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Supplementary Figure 1. The 2Fo-Fc difference electron density map. The 2Fo-Fc 

difference electron density map (blue grid contoured at 1 sigma) was derived from refinement 

of the molecular replacement solution of the structure prior to the addition of compound 5. 

Compound 5 is shown with carbons in blue and the Cɑ atoms of proteins are represented as a 

grey cartoon for CRBN and green for IZKF2. The electron density map is shown for one of the 

4 molecules in the asymmetric unit and the density map is of similar quality for each of the 4 

copies. Figure generated with Pymol. 
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Supplementary Figure 2. 2Fo-Fc electron density around chains A (pink), B (yellow), and J 

(orange) contoured at 1 sigma.  Figure generated with Coot version 0.9.8.95.  
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Supplementary Figure 3. Crystallization, X-ray data collection, and refinement statistics 

for compound 5. 
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Supplementary Figure 4. FACS Gating strategy. a Gating strategy for evaluating IKZF2 

degradation in Jurkat cells as presented in Figure 4a of the manuscript. b Gating strategy for 

evaluating IKZF2 and IKZF1 degradation in human Tregs (CD4+/CD25+/FoxP3+) as 

presented in the Figure 4b (IKZF2) and supplementary Figure 4 (IKZF1) of the manuscript. c 

Gating strategy for evaluating proliferating effector T-cells (CD8+) as presented in the Figure 

4c on the manuscript. 
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Supplementary Figure 5. Effect of PVTX-405 and DKY709 on IKZF1 in primary human 

Tregs ex vivo. Data presented as mean  SD, with n = 2 biological replicates for each 

concentration. Source data are provided as a Source Data file. 
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Supplementary Figure 6. IKZF2 degradation induced by PVTX-405 in the spleen and 

thymus tissues of CrbnI391V
 Mice. a Single oral administration of PVTX-405 at 10 mg/kg 

and 6, 24 h time-points; b Single oral administration of PVTX-405 at 30 mg/kg and 6, 12, 24 

h time-points; c Single oral administration of PVTX-405 at 100 mg/kg and 6, 24 h time-

points. Representative blots from two independent experiments. The samples derive from the 

same experiment and that gels/blots were processed in parallel. Source data are provided in 

the Source Data file.  
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Supplementary Methods 

General chemistry. Unless otherwise noted, all commercial materials were used as received. 

NMR spectra were recorded on a Bruker AscendTM 400 MHz spectrometer and calibrated using 

residual solvent peaks as internal references. In reported spectral data, the format (δ) chemical 

shift (multiplicity, J values in Hz, integration) was used with the following abbreviations: s = 

singlet, d = doublet, t = triplet, q = quartet, hept = heptet, dd = doublet of doublets, and m = 

multiplet. Low resolution mass spectrometric (MS) analysis was carried out with a Waters 

UPLC ACQUITY QDa mass spectrometer. High resolution mass experiments were operated 

on an AB SCIEX 6600 QTOF LC/MS instrument with ESI ionization. Flash column 

chromatography was performed by Teledyne CombiFlash RF+ using RediSep Rf silica gel 

flash column. The final compounds were all purified by a C18 reverse phase preparative HPLC 

column (SunFireTM Prep C18 OBDTM 5 µm, 50×100 mm) with solvent A (0.1% TFA in H2O) 

and solvent B (0.1% TFA in MeCN) as eluents at 60 mL/min flow rate. The purity of all the 

final compounds was measured and confirmed to be >95% by UPLC-MS or UPLC analysis 

(10−100% MeCN in H2O containing 0.1% formic acid or TFA) with a C18 column (ACQUITY 

UPLC BEH C18 1.7 µm, 2.1 × 50 mm). 
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General synthetic procedures and characterization of compounds 5-10 and 13-15 

  

Reagents and conditions: (a) DMF, 100 oC; (b) NaBH4, EtOH, reflux; (c) DMAP, Et3N, ethanesulfonyl chloride, 

DCM; (d) NIS, trifluoromethanesulfonic acid; (e) NaOH, DMA, Cu2O; (f)  DIAD, PPh3, THF, rt; (g) K2CO3, DMF, 

70 oC; (h) n-Bu3SnH, AIBN, toluene, reflux; (i) α-chloroethyl chloroformate, DCE, 0 oC to reflux, then MeOH, 

reflux; (j) THF, Boc2O, Et3N, rt; (k) NaOH, rt; (l) MnO2, DCM, rt; (m) 3-aminopiperidine-2,6-dione, NaBH3CN, 

AcONa, AcOH, MeOH/DCM; (n) HATU, DIPEA, DMF; (o) TFA, DCM; (p) RCHO, NaBH(Oac)3, DMF, rt. 

Synthesis of 3-(1'-benzyl-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-

3,4'-piperidin]-7-yl)piperidine-2,6-dione (5). To a solution of pyridin-4-ylmethanol (18a, 

100 g, 916 mmol, 1.0 eq.) in DMF (400 mL) was added BnBr (17, 172 g, 1.0 mol, 1.1 eq.). The 

mixture was stirred at 100 ℃ for 3 h. TLC showed that no starting material remained, and a 

new spot formed. The reaction mixture was dissolved in EtOH (1500 mL), then 45 g of NaBH4 

(1.19 mol, 1.3 eq.) was added into portion wise at 0 °C. The mixture was kept stirring at 0 °C 

for 1 h and then reflux for 2 h. The solvent was evaporated under reduced pressure, then water 
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was added, and the mixture was extracted with ethyl acetate. The combined organic phases 

were dried over Na2SO4 and evaporated under reduced pressure. The residue was purified by 

silica gel column chromatograph (DCM:MeOH = 100:0-30:1) to afford (1-benzyl-1,2,3,6-

tetrahydropyridin-4-yl)methanol as a viscous oil (19a, 107 g, 80% yield). LC/MS [M + H]+ 

204.14; 1H NMR (400 MHz, CDCl3): 7.25-7.41 (m, 5H), 5.59-5.66 (m, 1H), 4.01 (s, 2H), 3.60 

(s, 2H), 2.95-3.02 (m, 2H), 2.61 (t, J = 5.8 Hz, 2H), 2.36 (s,br, 1H), 2.10-2.21 (m, 2H).  

