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Abstract

Herboxidiene is a potent inhibitor of spliceosomes. It exhibited excellent anticancer activity
against multiple human cancer cell lines. Herein, we describe an enantioselective synthesis of a
desmethyl derivative and the corresponding carba-derivatives of herboxidiene. The synthesis
involved Suzuki coupling of vinyl iodide with boronate as the key reaction. For the synthesis of
carbo-derivatives, the corresponding optically active cyclohexane-1,3-dicarbonyl derivatives were
synthesized using an enantioselective desymmetrization of meso-anhydride. The biological
properties of these derivatives were evaluated in an /n vitro splicing assay.
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6-Desmethyl herboxidiene 5 (X = O)
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Enantioselective syntheses of desmethyl and carba-derivatives of herboxidiene and their biological
evaluation in splicing assay are reported
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Introduction

Pre-messenger RNA (pre-mRNA) splicing is an essential step in gene expression.2:2 In the
process, noncoding sequences (introns) are removed and the coding sequences (exons) are
joined to form mature mRNA. An intricate ribonuclear cellular machinery called
spliceosome is assembled to carry out splicing events.3# The mechanism of pre-mRNA
splicing involves multiple interactions between pre-mRNA, small ribonucleoproteins and
spliceosome proteins.> Regulation of this process is highly complex, and not surprisingly,
many different human diseases can be caused by errors in RNA splicing or its regulation.5-8
Incidentally, in an /n vivo cellular scenario, mMRNA is more available to temporal
manipulation than DNA, and as a consequence, therapeutic inhibition of splicesome has
become an exciting area of anticancer drug development.®:10

A number of natural products including pladienolide B, (1, Figure 1), FR901464 (2),
spliceostatin A (3) and herboxidiene (4) display potent /n vitro splicing inhibition by
interacting with the SF3b subunit of spliceosome.}1-14 A modified derivative of pladienolide
B advanced to human clinical trials.1> FR901464 and its derivative spliceostatin A exhibited
potent anticancer activity against numerous human cancer cell lines.18:17 A number of
modified, less complex derivatives have also displayed potent anticancer activity.18-22
Herboxidiene, another natural product, has been shown to induce both G1 and G2/M cell
cycle arrest in a human normal fibroblast cell line WI-38.23 Total syntheses as well as
syntheses of structural variants of herboxidiene have been reported by us and others.24-27
Herboxidiene is quite complex and contains nine chiral centers. In addition, it contains a
number of sensitive functionalities. Elucidation of structure-activity studies is critical in the
design of a less complex derivative. In this context, a number of structural derivatives of
herboxidiene have been synthesized and evaluated for their splicing activity.28:22:30 |n our
continuing interests in chemistry and biology of herboxidiene, we have now examined the
importance of the C6 methyl as well as the pyran ring oxygen of herboxidiene. For these
studies, we have synthesized the desmethyl and the corresponding carba-analog and its
diastereomer and evaluated their biological properties. Herein, we report stereoselective
syntheses of herboxidiene derivatives and biological results of our investigation.

Results and discussion

Our synthetic strategy for desmethyl herboxidiene and the corresponding carbo analogs
involved Suzuki cross-coupling of vinyl boronate 7 with respective vinyl iodides 8 and 9
(Scheme 1) Vinyl boronate 7 has been synthesized previously in our laboratory.2”.28 The
synthesis of desmethyl derivative and its biological activity have been recently reported by
Lagisetti and co-workers.30 For our synthesis of desmethyl derivative 5, we planned to
synthesize vinyl iodide 8 from optically active c¢/s-2,6-disubstituted tetrahydropyran
derivative 10, which can be prepared from triacetoxy-D-glucal as the key starting material.
For the synthesis of carba-analog 6, the corresponding optically active vinyl iodide 9 would
be synthesized from cyclohexane-1,3-dicarboxylic acid 11.

For the synthesis of desmethyl derivative 5, the synthesis of requisite vinyl iodide 8 is shown
in Scheme 2. Commercially available triacetoxy-D-glycal 13 was converted to dihydropyran
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derivative 14 in three steps as described in the literature.3! The mixture of diastereomers was
converted to TBS-protected tetrahydropyran derivative as follows. Catalytic hydrogenation
of 14 over 10% Pd/C in ethyl acetate under a hydrogen-filled balloon for 3 h provided the
corresponding saturated derivative. Treatment of the resulting alcohol with
thiocarbonyldiimidazole in toluene at reflux afforded the thiocarbamate in 96% yield.
Reduction3? of the thiocarbamate with tri-n-butyltin hydride in the presence of a catalytic
amount of AIBN in toluene at reflux afforded the corresponding deoxygenated product in
74% yield. The resulting diastereomeric mixture was treated with NaH in THF at 23 °C for 4
h furnished a 3:1 mixture of diastereomers.33 The mixture was separated by silica gel
chromatography to provide 10 in 63% yield. Tetrahydropyran derivative 10 was converted to
acetylene derivative 15 in a three-step sequence involving: (1) removal of the silyl group by
treatment with TBAF in THF at 23 °C for 30 min; (2) oxidation of the resulting alcohol to
the corresponding aldehyde using SO3.Py at 23 °C for 2 h and (3) reaction of the resulting
aldehyde with the Ohira-Bestmann reagent in MeOH in the presence of K,COj3 to provide
alkyne derivative 15 in 67% yield over 3-steps. Treatment of the alkyne derivative 15 with a
catalytic amount of HgSQOy, in the presence of 3M H,SO4 as described by Yates and co-
workers,34 provided ketone derivative 16 in 69% yield. This ketone was converted to vinyl
iodide 8 by exposure to CrCl, and CHI3 in THF at 23 °C for 4 h using protocol described by
Takai and co-workers.3® The resulting vinyl iodide was used immediately for the coupling
reaction.

