 121.4 (CH, C-60), 121.2 (CH, C-10a), 111.8
(CH, C-50), 103.7 (CH, C-2, C-6), 60.7 (CH3, OCH3-4), 56.1 (CH3,
OCH3-40), 55.8 (CH3, OCH3-3, -5), 20.5 (CH3, CH3-400);

31P NMR
(D2O, 202 MHz) δ�3.99; HRESIMSm/z 611.0713 [M + H]+ (calcd
for C25H26Na2O11PS

+, 611.0723).
(E)-1-[30,40,50-Trimethoxyphenyl]-2-[200-[hydroxy]-300-[(di-

sodium)phosphate]-400-methoxyphenyl]ethene (4b). A solution
of NaOH (3 mL, 2 M) was added to sulfonate ester 3b (0.050 g, 0.082
mmol) in MeOH (17 mL, in a 20 mL microwave safe vial with a stir bar).
The vial was capped and placed in the microwave. The solution was
prestirred for 2 min and then heated at 50 �C in a microwave reactor for
30 min. (Caution: temperatures higher than 50 �C may lead to iso-
merization.) Reversed-phase TLC (30:70 acetonitrile�H2O) was used to
monitor the reaction course. After the reaction was complete, the solvent
was evaporated in vacuo. The crude product was subjected to flash
chromatographic separation using a prepacked 30 g RP-18 silica column
[eluents, solvent A, H2O, solvent B, acetonitrile; gradient, 100% A/0% B
over 1.19 min (1 CV), 100% A/0% B f 60% A/40% B over 13.12 min
(10 CV), 0% A/100% B over 3.57 min (3 CV); flow rate 25.0 mL/min;
monitored at 254 and 280 nm] to yield 4b (0.035 g, 0.077mmol, 94%): 1H
NMR(D2O, 500MHz)δ 7.36 (1H, d, J=16.35Hz,H-10a), 7.29 (1H, d, J=
8.75 Hz, H-60), 6.98 (1H, d, J = 16.35 Hz, H-1a), 6.86 (2H, s, H-2, H-6),
6.67 (1H, d, J = 8.65Hz, H-50), 3.88 (3H, s, OCH3-40), 3.86 (6H, s, OCH3-
3, -5), 3.77 (3H, s, OCH3-4);

13CNMR (D2O, 125MHz) δ 152.4 (C, C-3,
C-5), 151.9 (C, C-40), 147.6 (C, C-20), 135.8 (C, C-4), 134.7 (C, C-1),
131.3 (C, C-30), 126.5 (C, C-1a), 123.3 (CH, C-10a), 120.6 (CH, C-60),
119.6 (CH, C-10), 104.7 (CH, C-50), 103.4 (CH, C-2, C-6), 60.8 (CH3,
OCH3-4), 55.9 (CH3, OCH3-40), 55.8 (CH3, OCH3-3, -5);

31P NMR
(D2O, 202 MHz) δ�3.74; HRESIMS m/z 457.0631 [M + 1]+ (calcd for
C18H20Na2O9P

+, 457.0635).
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