To a solution of 5-bromo-3H-isobenzofuran-1-one (20, 100 g, 1 eq.) in 

trifluoromethanesulfonic acid (1000 g, 10 eq) was added NIS (125 g, 1.2 eq.) in portions at 

0 °C. After that, the mixture was warmed to room temperature and stirred overnight. TLC 

showed that no starting material remained, and two new spots formed. The reaction mixture 

was poured into ice-water and yellow solid was precipitated. The resulting mixture was filtered, 

and the filter cake was washed with ice cold water and dried to give a light yellow solid (100 

g, yield 62%), which is a mixture of product 5-bromo-4-iodoisobenzofuran-1(3H)-one (21, 

major product, top spot on TLC) and by-product 5-bromo-6-iodoisobenzofuran-1(3H)-one 

(minor product, bottom spot on TLC). The crude product was directly used in the next step. 

Compound 21: LC/MS [M + H]+ 337.84; 1H NMR (400 MHz, CDCl3): 7.83 (d, J = 8.0 Hz, 

1H), 7.77 (d, J = 8.0 Hz, 1H), 5.10 (s, 2H). 

To a mixture of 21 (100 g, 1 eq.), sodium hydroxide (57.5 g, 5 eq.) in water (1000 mL, 

1.5 M) and N,N-dimethylacetamide (600 mL) was added cuprous oxide (8.5 g, 0.2 eq.). The 

reaction mixture was heated at 80 °C and stirred for 12 h. TLC showed that compound 21 was 

completely consumed. Then the reaction mixture was poured into water (1000 mL), treated 

with solid K2CO3 until pH 8–9, and extracted with EtOAc. The aqueous layer was neutralized 

with 1 N hydrochloride solution and extracted with EtOAc. The combined organic layers were 

washed with brine, dried over Na2SO4 and concentrated under reduced pressure. The crude 

product was purified by silica gel column chromatography to give 5-bromo-4-
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hydroxyisobenzofuran-1(3H)-one (22) as a yellow solid (42 g, 39% yield). LC/MS [M + H]+ 

228.94; 1H NMR (400 MHz, DMSO-d6) δ 10.89 (s, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.23 (d, J = 

8.0 Hz, 1H), 5.34 (s, 2H). 

To a solution of 22 (20 g, 1.0 eq.) in 200 mL of THF was added (1-benzyl-1,2,3,6-

tetrahydropyridin-4-yl)methanol  (19a, 23.1 g, 1.3 eq.) and PPh3 (34.4 g, 1.55 eq.). The mixture 

was cooled to 0°C and DIAD (27.1 mL, 1.55 eq.) was added dropwise, after which the resulting 

mixture was stirred at rt overnight. Then the solvent was removed at reduced pressure and the 

crude product was purified by silica gel column chromatography using 0-100% EtOAc/hexane 

as the eluting solvent. The desired product 4-((1-benzyl-1,2,3,6-tetrahydropyridin-4-

yl)methoxy)-5-bromoisobenzofuran-1(3H)-one (24a) was obtained as a yellow foam (17.7 g, 

yield 49%). LC/MS [M + H]+ 414.0. 

To a solution of 24a (14.8 g, 35.7 mmol, 1.0 eq.) in toluene (150 mL) was added n-

Bu3SnH (41.6 g, 142.9 mmol, 4.0 eq.) and AIBN (0.6 g, 3.57 mmol, 0.1 eq.). The mixture was 

heated at reflux and kept stirring overnight. TLC (PE:EA = 1:1) showed that no starting material 

remained, and new spots formed. The reaction mixture was cooled to rt, poured into saturated 

aq. KF solution (100 mL), and then stirred overnight. The resulting mixture was extracted with 

EtOAc, and the combined organic layers were washed with brine and dried over Na2SO4. The 

crude product was purified by silica gel column chromatography (DCM:MeOH = 50:1) to give 

1'-benzyl-2H-spiro[benzo[2,1-b:3,4-c']difuran-3,4'-piperidin]-6(8H)-one (25a) as a white solid 

(7.1 g, 60% yield). LC/MS [M + H]+ 336.15. 

To a solution of 25a (10 g, 29.8 mmol, 1.0 eq.) in DCE (100 mL) was added α-

chloroethyl chloroformate (1.0 eq.) at 0 °C. The mixture was heated at reflux for 1 h. Then the 

mixture was concentrated under reduced pressure. The residue was dissolved in MeOH and 

heated at reflux for few hours. The solvent was evaporated in vacuo to give a crude product 

2H-spiro[benzo[2,1-b:3,4-c']difuran-3,4'-piperidin]-6(8H)-one. The resulting crude mixture 
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was dissolved in THF (100 mL), and then 4.5 g of triethylamine (44.7 mmol, 1.5 eq.) and 

Boc2O (38.7 mmol, 1.3 eq.) was added. The mixture was stirred at rt for 3 h, after which the 

solvent was evaporated under reduced pressure. Then water was added, and the mixture was 

extracted with EtOAc. The combined organic layers were washed with brine, dried over 

Na2SO4 and concentrated under reduced pressure. The residue was purified by silica gel flash 

chromatograph to give product tert-butyl 6-oxo-6,8-dihydro-2H-spiro[benzo[2,1-b:3,4-

c']difuran-3,4'-piperidine]-1'-carboxylate (26a, 6.0 g, 60% yield). LC/MS [M + H]+ 346.16. 

To a solution of 26a (15 g, 1 eq.) in THF (100 mL) and water (100 mL) was added 

NaOH (8.7 g, 5 eq). The mixture was stirred at 20 °C for 16 h. TLC (ethyl acetate: hexane = 

1:1) showed that the reaction was complete. The mixture was adjusted to pH = 5-6 with aq. 

HCl (1 M) and extracted with EtOAc. The combined organic layers were washed with brine, 

dried over Na2SO4 and concentrated under reduced pressure. The crude product 1'-(tert-

butoxycarbonyl)-7-(hydroxymethyl)-2H-spiro[benzofuran-3,4'-piperidine]-6-carboxylic acid 

was directly used in the next step. LC/MS (ESI) m/z: 364.17. The crude product (15 g, crude, 

1 eq.) was dissolved in DCM (300 mL) and then MnO2 (20 eq.) was added. The mixture was 

stirred at 20 °C for 1 h. TLC showed that the reaction was complete. The reaction mixture was 

diluted with DCM and filtered through a pad of Celite. The filtrate was concentrated in vacuum 

and the crude product was purified by silica gel column chromatography (DCM: MeOH = 10:1) 

to give product tert-butyl 8-hydroxy-6-oxo-6,8-dihydro-2H-spiro[benzo[2,1-b:3,4-c']difuran-

3,4'-piperidine]-1'-carboxylate (27a) as a yellow solid (8 g, 60% yield). LC/MS [M + H]+ 

362.15. 