Synthesis of desmethyl derivative 5 is shown in Scheme 3. Reaction of vinyl iodide 8 and
boronate 7 in the presence of a catalytic amount of Pd(PPh3),4 (5 mol%) and Cs,CO3 in THF
at 55 °C for 5 h resulted in the coupling product 17 in 56% yield. Methyl ester 17 was
converted to desmethyl derivative 5 in a three-step sequence that involved, (1) removal of
TBS-ether by exposure to 1M HCI in methanol at 23 °C for 45 min; (2) streatment of the
resulting alcohol to a catalytic amount of VO(acac); in the presence of £BuOOH at —15 °C
for 48 h to provide the epoxide; and (3) saponification of the methyl ester with KoCO3 in
aqueous methanol to provide 5in 26% yield over 3-steps.

For synthesis of the carba-derivative, the corresponding vinyl iodide was synthesized as
shown in Scheme 4. Cyclohexane-1,3-dicarbonylic acid 11 was converted to 3-
oxabicyclo[3.3.1] nonane-2,4-dione by exposure to acetic anhydride at 140 °C for s10 h to
provide 18 in 45% yield. Enantioselective desymmetrization of meso-anhydride was carried
out as described by Rovis and co-workers.36 Thus, methylzinc bromide, prepared from
ZnBry and methylmagnesium bromide, was first reacted with [Rh(nbd)Cl], and (S)-ztert
butylphosphine oxazoline. Reaction of anhydride 18 with this reagent at 0 °C to 23 °C for 30
h provided methyl ketone 19 in 58% yield. Enantioselectivity was determined to be 91% ee
by chiral HPLC analysis of the benzamide derivative. The depicted stereochemistry was
assigned based upon comparison of optical rotation of related compounds.36:37 Diazo
compound 20 was synthesized according to the procedure of Nicolaou and co-workers.38:39
Carboxylic acid 19 was smoothly converted to diazo compound 20 by activation with
CH3S0,Cl in the presence of Et3N at 0 °C followed by reaction of the resulting mesylate
with diazomethane in ether at 0 °C for 30 min. Arndt-Eistert homologation4? was achieved
by reaction of diazo compound 20 with silver benzoate in the presence of Et3N at 23 °C for
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1 h to provide the methyl ester 21 in 49% yield. Methyl ketone 21 was converted to vinyl
iodide using the Takai procedure®® as described above to provide vinyl iodide 9 in 44%
yield. This vinyl iodide was immediately used for the coupling reaction with boronate 7.

Synthesis of the carba-derivative 6 is shown in Scheme 5. Coupling of vinyl iodide 9 with
boronate 7 in the presence of a catalytic amount of Pd(PPh3)4 (5 mol %) as described above,
furnished the corresponding coupling product. This was exposed to 1 M aqueous HCI
solution in MeOH at 23 °C which removed the silyl group and provided alcohol 22 in 61%
yield over 2-steps. Epoxidation of 22 with VO(acac), and #BuOOH followed by
saponification of the methyl ester with K,CO3 in methanol afforded carba-derivative 6 in
40% vyield over 2-steps.

Our synthesis has allowed for the preparation of the enantiomeric vinyl iodide and the
corresponding diastereomeric carba-derivative. As shown in Scheme 6, enantioselective
desymmetrization of meso-anhydride 18 using (S)-tert-butylphosphine oxazoline as
described above furnished methyl ketone 23 in 58% yield and 91% ee. Carboxylic acid
derivative 23 was converted to methyl ester 24 by mesylation, reaction of the resulting
mesylate with diazomethane followed by Arndt-Eistert homologation with silver benzoate in
the presence of Et3N provided the methyl ester 24. This was converted to vinyl iodide as
described above to provide vinyl iodide 25. Suzuki coupling of vinyl iodide 25 with
boronate 7 using Pd(PPhs)4 (5 mol%) resulted in the corresponding coupling product.
Deprotection of TBS-group with aqueous HCI solution in MeOH furnished alcohol coupling
product 26 in 49% yield over 2-steps. Epoxidation of 26 with VO(acac),-catalyzed
epoxidation followed by saponification of the methyl ester afforded carba-derivative 27 in
40% vyield over 2-steps.

The biological properties of synthetic derivatives were evaluated in an /in vitro splicing
system as previously described?’. Based on dose response analysis, we calculate the I1Cs as
the concentration required to reduce /n vitro splicing efficiency by half compared to DMSO
control (Figure 2A). The I1Cgq of the 6-desmethyl herboxidiene 5 derivative is 0.35 pM,
which within the variability of the assay is comparable to the 0.3 pM ICsgq that we previously
measured for herboxidiene.2” The carba- derivative 6 potency is decreased by an order of
magnitude with an 1Csq value of 6 pM. Inhibitor activity is further reduced with
diastereomoeric derivative 27, which has an 1Cgg >100 pM. These results were further
supported in the context of spliceosome assembly, as measured by native gel analysis
(Figure 2B). Similar to other SF3B1 inhibitors, active herboxidiene analogs disrupt the
transition from A to B complex in the spliceosome assembly pathway.

