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We describe an efficient synthesis- of the 1,6-dioxaspiro[4.4]nonan-2-one motif of the
immunosuppressive triterpenoid  Phainanoid F and its C4 epimer. A furan oxidative
spirocyclization for constructing the spiro center was used as the key step. Other important
reactions involved Sharpless asymmetric dihydroxylation, Weinreb ketone synthesis and
Yamaguchi esterfication. The synthesis was achieved in 11 linear steps with 17.3% overall yield.
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Phainanoids A-F, endowed with two unprecedented motifs of 4,5- and 5,5-spirocyclic systems, were isolated from Phyllanthus
hainanensis by Yue and co-workers (Figure 1)." They have been found to exhibit remarkable immunosuppressive activities, among
which the most potent one, Phainanoid F, inhibit the proliferation of T cells with an ICs, of 2.04 £ 0.01 nM and B cells with ICs, of
< 1.60 £ 0.01 nM. The intriguing chemical structures have attracted some synthetic chemists and a study towards the western part of
molecule, 4,5-spirocyclic motif, has been achieved by Dong group recently. >

More recently, a series of congeners of Phainanoids A-F which also bearing a highly oxygenated 5,5-spirocyclic ketal lactone
motif were reported by Yue’s group.® A preliminary structure-activity relationship analysis showed that the substituent groups in the
5,5-spirocyclic motif and the configuration of the spiro-ring appeared crucial to the biological activity."* As an intriguing structural
unit present in variety of other bioactive natural products and *°, construction of such a skeleton is vital for further biological
evaluation. Some flexible and asymmetric synthetic methods have been reported.” Herein, we describe our synthetic efforts towards the
eastern part of the molecule, 5,5-spirocyclic motif of Phainanoid F.

The retrosynthetic analysis is illustrated in Scheme 1. We envisaged that the spiroketal lactone 2 could serve as the precusor of
compound 1 through Yamaguchi esterfication and following hydrogenation. The spiro center in 2 could be established by oxidative
spiroketalization of furan derivative 3, utilizing m-CPBA and pyridinium dichromate (PDC).*® The Weinreb ketone synthesis was
used to install the furan group and the known compound S was prepared by Sharpless asymmetric dihydroxylation of 6 according to

. 10
previous procedures.
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Figure 1. Structures of Phainanoids A-F

Our synthesis commenced with the preparation of the Weinreb ketone synthesis precursor 8 (Scheme 2). Treatment of
commercially available acyl chloride 7 with methoxymethylamine and pyridine afforded 6,'' which was then subjected to Sharpless
asymmetric dihydroxylation to gave (S)-5 with 89% ee value.'” The ee value of diol 5 was determined by formation of the
corresponding Mosher’s ester followed by quantification of NMR spectroscopy. After protected with ketal group to furnish 8,

Weinreb ketone synthesis was applied to construct the furan derivative 4 in 76% yield (four steps).
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Scheme 1. Retrosynthetic analysis of 1
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Scheme 2. Synthesis of Intermediate 4

Attempts to reduce compound 4 using L-selectride reported by Hidenori and co-workers' failed to get the desired configuration
(9 and 10 as a 1:3 diastereomeric mixture) due to the steric effect of methyl group. Unfortunately, the Corey-Bakshi-Shibata
reduction got compound 10 as the major product whether the (S)-CBS or (R)-CBS were used. We also used the sterically hindered
reductant such as L-selectride but failed again. Finally we chose NaBH, although there’s no stereoselectivity and got 1:1
diastereomeric mixture. (Table 1) Separation of the mixture was realized on column chromatography (Petroleum: EtOAc, 8:1 v/v),
in 48% and 47% yield respectively and the configurations of 9 and 10 were elucidated through NOSEY cross peak shown in energy
minimized structures in Figure 2 and further supported by the NOSEY results of compound 2 and 14. The secondary hydroxyl
group of compound 9 was then protected as'its benzyl ether 11 and subsequent hydrolyzation with 1N HCI solution in THF afforded

3 as the precusor of oxidative spirocyclization.

reductant solvent  temp([])  9/10 ratio

NaBH, MeOH 0 1:1
NaBH./CeCl; * H,O MeOH 0 1:3
L-selectride THF 0 1:3
(S)-CBS, BH; * Me,S THF -78 1:2
(S)-CBS; BH; * Me,S THF 0 1:10
(R)-CBS, BH; * Me,S THF -78 1:20
(R)-CBS; BH; * Me,S THF 0 1:99

Table 1. Reduction conditions and results

With 3 in hand, the stage was set for a furan oxidative spirocyclization with m-CPBA to afford highly unstable lactol intermediate
12 and 13 (Scheme 4), followed by oxidation with PDC in DMF gave y-spiroketal y-lacton 2 and 14 as a 10:1 mixture, which was
easily separated via column chromatography. Fortunately, the conformation of the major compound 2 was consistent with our
desired isomer. Results of 1D and 2D NMR experiments also supported the assignment of the structure and stereochemistry. Owing

to the difficulties encountered in esterfication of the hindered tertiary alcohol 2, a variety of conditions were used to access the ester
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but all failed. Fortunately, Yamaguchi conditions worked well and enabled smooth esterfication of tertiary alcohol with highly
oxygenated carboxylic acid 15' to afford 16 and 17." Hydrogenation using Pd(OH),/C and H, allowed the debenzylation and
reduction of the double bond simultaneously, affording the desired product 1 and its C4 epimer 18. The structure and
stereochemistry was confirmed with the results of NMR (IH, 13C, 2D-COSY, 2D-HSQC, 2D-HMBC) and the key NOSEY

correlations in 1 and 18 are shown in Figure 3.
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Scheme 3. Synthesis of Intermediate 3

compound 10

Figure 2. Energy-minimum structure and NOSEY interactions for compound 9 and 10
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Scheme 4. Synthesis of compound 1 and its C4 epimer 18
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Figure 3. Key NOSEY correlation in compound 1 and 18

In summary, we developed an efficient synthesis of the 1,6-dioxaspiro[4.4]nonan-2-one motif of Phainanoid F, employing a furan
oxidative spirocyclization as the key step, with 11 linear steps and 17.3% overall yield. However the stereoselectivity of reduction
remains to be improved. Further medicinal chemistry derivatization and biological evalution of these simple spirocyclic lactones

against the proliferation of T cell and B cell are still ongoing and will be reported in due course.
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Supplementary data

Supplementary data (experimental precedure,characterization data, and 'H and "C NMR spectra for all new compounds) can be

found in the online version.
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Highlights

® An efficient synthesis of the 1,6-dioxaspiro[4.4]nonan-2-one motif of the immunosuppressive
triterpenoid Phainanoid F

e A furan oxidative spirocyclization for constructing the spiro center was used as the key step.

e The synthesis was achieved in 11 linear steps with 17.3% overall yield.