To a mixture of 27a (3 g, 1.0 eq.) in MeOH (20 mL) and DCM (20 mL) was added 3-

aminopiperidine-2,6-dione (4.0 g, 3 eq., TFA salt), AcONa (3.08 g, 6.0 eq.) and AcOH (5.1 mL, 

10.0 eq.). The mixture was stirred at 25 °C for 2 h, then NaBH3CN (1.57 g, 3.0 eq.) was added, 

and the mixture was stirred for another 30 min. LC-MS showed that the reaction was complete. 



 12 

Next, the reaction mixture was quenched with water and concentrated under reduced pressure. 

The  residue was suspended in MeCN/H2O (1:1, 30 mL) and the mixture was stirred at 0-5 oC 

overnight.  The mixture was filtered, and the filter cake was washed with MeCN/H2O (1:1) and 

dried to afford the crude intermediate 1'-(tert-butoxycarbonyl)-7-(((2,6-dioxopiperidin-3-

yl)amino)methyl)-2H-spiro[benzofuran-3,4'-piperidine]-6-carboxylic acid as a solid (900 mg, 

60% yield). LC/MS (ESI) m/z: 474.22. To a solution of the resulting crude intermediate (900 

mg 1.0 equiv) in DMF (15 mL) was added HATU (795 mg, 1.1 equiv) and DIPEA (0.72 mL, 

3.0 equiv). The reaction was stirred at rt for 30 min. LC-MS indicated a new main peak with 

desired MS formed. Then the reaction was quenched with water, and the mixture was extracted 

with EtOAc, washed with brine, and dried over Na2SO4. The product tert-butyl 7-(2,6-

dioxopiperidin-3-yl)-6-oxo-7,8-dihydro-2H,6H-spiro[furo[2,3-e]isoindole-3,4'-piperidine]-1'-

carboxylate (28a) was obtained as a brown solid (675 mg, 75% yield). LC/MS [M + H]+ 456.21. 

1H NMR (400 MHz, Chloroform-d) δ 8.00 (s, 1H), 7.50 (d, J = 7.7 Hz, 1H), 7.28 (s, 1H), 5.23 

(dd, J = 13.3, 5.1 Hz, 1H), 4.55 (d, J = 1.4 Hz, 2H), 4.46 (d, J = 16.0 Hz, 1H), 4.32 (d, J = 16.0 

Hz, 1H), 4.15 (s, 2H), 3.01 – 2.77 (m, 4H), 2.38 (dd, J = 13.1, 5.0 Hz, 1H), 2.29 – 2.17 (m, 1H), 

1.92 (t, J = 12.5 Hz, 2H), 1.83 – 1.72 (m, 2H), 1.52 (s, 9H). 

28a was treated with TFA in DCM at room temperature to de-protect the N-Boc group 

to provide product 3-(6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-

yl)piperidine-2,6-dione (29a) as a white solid. UPLC-MS [M + H]+ 356.15; 1H NMR (400 

MHz, DMSO-d6) δ 10.97 (s, 1H), 9.27 (s, 2H), 7.38 – 7.22 (m, 2H), 5.09 (dd, J = 13.3, 5.1 Hz, 

1H), 4.71 – 4.59 (m, 2H), 4.39 (d, J = 17.2 Hz, 1H), 4.23 (d, J = 17.2 Hz, 1H), 3.33 – 3.25 (m, 

2H), 3.07 – 2.84 (m, 3H), 2.64 – 2.54 (m, 1H), 2.48 – 2.35 (m, 1H), 2.26 – 2.13 (m, 2H), 2.03 

– 1.93 (m, 1H), 1.92 – 1.79 (m, 2H); 13C NMR (101 MHz, DMSO) δ 172.86, 170.94, 167.66, 

153.45, 137.81, 133.46, 122.87, 122.58, 115.94, 80.68, 51.70, 44.48, 43.15, 40.59, 31.83, 31.20, 

22.34; HRMS (ESI) m/z calcd. For C19H22N3O4 [M + H]+ 356.1610, found 356.1622. 
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To a solution of 29a (37 mg, 1.0 eq.) and benzaldehyde (10.4 µL, 1.3 eq.) in DMF (3 

mL) was added NaBH(OAc)3 (68 mg, 4.0 eq.) in two potions. The reaction was stirred 

overnight and then quenched with water (2 mL). The mixture was directly purified by pre-

HPLC (MeCN/H2O = 20-100% in 80 min, 60 mL/min) to give the final compound 3-(1'-

benzyl-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-yl)piperidine-

2,6-dione (5) as a white solid (40 mg, 91% yield). UPLC-MS [M + H]+ 446.30; 1H NMR (400 

MHz, Methanol-d4) δ 7.62 – 7.49 (m, 5H), 7.41 (d, J = 7.7 Hz, 1H), 7.31 (d, J = 7.7 Hz, 1H), 

5.13 (dd, J = 13.3, 5.1 Hz, 1H), 4.76 – 4.62 (m, 2H), 4.51 – 4.34 (m, 4H), 3.64 – 3.47 (m, 2H), 

3.25 – 3.13 (m, 2H), 2.96 – 2.83 (m, 1H), 2.82 – 2.73 (m, 1H), 2.57 – 2.44 (m, 1H), 2.31 – 2.11 

(m, 3H), 2.11 – 2.01 (m, 2H); 13C NMR (101 MHz, MeOD) δ 174.60, 172.21, 170.96, 155.31, 

138.48, 134.84, 132.35, 131.32, 130.41, 130.31, 124.48, 124.10, 117.50, 81.73, 61.85, 53.80, 

50.87, 46.26, 44.67, 34.14, 32.35, 23.95; HRMS (ESI) m/z calcd. For C26H28N3O4 [M + H]+ 

446.2080, found 446.2069. 