Conclusion

In conclusion, we have described the design and synthesis of 6-desmethyl herboxidiene and
two corresponding carbo-derivatives. The purpose of the derivatives was to examine the
importance of these groups or functionalities to spliceosome inhibitory activity and compare
the activity with herboxidiene. Furthermore, we have synthesized the corresponding
diastereomeric carbo-derivative to examine the effect of stereochemistry on splicing activity.
The synthesis of 6-desmethyl derivative involved the Suzuki coupling between a vinyl iodide
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and boronate derivative. The corresponding 6-desmethyl vinyl iodide was synthesized from
readily available methyltetrahydropyranyl acetate derivative 10 in optically active form. The
corresponding carbo-derivatives were synthesized by asymmetric desymmetrization of
meso-3-oxabicyclo[3.3.1]-nonane-2,4-dione as the key step. We have evaluated these
derivatives in /n vitro splicesome inhibitory assays. The 6-desmethyl derivative 5 shows the
same activity as herboxidiene, which indicates that the methyl group at this position is not
important for interactions with the SF3B subunit of the spliceosome. In contrast, the
corresponding carbo-derivatives showed lower splicing inhibitory activity compared to 6-
desmethyl derivative 5, indicating that the tetrahydropyran ring oxygen is important to
potency. The diastereomeric cyclohexane derivative 27 showed significantly reduced activity
over derivative 6, indicating the importance of stereochemistry as well. Further design of
novel herboxidiene derivatives is in progress.

Experimental Section

All reactions were carried out under an inert atmosphere, either N, or Ar, using magnetic
stirring and oven-dried glassware. All solvents were anhydrous and distilled prior to use.
Dichloromethane and triethylamine were distilled from calcium hydride. Tetrahydrofuran,
diethyl ether, and benzene were distilled from sodium/benzophenone. All other solvents
were HPLC grade or better. Flash column chromatography was performed using EM
Science 60-200 mesh silica gel. Thin-layer chromatography was performed using 60 F-254
E. Merck silica gel plates. 1H- and -NMR were recorded using Bruker AV —400 MHz,
Avance DRX-500, Varian Mercury-Vx-300, and Gemini-2300 spectrometers and use Me,Si
as an internal standard. Optical rotations were recorded on a Perkin-Elmer 341 polarimeter.
A Thermo Finnigan LCQ Classic mass was used for MS analyses. The purity of test
compounds was determined by HRMS and HPLC analysis. All test compounds showed
>95% purity.

Methyl 2-((2R,6S)-6-(((tert-butyldimethylsilyl)oxy) methyl)tetrahydro-2H-pyran-2-yl)acetate

(10)

To a stirred solution of 14 (diastereomers, 1.2:1; a.:p, 1 g, 3.4 mmol) in EtOAc (30 mL) was
added 10% Pd/C (10% wt/wt, 100 mg). After being stirred at 23 °C for 3 h the mixture was
filtered through a pad of celite. The volatiles were removed and the crude mixture was
purified by column chromatography (40% EtOAc/Hexanes) to give the secondary alcohol as
a colorless oil (704 mg, 64%). 'H NMR (400 MHz, CDCl3) & 3.79 (m, 1H), 3.69 (ddd, /=
25.1,17.8, 7.3 Hz, 1H), 3.65 (m, 2H), 3.60 (s, 3H), 3.17 (bs, 1H), 2.42 (m, 1H), 2.29 (ddd, J
=15.2, 8.5, 4.8 Hz, 1H), 1.99 (m, 1H), 1.69 (m, 1H), 1.56 (ddg, J=12.3, 8.2, 4.0, 3.5 Hz,
1H), 1.43 (m, 1H), 1.28 (m, 1H), 0.81 (s, 9H), 0.09 (s, 6H); 13C NMR (100 MHz, CDCl5) &
171.3,79.4,73.5, 69.7, 65.3, 51.4, 40.5, 36.9, 31.3, 26.2, 25.6, =5.7; LRMS-ESI (m/z):
341.3, [M+Na]*.

To a stirred solution of secondary alcohol (300 mg, 0.942 mmol) in toluene (5 mL) was
added (thiocarbonyl)diimidazole (419 mg, 2.36 mmol). The resulting mixture was refluxed
for 1 h. After consumption of the starting material, the volatiles were removed under
reduced pressure. The crude residue was purified by column chromatography (40% EtOAc/
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Hexanes) to give the corresponding thiocarbamate as a colorless oil (387 mg, 96%). 1H
NMR (400 MHz, CDClsg) & 8.37 (s, 1H), 7.69 (s, 1H), 7.04 (s, 1H), 5.70 (q, /= 3.4 Hz, 1H),
4.27 (s, 1H), 4.10 (m, 2H), 3.94 (dd, /= 10.7, 6.7 Hz, 1H), 3.83 (ddd, J= 10.6, 7.7, 5.0 Hz,
1H), 3.72 (s, 3H), 3.09 (s, 1H), 2.61 (dt, /= 14.9, 7.4 Hz, 1H), 2.45 (ddd, /= 15.5, 5.5, 2.9
Hz, 1H), 2.17 (m, 1H), 2.04 (s, 1H), 1.25 (t, /= 7.1 Hz, 1H), 0.87 (s, 9H), 0.07 (s, 6H); 13C
NMR (100 MHz, CDCl3) 6 182.98, 171.19, 136.77, 130.74, 117.78, 79.43, 74.95, 73.84,
63.01, 51.66, 40.40, 27.67, 25.72, 23.42, 18.06, —5.66; LRMS-ESI (m/z): 451.3, [M+Na]*.