Synthesis of 3-(4-benzyl-6'-oxo-6',8'-dihydro-2'H,7'H-spiro[cyclohexane-1,3'-

furo[2,3-e]isoindol]-7'-yl)piperidine-2,6-dione (6). Compound 6 was prepared using a 

similar procedure for synthesizing compound 5 from intermediate 22 and (4-benzylcyclohex-

1-en-1-yl)methanol. LC-MS (ESI): mass calced for: C27H28N2O4 444.53; m/z found, 445.1 

[M+H]+. 1H NMR (400 MHz, DMSO-d6) δ 10.96 (s, 1H), 7.37 (ddd, J = 65.6, 21.5, 7.5 Hz, 

4H), 7.22 – 7.07 (m, 3H), 5.21 – 5.00 (m, 1H), 4.63 – 3.84 (m, 4H), 3.17 (s, 1H), 2.90 (t, J = 

13.1 Hz, 1H), 2.82 – 2.72 (m, 1H), 2.58 (d, J = 20.3 Hz, 2H), 2.42 (d, J = 18.5 Hz, 1H), 2.28 

(s, 1H), 1.99 (s, 1H), 1.91 – 1.75 (m, 1H), 1.74 – 1.38 (m, 5H), 1.31 (s, 1H), 1.09 (d, J = 10.7 

Hz, 1H). 

Synthesis of 3-(6'-oxo-4-phenoxy-6',8'-dihydro-2'H,7'H-spiro[cyclohexane-1,3'-

furo[2,3-e]isoindol]-7'-yl)piperidine-2,6-dione (7). Compound 7 was prepared using a 

similar procedure for synthesizing compound 5 from intermediate 22 and (4-phenoxycyclohex-
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1-en-1-yl)methanol. LC-MS (ESI): mass calced for: C26H26N2O5 446.50; m/z found, 447.2 

[M+H]+. 1H NMR (400 MHz, DMSO-d6) δ 10.97 (s, 1H), 7.68 – 7.16 (m, 4H), 7.13 – 6.81 (m, 

3H), 5.79 (s, 1H), 5.33 (s, 1H), 5.08 (d, J = 13.6 Hz, 1H), 4.89 (s, 1H), 4.61 (t, J = 18.1 Hz, 

1H), 4.53 – 4.11 (m, 3H), 3.94 (dd, J = 25.1, 14.8 Hz, 1H), 3.37 (s, 1H), 2.98 – 2.88 (m, 1H), 

2.74 (d, J = 12.9 Hz, 1H), 2.67 (s, 1H), 2.61 (s, 1H), 2.43 (d, J = 14.0 Hz, 1H), 2.08 (s, 1H), 

2.00 – 1.89 (m, 2H), 1.77 (d, J = 15.1 Hz, 1H), 1.65 – 1.38 (m, 2H), 1.18 – 0.83 (m, 1H). 

Synthesis of 3-(1'-benzyl-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-

3,3'-pyrrolidin]-7-yl)piperidine-2,6-dione (8). Compound 8 was prepared using a similar 

procedure for synthesizing compound 5 from intermediate 22 and (1-benzyl-2,5-dihydro-1H-

pyrrol-3-yl)methanol. LC-MS (ESI): mass calcd. for C25H25N3O4, 431.18; m/z found, 432.2 

[M+H]+. 1H NMR (400 MHz, DMSO-d6) δ 10.79 (s, 1H), 8.13 (s, 1H), 7.46 - 7.32 (m, 7H), 

5.11 - 5.06 (m, 1H), 4.60 - 4.58 (m, 2H), 4.38 (dd, J = 17.2, 4.6 Hz, 1H), 4.23 (d, J = 17.2 Hz, 

1H), 3.65 (s, 2H), 3.03 - 2.65 (m, 3H), 2.64 - 2.52 (m, 2H), 2.49 - 2.35 (m, 2H), 2.17 (s, 2H), 

2.02 - 1.93 (m, 1H). 

Synthesis of 3-(1-benzyl-6'-oxo-6',8'-dihydro-2'H,7'H-spiro[azepane-4,3'-

furo[2,3-e]isoindol]-7'-yl)piperidine-2,6-dione (9). Compound 9 was prepared using a 

similar procedure for synthesizing compound 5 from intermediate 22 and (1-benzyl-2,3,6,7-

tetrahydro-1H-azepin-4-yl)methanol. LC-MS (ESI): mass calcd. for C27H29N3O4, 459.21; m/z 

found, 460.4 [M+H]+. 1H NMR (400 MHz, DMSO-d6) δ 10.99 (d, J = 21.7 Hz, 1H), 8.14 (s, 

1H), 7.62 (d, J = 7.2 Hz, 1H), 7.58 – 7.12 (m, 6H), 5.09 (t, J = 13.4 Hz, 1H), 4.69 (s,1H), 4.47 

– 4.22 (m, 2H), 4.15 (t, J = 12.4 Hz, 1H), 3.96 (s, 1H), 3.75 (d, J = 49.5 Hz, 2H), 3.47 (d, J = 

31.5 Hz, 1H), 3.31 – 3.18 (m, 2H), 2.91 (dd, J = 21.0, 9.2 Hz, 1H), 2.63 (dd, J = 39.5, 22.9 Hz, 

2H), 2.33 (d, J = 9.2 Hz, 2H), 1.98 (dt, J = 112.6, 46.6 Hz, 5H). 

Synthesis of 3-(1-benzyl-7'-oxo-2',3',7',9'-tetrahydro-8'H-spiro[piperidine-4,4'-

pyrano[2,3-e]isoindol]-8'-yl)piperidine-2,6-dione (10). Compound 10 was prepared using a 
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similar procedure for synthesizing compound 5 from intermediate 22 and 2-(1-benzyl-1,2,3,6-

tetrahydropyridin-4-yl)ethan-1-ol. UPLC-MS [M + H]+ 460.32; 1H NMR (400 MHz, 

Methanol-d4) δ 7.62 – 7.50 (m, 5H), 7.48 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 5.11 

(dd, J = 13.3, 5.1 Hz, 1H), 4.48 – 4.33 (m, 4H), 4.33 – 4.24 (m, 2H), 3.53 – 3.41 (m, 2H), 3.39 

– 3.32 (m, 2H), 2.95 – 2.83 (m, 1H), 2.82 – 2.73 (m, 1H), 2.56 – 2.31 (m, 3H), 2.27 – 2.11 (m, 

3H), 2.00 – 1.89 (m, 2H); 13C NMR (101 MHz, MeOD) δ 174.63, 172.22, 171.26, 151.37, 

133.46, 132.89, 132.35, 131.67, 131.37, 130.46, 130.41, 128.33, 116.37, 63.86, 61.84, 53.77, 

49.50, 46.89, 35.83, 33.06, 32.36, 30.33, 24.05; HRMS (ESI) m/z calcd. For C27H30N3O4 [M + 

H]+ 460.2236, found 460.2257. 