A stirred solution of AIBN (53.6 mg, 0.034 mmol) and Bu3SnH (0.26 mL, 0.98 mmol) in
toluene (12 mL) was warmed to reflux. Dropwise addition of the thiocarbamate (146 mg,
0.653 mmol) in toluene (3 mL) was carried out in three (1 mL) portions over 30 minutes.
The resulting mixture was refluxed for an additional 30 minutes. Upon completion, the
mixture was cooled and the volatiles were removed under reduced pressure. The crude
mixture was purified by column chromatography (2% EtOAc/Hexanes) to yield the TBS-
protected alcohol as a colorless oil (146.5 mg, 74%)

The diastereomeric mixture of TBS-protected alcohols was epimerized under basic
conditions. To a stirred solution of TBS-protected alcohol (135 mg, 0.446 mmol) in THF (10
mL) was added NaH (60% in oil, 26.7 mg, 0.67 mmol). The mixture was stirred at 23 °C for
8 h. The reaction was quenched with saturated NH4CI and extracted with EtOAc. The
resulting organic layer was washed with brine and purified by column chromatography (2%
EtOAc/Hexanes) to provide 10 (85 mg, 63%). [a]?°p —11.1 (c 0.18, CHCl53); 1H NMR (400
MHz, CDCl3) & 3.76 (m, 1H), 3.67 (s, 3H), 3.64 (m, 1H), 3.46 (m, 1H), 3.42 (m, 1H), 2.53
(dd, J=15.1, 7.4 Hz, 2H), 1.84 (m, 2H), 1.67 — 1.43 (m, 2H), 1.17 (dddd, J= 27.5, 23.9,
12.7, 4.2 Hz, 2H), 0.87 (d, J= 5.0 Hz, 9H), 0.86 (s, 6H); 13C NMR (100 MHz, CDCl5) &
171.7,78.4,74.1,66.7,51.4,41.4, 31.2, 27.6, 25.8, 22.9, 18.2, -5.3; HRMS-ESI (m/z) calc.
for C15H39Na0,4Si [M + Na]* 325.1811, found 325.1803.

Methyl 2-((2R, 6S)-6-ethynyltetrahydro-2H-pyran-2-yl)acetate (15)

To the solution of methyl ester 10 (168 mg, 0.49 mmol) in THF (5 mL) was added TBAF
(0.98 mL, 1 M in THF, 0.98 mmol). After being stirred at 23 °C for 15 min, it was quenched
with agueous NaHCO3 and extracted with EtOAc. The combined organic phase was washed
with brine, dried (NA,SO,4) and concentrated to provide crude alcohol which was used
directly for the next reaction.

To the solution of the above alcohol in a mixture (3:1) of CH,Cl, and DMSO (4 mL) was
added Et3N (0.68 mL, 4.88 mmol) and SO3.Py (233 mg, 1.462 mmol). After being stirred at
23 °C for 2 h, the reaction was quenched with aqueous NaHCOj3, and extracted with EtOAcC.
The combined organic phase was washed with water, brine, dried (Na,SO,4) and
concentrated. The residue was purified by column chromatography (hexane:EtOAc, 2:1) to
give an aldehyde.

To the solution of above aldehyde (61 mg, 0.33 mmol) in MeOH (4 mL) at 23 °C, was added
Bestmann Reagent (1.53 mL, 10% in CH3CN, 0.65 mmol) and K,CO3 (136 mg, 0.98
mmol). After being stirred at 23 °C for 2.5 h, the reaction was quenched with aqueous
NaHCO3 and extracted with ether. The combined organic phase was washed with water,
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brine, dried Na,SO4 and concentrated. Purifiaction of the residue by silica gel column
chromatography (hexane : EtOAc, 10:1) afforded alkyne derivative 15 (59 mg, 66% over 3-
steps). 'H-NMR (400 MHz, CDCls3) §4.14 (dt, J=11.1, 2.1 Hz, 1H), 3.82-3.76 (m, 1H),
3.67 (s, 3H), 2.64 (dd, /=157, 6.9, 1H), 2.44 (d, J= 2.1, 1H), 2.41 (dd, J=15.7, 6.3, 1H),
1.88-1.80 (m, 2H), 1.68-1.53 (m, 3H), 1.33-1.22 (m, 1H). 13C NMR (100 MHz, CDCl3) &
171.3, 83.0, 74.6, 72.4, 67.9, 51.6, 41.0, 32.0, 30.3, 22.9; HRMS-ESI (m/z) calc. for
C1oH14NaO3 [M+Na]* 205.0841, found 205.0837.

Methyl 2-((2R,6S)-6-acetyltetrahydro-2H-pyran-2-yl)acetate (16)

To the solution of alkyne 15 (58 mg, 0.32 mmol) in THF (1.5 mL) was added a solution of
HgSO4 (19 mg, 0.064 mmol) in 3 M H,SO4 (1 mL). After being stirred at 23 °C for 1.5 h,
ether was added. The reaction mixture was cooled to 0 °C and NaHCO3 powder was
carefully added. The mixture was extracted with ether and the combined extracts was
washed with aqueous NaHCOg solution, brine, dried (Na;SO,4) and concentrated.
Purification of the residue by silica gel column chromatography provided methyl ketone 16
(44 mg, 69%) as an oil. TH-NMR (400 MHz, CDCl3) §3.88-3.81 (m, 1H), 3.80 (dd, J=
11.7, 2.5 Hz, 1H), 3.69 (s, 3H), 2.61 (dd, /= 15.3, 8.0, 1H), 2.47 (dd, /= 15.1, 5.3, 1H), 2.15
(s, 3H), 1.95-1.82 (m, 2H), 1.72-1.54 (m, 2H), 1.34-1.22 (m, 2H); 13C NMR (100 MHz,
CDCl3) §209.2,171.5,82.9, 74.4,51.6, 41.2, 30.5, 27.1, 25.6, 22.9; HRMS-ESI (m/z) calc.
for C1gH1gNaO4 [M+Na]* 223.0947, found 223.0943.