Synthesis of 3-(1'-(cyclohexylmethyl)-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-

e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (13). Compound 13 was prepared 

using a similar procedure for synthesizing compound 5. UPLC-MS [M + H]+ 452.36; 1H NMR 

(400 MHz, Methanol-d4) δ 7.43 (d, J = 7.7 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 5.14 (dd, J = 13.3, 

5.2 Hz, 1H), 4.73 – 4.65 (m, 2H), 4.51 – 4.36 (m, 2H), 3.70 – 3.62 (m, 2H), 3.17 – 3.06 (m, 

2H), 3.03 (d, J = 6.8 Hz, 2H), 2.96 – 2.84 (m, 1H), 2.82 – 2.73 (m, 1H), 2.57 – 2.43 (m, 1H), 

2.38 – 2.26 (m, 2H), 2.21 – 2.13 (m, 1H), 2.11 – 2.01 (m, 2H), 1.90 – 1.69 (m, 6H), 1.41 – 1.23 

(m, 3H), 1.17 – 1.01 (m, 2H); 13C NMR (101 MHz, MeOD) δ 174.59, 172.21, 170.94, 155.30, 

138.59, 134.81, 124.46, 124.13, 117.50, 81.82, 64.55, 53.80, 51.70, 46.27, 44.61, 34.05, 34.01, 

32.35, 31.72, 26.89, 26.46, 23.95; HRMS (ESI) m/z calcd. For C26H34N3O4 [M + H]+ 452.2549, 

found 452.2542. 

Synthesis of 3-(6-oxo-1'-(pyridin-2-ylmethyl)-6,8-dihydro-2H,7H-spiro[furo[2,3-

e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (14). Compound 14 was prepared 

using a similar procedure for synthesizing compound 5. UPLC-MS [M + H]+ 447.30; 1H NMR 

(400 MHz, Methanol-d4) δ 8.72 (d, J = 4.3 Hz, 1H), 7.93 (td, J = 7.7, 1.7 Hz, 1H), 7.53 (d, J = 

7.8 Hz, 1H), 7.51 – 7.45 (m, 1H), 7.45 – 7.40 (m, 2H), 5.14 (dd, J = 13.3, 5.2 Hz, 1H), 4.73 – 
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4.67 (m, 2H), 4.63 – 4.51 (m, 2H), 4.51 – 4.37 (m, 2H), 3.71 – 3.62 (m, 2H), 3.38 – 3.32 (m, 

2H), 2.96 – 2.85 (m, 1H), 2.82 – 2.73 (m, 1H), 2.57 – 2.44 (m, 1H), 2.41 – 2.31 (m, 2H), 2.21 

– 2.13 (m, 1H), 2.13 – 2.04 (m, 2H); 13C NMR (101 MHz, MeOD) δ 174.63, 172.24, 171.00, 

155.36, 151.03, 150.98, 139.23, 138.47, 134.83, 125.68, 125.57, 124.50, 124.30, 117.51, 82.03, 

61.19, 53.83, 51.50, 46.30, 44.52, 33.81, 32.35, 23.96; HRMS (ESI) m/z calcd. For C25H27N4O4 

[M + H]+ 447.2032, found 447.2058. 

Synthesis of 3-(6-oxo-1'-(thiophen-3-ylmethyl)-6,8-dihydro-2H,7H-spiro[furo[2,3-

e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (15). Compound 15 was prepared 

using a similar procedure for synthesizing compound 5. UPLC-MS [M + H]+ 452.03; 1H NMR 

(400 MHz, Methanol-d4) δ 7.78 – 7.69 (m, 1H), 7.66 – 7.59 (m, 1H), 7.42 (d, J = 7.7 Hz, 1H), 

7.37 – 7.21 (m, 2H), 5.14 (dd, J = 13.3, 5.2 Hz, 1H), 4.75 – 4.64 (m, 2H), 4.51 – 4.35 (m, 4H), 

3.65 – 3.53 (m, 2H), 3.23 – 3.09 (m, 2H), 2.96 – 2.84 (m, 1H), 2.83 – 2.74 (m, 1H), 2.57 – 2.42 

(m, 1H), 2.30 – 2.03 (m, 5H); HRMS (ESI) m/z calcd. For C24H26N3O4S [M + H]+ 452.1644, 

found 452.1664. 

Synthetic procedures and characterization of compounds 11 and 12 

 
Reagents and conditions: (a) DIAD, PPh3, THF, rt; (b) Pd(OAc)2, NaOAc, TEA in DMF at 70oC; (c) BH3.THF, -

78oC to 0oC; (d) NaOH, THF/H2O; (e) DMP, NaHCO3, DCM; (f) 3-aminopiperidine-2,6-dione, NaBH3CN (5 eq), 

NaOAc, AcOH (50 eq), MeOH, 40 oC, 3 h; (g) TFA, DCM; (h) benzaldehyde, NaBH(OAc)3, DMF, rt; (i) DMP, 

DCM, rt; (j) triethylammonium fluoride, N,N-Diethyl-S,S-difluoro-sulfiliminium tetrafluoroborate, TEA, rt 
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Synthesis of 3-(1'-benzyl-3'-hydroxy-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-

e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (11). To a solution of 5-bromo-4-

hydroxyisobenzofuran-1(3H)-one (22, 10.0 g, 43.60 mmol, 1.0 eq) in THF (300 mL) were 

added tert-butyl- 4-(hydroxymethyl)-3,6-dihydropyridine-1(2H)-carboxylate (30, 11.18 g, 52.4 

mmol, 1.2 eq) and triphenylphosphine (17.18 g, 65.4 mmol, 14.62 mL, 1.5 eq). The mixture 

was stirred under N2 at 0 oC for 20 min. Then DIAD (13.24 g, 65.4 mmol, 12.74 mL, 1.5 eq) 

was dropwise added to above mixture and the mixture was stirred at room temperature 

overnight. After evaporation, the crude product was purified by flash column chromatography 

on silica gel (ethyl acetate in petroleum ether, from 0% to 20%) to afford tert-butyl 4-(((5-

bromo-1-oxo-1,3-dihydroisobenzofuran-4-yl)oxy)methyl)-3,6-dihydropyridine-1(2H)-

carboxylate (31, 18.0 g, yield 97%) as a yellow solid. LC-MS (ESI): mass calcd. for 

C19H22BrNO5, 424.29; m/z found, 369.9 [M+H-56]+. 1H NMR (400 MHz, DMSO-d6) δ 7.83 

(d, J = 8.0 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 5.89 (s, 1H), 5.66 (s, 2H), 4.66 (s, 2H), 3.88 (s, 

2H), 3.48 (dd, J = 14.6, 9.0 Hz, 2H), 2.22 (s, 2H), 1.41 (s, 9H).               