Methyl 2-((2R,6S)-6-((E)-1-iodoprop-1-en-2-yl)tetrahydro-2H-pyran-2-yl)acetate (8)

To a mixture of CrCl, (258 mg, 2.1 mmol) in THF (5 mL) was added dropwise the solution
of the ketone 16 (42 mg, 0.21 mmol) and CHI3 (248 mg, 0.63 mmol) in THF (4 mL). After
being stirred at 23 °C under argon for 4 h, the mixture was quenched by water and extracted
with EtOAc. The combined organic phase was washed with water, brine, dried over
anhydrous Mg,SO, and concentrated. The residue was purified column chromatography
(hexane/EtOAcC, 40:1) to give the vinyl iodide 8 (47 mg, 69%) as colorless oil which should
be used for the next step immediately. IH NMR (400 MHz, CDCls, 298 K) & 6.08 (s, 1H),
3.83 (m, 2H), 3.70 (s, 3H), 2.61 (dd, /=16, 8 Hz, 1H), 2.47, (dd, J= 16, 8 Hz, 1H). 2.16 (s,
3H), 1.89 (m, 2H), 1.62 (m, 2H), 1.28 (m, 2H); 13C NMR (100 MHz, CDCls) § 171.0,
142.9, 88.5, 81.2, 72.6, 53.3, 31.5, 27.1, 22.5, 20.9, 14.1; LRMS-ESI (m/z): 325.4, [M+H]".

Methyl 2-((2R,6S)-6-((2E,4E,6S,8E,10S,11R,12R)-12-((tert-butyldimethylsilyl)oxy)-11-
methoxy-6,8,10-trimethyltrideca-2,4,8-trien-2-yl)tetrahydro-2H-pyran-2-yl)acetate (17)

A mixture of vinyl iodide 8 (22 mg, 0.068 mmol), boronate 7 (35 mg, 0.075 mmol),
Pd(PPh3)4 (4 mg, 0.003 mmol) and Cs,CO3 (444 mg, 1.36 mmol) in THF (4 mL) was
stirred at 55 °C under argon for 4 h. It was quenched with water, and then extracted with
ether. The combined organic phase was washed with water, brine, dried (Na,SO,4) and
concentrated. The residue was purified column chromatography (hexane/EtOAc, 30:1) to
give the TBS-protected 17 as a colorless oil (20 mg, 56%). 1H NMR (400 MHz, CDCl)
6.17 (dd, J= 14.9 Hz 11.2 Hz, 1H), 5.97 (d, /= 10.3 Hz, 1H), 5.57 (dd, J= 7.4 Hz, 15.0 Hz,
1H), 5.12 (d, /= 9.0 Hz, 1H), 3.83-3.80 (m, 2H), 3.78-3.71 (m, 1H), 3.65 (s, 3H), 3.43 (s,
3H), 2.77 (t, J=5.1Hz, 1H), 2.58-2.53 (m, 2H), 2.46-2.35 (m, 2H), 2.04-2.00 (m, 1H),
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1.90-1.82 (m, 2H), 1.71 (s, 3H), 1.65-1.60 (m, 4H) 1.57 (s, 3H), 1.11 (d, /= 6.3 Hz, 3H),
0.94 (d, J= 6.6 Hz, 3H), 0.89 (s, 9H), 0.06 (s, 6H); 13C NMR (100 MHz, CDCl3) 171.8,
140.3, 135.9, 131.4, 130.8, 124.6, 123.8, 89.7, 82.2, 74.2, 70.0, 60.7, 51.4, 47.4, 41.4, 34.9,
33.6, 30.9, 29.4, 25.8, 23.4, 20.1, 19.8, 18.0, 16.0, 15.2, 13.2, —4.6.

2-((2R,6S)-6-((S,2E,4E)-7-((2R,3R)-3-((2R,3R,4R)-4-hydroxy-3-methoxypentan-2-yl)-2-
methyloxiran-2-yl)-6-methylhepta-2,4-dien-2-yl)tetrahydro-2H-pyran-2-yl)acetic acid (5)

To a solution of compound 17 (20 mg, 0.023 mmol) in THF (2 mL) was added 1N HCl in
MeOH (0.2 mL) at 23 °C. The mixture was stirred for 1 h at the same temperature, and
concentrated. The residue was purified column chromatography (hexane : EtOAc =4:1) to
give the TBS-deprotected product (14 mg, 89%) as a colorless oil which was used for the
next step immediately.