             To a solution of tert-butyl 4-(((5-bromo-1-oxo-1,3-dihydroisobenzofuran-4-

yl)oxy)methyl)-3,6-dihydropyridine-1(2H)-carboxylate (31, 15.00 g, 23.70 mmol, 1.0 eq) in 

DMF (90.0 mL) were added sodium formate (1.77 g, 26.07 mmol, 1.1 eq), palladium diacetate 

(531 mg, 2.37 mmol, 0.1 eq), sodium acetate (4.86 g, 59.1 mmol, 2.5 eq), and TEA (4.32g, 

26.07 mmol, 3.99 mL, 1.1 eq). The mixture was stirred under N2 at 70 oC for 16 h. After cooled 

to room temperature, the mixture was filtered and the cake was washed with EA (300 mL). The 

filtrate was washed with brine (60 mL x 3), dried over anhydrous sodium sulfate, filtered and 

concentrated under reduced pressure. The residue was purified with flash column 

chromatography on silica gel (ethyl acetate in petroleum ether, from 0% to 30%) to afford tert-

butyl 6-oxo-2',3',6,8-tetrahydro-1'H,2H-spiro[benzo[2,1-b:3,4-c']difuran-3,4'-pyridine]-1'-

carboxylate (32, 5.10 g, yield 62.7%) as a colorless oil. LC-MS (ESI): mass calcd. for 
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C19H21NO5, 343.38; m/z found, 344.1 [M+H]+. 1H NMR (400 MHz, DMSO-d6) δ 7.41 (d, J = 

7.6 Hz, 1H), 7.34 (d, J = 7.6 Hz, 1H), 7.03 - 6.98 (m, 1H), 5.38 (s, 2H), 4.88 - 4.82 (m, 1H), 

4.60 (d, J = 9.2 Hz, 1H), 4.39 (d, J = 9.2 Hz, 1H), 3.81 - 3.75 (m, 1H), 3.47 - 3.41 (m, 1H), 

2.02 - 1.98 (m, 1H), 1.84 - 1.78 (m, 1H), 1.47 (s, 9H). 

 To a solution of tert-butyl 6-oxo-2',3',6,8-tetrahydro-1'H,2H-spiro[benzo[2,1-b:3,4-

c']difuran-3,4'-pyridine]-1'-carboxylate (32, 5.10 g, 14.87 mmol, 1.0 eq) in THF (60.0 mL) was 

added BH3-THF (1 N) (37.1 mL, 37.1 mmol, 2.5 eq) under N2 at -78 oC. The reaction was 

allowed to slowly warm to 0 oC and stirred at 0 oC for 5 hrs. Water (10 mL) was added to above 

mixture, followed by sodium perborate (6.07 g, 74.2 mmol, 5.0 eq). The resulting mixture was 

stirred overnight. The mixture was diluted with DCM (100 mL), washed with brine (50 mL x 

2), dried over anhydrous sodium sulfate, filtered and concentrated under reduced pressure. The 

residue was purified with flash column chromatography on silica gel (ethyl acetate in petroleum 

ether, from 0% to 40%) to afforded tert-butyl 3'-hydroxy-6-oxo-6,8-dihydro-2H-

spiro[benzo[2,1-b:3,4-c']difuran-3,4'-piperidine]-1'-carboxylate (33, 2.93 g, yield 54%) as a 

white powder. LC-MS (ESI): mass calcd. for C19H23NO6, 361.39; m/z found, 306.1 [M+H-56]+. 

1H NMR (400 MHz, DMSO-d6) δ 7.51 (d, J = 7.6 Hz, 1H), 7.37 (d, J = 7.6 Hz, 1H), 5.35 (d, J 

= 2.6 Hz, 2H), 5.31 (d, J = 4.6 Hz, 1H), 4.83 (d, J = 9.0 Hz, 1H), 4.53 (d, J = 9.0 Hz, 1H), 4.01 

(s, 1H), 3.87 (s, 1H), 3.76 - 3.73 (m, 1H), 2.83 - 2.56 (m, 2H), 1.88 - 1.74 (m, 2H), 1.43 (s, 9H). 

To a mixture of tert-butyl 3'-hydroxy-6-oxo-6,8-dihydro-2H-spiro[benzo[2,1-b:3,4-

c']difuran-3,4'-piperidine]-1'-carboxylate (33, 400 mg, 1.11 mmol, 1.0 eq) in THF (9.00 mL), 

MeOH (9.00 mL), and H2O (3.00 mL) was added NaOH (89 mg, 2.21 mmol, 2.0 eq) and the 

reaction mixture was stirred at 40 oC for 1 h. After cooled to room temperature, the reaction 

mixture was diluted with EA (20 mL), adjusted to pH = 4-5 with aqueous HCl solution (3 N), 

and extracted with EA (40 mL x 4). The organic layer was washed with brine (20 mL x 2), 

dried over anhydrous sodium sulfate, filtered, and concentrated under reduced pressure to 
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provide 1'-(tert-butoxycarbonyl)-3'-hydroxy-7-(hydroxymethyl)-2H-spiro[benzofuran-3,4'-

piperidine]-6-carboxylic acid (400 mg, yield 95%) as a colorless oil. The crude product was 

directly used in next step without purification. LC-MS (ESI): mass calcd. for C19H25NO7, 

379.41; m/z found, 378.3 [M-H]-. 

A mixture of 1'-(tert-butoxycarbonyl)-3'-hydroxy-7-(hydroxymethyl)-2H-

spiro[benzofuran-3,4'-piperidine]-6-carboxylic acid (420 mg, 1.11 mmol, 1.0 eq) and active 

manganese dioxide (1.92 g, 22.1 mmol, 20.0 eq) in DCM (40.0 mL) was stirred at room 

temperature for 16 hrs.  After filtration via a short column, the filtrate was collected and 

concentrated under reduced pressure to 1'-(tert-butoxycarbonyl)-7-formyl-3'-hydroxy-2H-

spiro[benzofuran-3,4'-piperidine]-6-carboxylic acid (260 mg, yield 62%) as a colorless oil. The 

crude product was directly used in next step without purification.  LC-MS (ESI): mass calcd. 

for C19H21F2NO6, 377.39; m/z found, 378.1 [M+H]+.  

To a solution of 1'-(tert-butoxycarbonyl)-7-formyl-3'-hydroxy-2H-spiro[benzofuran-

3,4'-piperidine]-6-carboxylic acid (260 mg, 689 µmol, 1.0 eq) and 3-aminopiperidine-2,6-

dione hydrochloride (227 mg, 1.38 mmol, 2.0 eq) in DMF (10.0 mL) was added with acetic 

acid (1.0 mL) and the reaction mixture was stirred at 40 oC for 2 hrs. Sodium 

triacetoxyborohydride (438 mg, 2.07 mmol, 3.0 eq) was added to above mixture and  the 

resulting mixture was  stirred at 40 oC for 16 hrs. After cooled to room temperature, the mixture 

was dissolved in EA (40 mL), washed with brine (30 mL x 3), dried over anhydrous sodium 

sulfate, filtered and concentrated under reduced pressure. The residue was purified by flash 

column chromatography on silica gel (MeOH in DCM, 10%) to afford tert-butyl 7-(2,6-

dioxopiperidin-3-yl)-3'-hydroxy-6-oxo-7,8-dihydro-2H,6H-spiro[furo[2,3-e]isoindole-3,4'-

piperidine]-1'-carboxylate (260 mg, yield 80%) as a grey solid.  LC-MS (ESI): mass calcd. for 

C24H29N3O7, 471.51; m/z found, 472.2 [M+H]+.  
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To a solution of tert-butyl 7-(2,6-dioxopiperidin-3-yl)-3'-hydroxy-6-oxo-7,8-dihydro-

2H,6H-spiro[furo[2,3-e]isoindole-3,4'-piperidine]-1'-carboxylate (260 mg, 551 µmol, 1.0 eq) 

in DCM (5.0 mL) was added TFA (1.7 mL, 22.1 mmol, 40.0 eq) and the reaction mixture was 

stirred at room temperature for 6 hrs. The mixture was cautiously concentrated under reduced 

pressure  to afford 3-(3'-hydroxy-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-

piperidin]-7-yl)piperidine-2,6-dione trifluoroacetate (34, 100 mg, yield 48%) as a yellow oil. 

The crude product was directly used in next step without further purification. LC-MS (ESI): 

mass calcd. for C19H21N3O5, 371.39; m/z found, 372.2 [M+H]+.  

To a solution of 3-(3'-hydroxy-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-

3,4'-piperidin]-7-yl)piperidine-2,6-dione trifluoroacetate (34, 80.0 mg, 1 eq, 215 µmol) in 

DMF (10.0 mL) was added benzaldehyde (45.7 mg, 44.2 µL, 2 Eq, 431 µmol), and the reaction 

was stirred at 40 oC for 2 hrs. Then it was added with sodium triacetoxyborohydride (137 mg, 

95.8 µL, 3 eq, 646 µmol) and the mixture was stirred at 40 oC for 16 hrs. After it was cooled to 

room temperature, the mixture was dissolved with EA (40 mL), washed with brine (30 mL x 

3), dried over anhydrous sodium sulfate, filtered, and concentrated. The residue was purified 

by silica gel chromatography on silica gel (MeOH in DCM, from 0% to 20%) to afford 3-(1'-

benzyl-3'-hydroxy-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-

yl)piperidine-2,6-dione (11, 40.0 mg, 40.2 %) as a white solid. LC-MS (ESI): mass calcd. for 

C26H27N3O5, 461.52; m/z found, 462.1 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 10.95 (s, 

1H), 7.38 - 7.23 (m, 7H), 5.08 - 5.04 (m, 1H), 4.95 (s, 1H), 4.77 - 4.75 (m, 1H), 4.45 - 4.31 (m, 

2H), 4.19 (d, J = 17.0 Hz, 1H), 3.81 (dd, J = 10.4, 4.4 Hz, 1H), 3.56 (d, J = 13.2 Hz, 1H), 3.44 

(d, J = 13.2 Hz, 1H), 2.95 - 2.71 (m, 3H), 2.63 - 2.54 (m, 1H), 2.43 - 2.39 (m, 1H), 2.02 - 1.88 

(m, 3H), 1.77 - 1.72 (m, 2H). 

Synthesis of 3-(1'-benzyl-3',3'-difluoro-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-

e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (12). To a solution of tert-butyl 3'-
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hydroxy-6-oxo-6,8-dihydro-2H-spiro[benzo[2,1-b:3,4-c']difuran-3,4'-piperidine]-1'-

carboxylate (33, 2.90 g, 8.10 mmol, 1.0 eq) in DCM (60.0 mL) was added Dess-Martin 

periodinane (8.60 g, 20.35 mmol, 2.5 eq). The mixture was stirred at room temperature for 4 h. 

The reaction mixture was quenched with aqueous sodium thiosulfate solution (60 mL) and 

extracted with DCM (90 mL x 3). The organic layer was washed with saturated aqueous 

NaHCO3 solution (60 mL x 2), brine (40 mL x 2), dried over anhydrous sodium sulfate, and 

filtered. The filtrate was concentrated under reduced pressure to afford tert-butyl 3',6-dioxo-

6,8-dihydro-2H-spiro[benzo[2,1-b:3,4-c']difuran-3,4'-piperidine]-1'-carboxylate (35, 2.12 g, 

yield 72.6%)  as a colorless oil. The crude product was directly used in next step without further 

purification. LC-MS (ESI): mass calcd. for C19H21NO6, 359.38; m/z found, 360.1 [M+H]+. 