To a solution of above deprotected product (14 mg, 0.033 mmol) and VO(acac), (2 mg,
0.007 mmol) in CH,Cl, (1 mL) was added #BuOOH (5.5 M in decane, 20 pL, 0.11 mmol)
at —78 °C. After being stirred at —15 — —20 °C for 48 h, it was quenched with Me,S and
stirred at 23 °C for 30 min. It was concentrated and used for next reaction directly. To a
solution of the above crude product in MeOH (1 mL) and water (0.2 mL) was added K,CO3
(29 mg, 0.21 mmol). After being refluxed for 2 h, it was cooled, treated with ag. NaHSO4
(0.01 M, 50 mL) and extracted with EtOAc. The combined organic phase was washed with
brine, dried (Na;SO,4) and concentrated. The residue was purified by column
chromatography (CH»Cl, : MeOH = 15 : 1) to give the acid 5 (4.1 mg, 29% for 2 steps) as a
semi solid. [a]%°p = -21.0 (¢ 0.15, MeOH); 1H NMR (400 MHz, CD30D) 6.26 (dd, /=
10.9, 15.0 Hz, 1H), 5.94 (d, /= 10.8 Hz, 1H), 5.43 (dd, J= 8.9, 15.0 Hz, 1H), 3.88-3.77 (m,
3H), 3.52 (s, 3H), 2.97 (dd, J=4.1, 6.2 Hz, 1H), 2.64 (d, /= 9.5 Hz, 1H), 2.50-2.33 (m, 3H),
1.90-1.84 (m, 2H), 1.70 (s, 3H), 1.69-1.34 (m, 6H), 1.26 (s, 3H), 1.24-1.15 (m, 2H), 1.10 (d,
J=6.4 Hz, 1H), 1.03 (d, /= 6.7 Hz, 1H), 0.81 (d, /= 6.9 Hz, 1H); HRMS-ESI (m/z) calc.
for Co4Ha9NaOg [M + Na]* 447.2723, found 447.2724.

(1R,5S)-3-oxabicyclo[3.3.1]Jnonane-2,4-dione (18)

1,3-Cyclohexanedicarboxylic acid (mixture of cis and trans; 5.00 g, 29 mmol) in acetic
anhydride (50 mL) was stirred for 10 h at 140 °C. The solvent was removed under vacuum,
and the residual white solid was dissolved in CH,Cly, filtered, and concentrated. The residue
was distilled under vacuum to afford compound 18 (2.01 g, 45%) as a white solid. 1H NMR
(400 MHz, CDCl3) 3.05 (s, 2H), 2.24 (d, J=13.6 Hz, 1H), 2.11 (d, /= 13.6 Hz, 2H),
1.85-1.71 (m, 4H), 1.53-1.45 (m, 1H); 13C NMR (100 MHz, CDCl5) 169.8, 36.3, 28.4, 27.1,
19.9.

(1S,3R)-3-acetylcyclohexane-1-carboxylic acid (19)

To a stirred solution of ZnBr; (1317 mg, 5.7 mmol) in THF (15 mL) and Et,0 (15 mL) was
added dropwise a solution of MeMgBr in THF (1.9 mL, 3 M, 5.7 mmol) at 0 °C over 5 min
under argon and left to stir at the same temperature. After 30 min, the mixture was stirred for
1 hat 23 °C, and stopped stirring, settled to precipitate for 1 h.
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To a stirred solution of [Rh(nbd)ClI], (20 mg, 0.043 mmol) and (R)-tert-butyphosphino-
oxazoline (35 mg, 0.089 mmol) in THF (8 mL) in a separate flask was added the above pre-
prepared methylzinc bromide solution (25 mL, decanted from the precipitate via syringe)
and a solution of 18 (450 mg, 2.92 mmol) in THF (8 mL) at 0 °C. The mixture was stirred at
23 °C for 30 hrs, quenched by 1 M HCI (15 ml), diluted by H,O (20 mL), extracted by Et,0
(3 x 20 mL), dried over anhydrous MgSO4, filtered and concentration. The residue was
purified over silica gel chromatography (Hexane : Ethyl acetate = 2 : 1) to give compound
19 (290 mg, 58%, 91% ee) as a colorless oil. Chiral HPLC analysis was performed using a
chiralcel OD-H column eluting with Hexane : /-PrOH =99 : 1 0.5 mL/min. [a]?°p = +3.4 (c
1.00, CH,Cl5); TH NMR (400 MHz, CDCl3) 2.40-2.33 (m, 2H), 2.28-2.09 (m, 4H),
2.08-1.90 (m, 3H), 1.52-1.13 (m, 4H); 13C NMR (100 MHz, CDCl3) 210.8, 181.2, 50.2,
42.2,29.9, 28.0, 27.7, 27.5, 24.7; HRMS-ESI (m/z) calc. for CgH14NaO3 [M +

Na]* 193.0841, found 193.0835.

1-((1S, 3R)-3-acetylcyclohexyl)-2-diazoethan-1-one (20)

To a stirred solution of 19 (60 mg, 0.35 mmol) in THF (6 mL) was added Et3N (294 pL, 2.1
mmol) and MsCI (81 pL, 1.03 mmol) at 0 °C. The mixture was stirred at the same
temperature for 30 min. A fresh prepared solution of CH,N in Et,O (excess, 6 mL) was
added to the mixture at 0 °C. The mixture was quenched by drops of acetic acid, diluted by
H,0 (8 mL), extracted by Et,O (3 x 10 mL), dried over anhydrous MgSQy, filtered and
concentration. The residue was purified over silica gel chromatography (Hexane : Ethyl
acetate : EtgN =2 : 1: 0.001) to give the corresponding diazo 20 (56 mg, 82%) as a colorless
oil which should be used for the next step immediately.

Methyl 2-((1S,3R)-3-acetylcyclohexyl)acetate (21)

To a stirred solution of diazo 20 (46 mg, 0.24 mmol) in anhydrous MeOH was added a
solution of silver benzoate (10 mg, 0.04 mmol) in dry EtgN (130 uL, 0.92 mmol) at 23 °C
under argon. The mixture was stirred for 1h and concentrated. The residue was purified over
silica gel chromatography (Hexane : Ethyl acetate = 7 : 1) to give compound 21 (23 mg,
49%) as a colorless oil. [a]?°p = -8.0 (¢ 1.00, CH,Cl,); *H NMR (400 MHz, CDCl5) 3.65
(s, 3H), 2.43-2.35 (m, 1H), 2.22 (d, J= 6.9 Hz, 2H), 2.12 (s, 3H), 1.91-1.64 (m, 5H),
1.38-0.86 (m, 4H); 13C NMR (100 MHz, CDCl5) 211.4, 173.0, 51.3, 51.0, 41.5, 34.1 34.0,
32.1, 28.0, 27.9, 25.2; HRMS-ESI (m/z) calc. for C11H14NaO3 [M + Na]* 221.1151, found
221.1148.

Methyl 2-((1S,3R)-3-((E)-1-iodoprop-1-en-2-yl)cyclohexyl)acetate (9)

To a mixture of CrCl, (61 mg, 0.5 mmol) in THF (2 mL) was added dropwise the solution of
the ketone 21 (10 mg, 0.05 mmol) and CHI3 (59 mg, 0.15 mmol) in THF (2 mL). After
being stirred at 23 °C under argon for 4 h, the mixture was quenched by water and extracted
with EtOAc. The combined organic phase was washed with water, brine, dried over
anhydrous Mg»SO4 and concentrated. The residue was purified column chromatography
(hexane/EtOAcC, 40:1) to give the vinyl iodide 9 (9 mg, 56%) as colorless oil which should
be used for the next step immediately.
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Methyl 2-((1S,3R)-3-((2E,4E,6S,8E,10S,11R,12R)-12-hydroxy-11-methoxy-6,8,10-
trimethyltrideca-2,4,8-trien-2-yl)cyclohexyl)acetate (22)

A mixture of vinyl iodide 9 (15 mg, 0.046 mmol), boronate 7 (21 mg, 0.046 mmol),
Pd(PPh3)4 (3 mg, 0.002 mmol) and Cs,CO3 (299 mg, 0.92 mmol) in THF (2 mL) was
stirred at 55 °C under argon for 4 h. It was quenched with water, and then extracted with
ether. The combined organic phase was washed with water, brine, dried (Na,SO,4) and
concentrated. The residue was purified column chromatography (hexane/EtOAc, 30:1) to
give a colorless oil (20 mg, 81%).

To a solution of above oil (15 mg, 0.028 mmol) in THF (2 mL) was added 1N HCI in MeOH
(0.2 mL) at 23 °C. The mixture was stirred for 1 h at the same temperature, and
concentrated. The residue was purified column chromatography (hexane : EtOAc =4 : 1) to
give the de-protected product 22 (7.1 mg, 61% from 9) as a colorless oil. [a]?p = -13.6 (¢
0.25, CH,Cl,); 1H NMR (800 MHz, CDCls) 6.21 (dd, /= 15.3, 10.8 Hz, 1H), 5.79 (d, /=
10.4 Hz, 1H), 5.49 (dd, J= 7.4, 15.0 Hz, 1H), 4.99 (d, J= 9.6 Hz, 1H), 3.74 (brs, 1H), 3.69
(s, 3H), 3.54 (s, 3H), 2.74-2.72 (m, 1H), 2.68-2.66 (m, 1H), 2.40 (t, /= 7.1 Hz, 1H),
2.25-2.20 (m, 2H), 2.05 (dd, J= 6.8, 13.1 Hz, 1H), 1.97-1.92 (m, 2H), 1.85-1.74 (m, 2H),
1.72 (s, 3H), 1.64 (s, 3H), 1.36-1.35 (m, 1H), 1.21 (d, J= 6.5 Hz), 1.00 (d, J= 6.9 Hz, 1H),
0.97 (d, J= 7.2 Hz, 1H); 13C NMR (125 MHz, CDCls3) 173.4, 140.9, 138.3, 133.7, 129.6,
124.6,123.1, 89.7, 67.9, 61.4, 51.4, 47.6, 46.9, 42.0, 37.9, 35.0, 34.9, 34.7, 32.7, 31.1, 26.0,
20.4,20.1, 16.5, 16.3, 14.8; HRMS-ESI (m/z) calc. for CogHa4NaO,4 [M + Na]* 443.3137,
found 443.3118.

2-((1S,3R)-3-((S,2E,4E)-7-((2R,3R)-3-((2R,3R,4R)-4-hydroxy-3-methoxypentan-2-yl)-2-
methyloxiran-2-yl)-6-methylhepta-2,4-dien-2-yl)cyclohexyl) acetic acid (6)

To a solution of the 22 (7 mg, 0.016 mmol) and VO(acac), (0.88 mg, 0.003 mmol) in
CHCl, (1 mL) was added #BuOOH (5.5 M in decane, 13.3 uL, 0.07 mmol) at —78 °C.
After being stirred at —15—-20 °C for 48 h, it was quenched with Me,S and stirred at 23 °C
for 30 min. It was concentrated and used for next reaction directly. To a solution of the
above crude product in MeOH (1 mL) and water (0.2 mL) was added KoCO3 (14.7 mg, 0.11
mmol). After being refluxed for 2 h, it was cooled, treated with aq. NaHSO,4 (0.01 M, 50
mL) and extracted with EtOAc. The combined organic phase was washed with brine, dried
(NaySOy4) and concentrated. The residue was purified by column chromatography (CH,Cl :
MeOH = 15 : 1) to give the acid 6 (2.3 mg, 32% for 2 steps) as a semi solid. [a]?%p = -6.0
(¢ 0.10, CH,Cly); 1H NMR (800 MHz, CD30D) 6.30 (dd, /= 10.2, 15.1 Hz, 1H), 5.80 (d, J
=10.6 Hz, 1H), 5.37 (dd, J= 9.0, 15.0 Hz, 1H), 3.82 (t, /= 6.3 Hz, 1H), 3.57 (s, 1H), 3.01
(dd, /=4.1, 6.3 Hz, 1H), 2.67 (d, J= 9.5 Hz, 1H), 2.46-2.42 (m, 1H), 2.25-2.18 (m, 2H),
2.00-1.93 (m, 2H), 1.87-1.75 (m, 3H), 1.72 (s, 3H), 1.71-1.68 (m, 2H), 1.55-1.51 (m, 1H),
1.42-1.38 (m, 2H), 1.30 (s, 3H), 1.20-1.17 (m, 2H), 1.13 (d, /= 6.5 Hz, 1H), 0.85 (d, /= 6.9
Hz, 1H); 13C NMR (125 MHz, CD3;0D) 175.5, 140.9, 136.8, 125.9, 123.0, 87.1, 68.5, 66.5,
61.3,60.5, 53.3, 47.0, 46.8, 41.7, 37.8, 35.0, 34.9, 32.3, 31.0, 29.3, 25.8, 21.2, 18.4, 15.3,
13.6, 9.8; HRMS-ESI (m/z) calc. for Co5H4oNaOs [M + Na]* 445.2930, found 445.2917.
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Figure 1.
Structures of pladienolide B, FR901464, spliceostatin A and herboxidiene.
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Figure 2.
Impact of herboxidiene derivatives on /n vitro splicing. A. Quantification of normalized

splicing efficiency vs. inhibitor concentration for /in vitro splicing reactions. B. Native gel
analysis of spliceosome assembly. The first five lanes show a time course of splicing
reactions in 1% DMSQO using a radiolabeled pre-mRNA substrate which were separated
under native conditions. The following lanes show 30 minute time points of splicing
reactions incubated with the indicated compound concentration. The identity of splicing
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complexes is denoted with assembly occurring in the following order: HHE — A — B —
C.
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Scheme 1.

Synthetic strategies of desmethyl and carba-derivatives of herboxidiene.
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Scheme 2.

Reagents and conditions: (a) Hp, 10% Pd-C, EtOAc, 23 °C, 3 h (64%); (b)
(thiocarbonyl)diimidazole, PhMe, 115 °C, 1 h (96%); (c) nBusSnH, AIBN, PhMe, 115 °C 1
h (74%); (d) NaH, THF, 23 °C, 6 h (63%); (€) nBusN*F~, THF, 23 °C, 30 min; (f) SO3.Py,
CH,Cl,, DMSO, 23 °C, 2 h; (g) MeCO(N,)P(O)Mes, KoCO3, MeOH, 23 °C, 2.5 h (67%
from 10); (h) HgSQO4, 3M H,S0, solution 23 °C, 1.5 h (69%); (i) CrCl,, CHI3, THF, 23 °C,
4 h (69%).
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MeO~ ~O Me Me Me OTBS

Scheme 3.

Reagents and conditions: (a) Pd (PPh3)4 (5 mol %), CsoCOs3, THF, 55 °C, 5 h (56%); (b) 1 N
HCI in MeOH, 23 °C, 45 min; (c) VO(acac),, £BuOOH, -15 °C, 48 h; (d) K,CO3, MeOH,
23 °C (26% from 17).
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Scheme 4.

Reagents and conditions: (a) Ac,0, 140 °C, 10 h, (45%); (b) [Rh(nbd)Cl],, (R)-£Bu-Phos,
ZnBry, MeMgBr, THF (58%); (c) CH3SO,Cl, Et3N, 0 °C, 30 min; (d) CH,N,, Et,0, 0 °C,
30 min (82% for 2-steps); (¢) Ag(PhCO»), Et3N, 23 °C, 1 h (49%); (f) CrCly, CHI3, THF,
23 °C, 4 h (56%).
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Scheme 5.

Reagents and conditions: (a) Pd(PPhs)4 (5 mol %), Cs,COg3, THF, 55 °C, 4 h (81%); (b) 1N
HCI in MeOH, 23 °C, 1 h (61% for 2-steps); (c) VO(acac),, #BuOOH, CH,Cl,, -20 °C, 48
h; (d) K,CO3, MeOH, 23 °C, 2 h (32% for 2-steps).
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Scheme 6.

Reagents and conditions: (a) [Rh(nbd)Cl],, S)-£Bu-Phos, ZnBr,, MeMgBr, THF (48%); (b)
CH3S0,Cl, Et3N, 0 °C, 30 min; (c) CH,N,, Et,0, 0 °C, 30 min (78% for 2-steps); (d)
Ag(PhCOy), Et3N, 23 °C, 1 h (59%) ; (e) CrCl,, CHI3, THF, 23 °C, 4 h (44%); (f) boronate
7, Pd(PPhz)4 (5 mol %), Cs,CO3, THF, 55 °C, 4 h (72%); (g) 1 N HCI in MeOH, 23 °C, 1 h
(87%); (h) VO(acac),, £BuOOH, CH,Cl,, —20 °C, 48 h; (i) KoCO3, MeOH, 23 °C, 2 h
(40% for 2-steps)
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