            To a solution of tert-butyl 3',6-dioxo-6,8-dihydro-2H-spiro[benzo[2,1-b:3,4-c']difuran-

3,4'-piperidine]-1'-carboxylate (35, 2.0 g, 5.57 mmol, 1.0 eq), triethylammonium fluoride (5.38 

g, 5.44 mL, 33.4 mmol, 6.0 eq), and N,N-Diethyl-S,S-difluoro-sulfiliminium tetrafluoroborate 

(XtalFluor-E) (5.73 g, 25.0 mmol, 4.5 eq) in DCM (100.0 mL) was added TEA (1.41 g, 1.94 

mL, 13.9 mmol, 2.5 eq) at 0 oC and the mixture was stirred at 25 oC for 1 h. The reaction 

mixture was quenched with saturated aqueous NaHCO3 solution (60 mL) and extracted with 

DCM (100 mL x 3). The separated organic phase was washed with brine (100 mL x 3), dried 

over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The residue was 

purified by silica gel chromatography on silica gel (ethyl acetate in petroleum ether, from 0% 

to 30%) to afford tert-butyl 3',3'-difluoro-6-oxo-6,8-dihydro-2H-spiro[benzo[2,1-b:3,4-

c']difuran-3,4'-piperidine]-1'-carboxylate (36, 1.0 g, yield 47%) as a yellow oil. LC-MS (ESI): 

mass calcd. for C19H21F2NO5, 381.38; m/z found, 382.1 [M+H]+. 

Analogous synthesis following the procedure of 11 afforded 3-(1'-benzyl-3',3'-difluoro-

6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione  

(12) as a yellow solid. LC-MS (ESI): mass calcd. for C26H25F2N3O4, 481.50; m/z found, 482.6 
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[M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 10.99 (d, J = 3.6 Hz, 1H), 8.17 (s, 1H), 7.50 (d, J 

= 7.4 Hz, 1H), 7.41 - 7.23 (m, 6H), 5.12 - 5.08 (m, 1H), 4.87 - 4.85 (m, 1H), 4.55 (t, J = 8.0 

Hz, 1H), 4.41 (t, J = 16.4 Hz, 1H), 4.24 (t, J = 16.4 Hz, 1H), 3.65 (s, 2H), 3.09 (s, 1H), 2.95 - 

2.81 (m, 2H), 2.69 - 2.54 (m, 2H), 2.46 - 2.36 (m, 1H), 2.28 (t, J = 11.2 Hz, 1H), 2.14 (t, J = 

11.6 Hz, 1H), 2.04 - 1.88 (m, 2H). 

Synthetic procedures and characterization of compounds 16, 16a and 16b 

 

Reagents and conditions: (a) Pd(PPh3)4, Na2CO3, dioxane/H2O, 90 oC; (b)  NaBH(OAc)3, DMF, rt; (c) Chiral 

SFC condition (see experimental section)  

Synthesis of 3-(1'-(3-(1-methyl-1H-pyrazol-4-yl)benzyl)-6-oxo-6,8-dihydro-

2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (16). A mixture 

of 3-bromobenzaldehyde (37, 500 mg, 1.0 eq), 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-1H-pyrazole (38, 843 mg, 1.5 eq), Pd(PPh3)4 (937 mg, 0.3 eq) and Na2CO3 

(1.0 g, 3.5 eq) in dioxane/H2O (15 mL: 1.5 mL) was degassed and purged 3 times with N2, and 

then the mixture was stirred at 90 oC for 3 h. UPLC-MS indicated that a main peak with the 

desired MS formed. The mixture was cooled, diluted with water and extracted with EtOAc. 

The combined organic layers were washed with brine, dried over Na2SO4 and concentrated 

under reduced pressure. The residue was purified by flash column chromatography (n-
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Hexane:EtOAc = 100:0 to 60:40) to give compound 3-(1-methyl-1H-pyrazol-4-

yl)benzaldehyde (39, 455 mg, 91% yield). UPLC-MS [M + H]+ 186.08; 1H NMR (400 MHz, 

Chloroform-d) δ 10.03 (s, 1H), 7.96 (t, J = 1.6 Hz, 1H), 7.81 (s, 1H), 7.75 – 7.70 (m, 2H), 7.69 

(s, 1H), 7.52 (t, J = 7.7 Hz, 1H), 3.96 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 192.42, 137.03, 

136.88, 133.81, 131.33, 129.62, 128.06, 127.37, 126.00, 122.00, 39.27. 

To a solution of 29a (37 mg, 1.0 eq.) and 3-(1-methyl-1H-pyrazol-4-yl)benzaldehyde 

(39, 22 mg, 1.5 eq.) in DMF (3 mL) was added NaBH(OAc)3 (68 mg, 4.0 eq.) in two potions. 

The reaction was stirred overnight and then quenched with water (2 mL). The mixture was 

directly purified by pre-HPLC (MeCN/H2O = 20-100% in 80 min, 60 mL/min) to give the final 

compound 3-(1'-(3-(1-methyl-1H-pyrazol-4-yl)benzyl)-6-oxo-6,8-dihydro-2H,7H-

spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (16) as a white solid (21 

mg, 50% yield). UPLC-MS [M + H]+ 526.12; 1H NMR (400 MHz, Methanol-d4) δ 8.03 (s, 1H), 

7.88 (s, 1H), 7.75 (s, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.51 (t, J = 7.7 Hz, 1H), 7.46 – 7.30 (m, 

3H), 5.12 (dd, J = 13.3, 5.1 Hz, 1H), 4.71 (s, 2H), 4.53 – 4.34 (m, 4H), 3.95 (s, 3H), 3.66 – 

3.53 (m, 2H), 3.28 – 3.15 (m, 2H), 2.96 – 2.84 (m, 1H), 2.84 – 2.74 (m, 1H), 2.57 – 2.43 (m, 

1H), 2.36 – 2.21 (m, 2H), 2.21 – 2.13 (m, 1H), 2.13 – 2.00 (m, 2H); 13C NMR (101 MHz, 

MeOD) δ 174.82, 172.23, 171.08, 155.28, 138.45, 137.52, 135.21, 134.80, 131.05, 130.93, 

130.01, 129.55, 128.95, 128.12, 124.49, 124.13, 123.42, 117.57, 81.74, 61.91, 53.82, 51.02, 

46.30, 44.71, 39.10, 34.17, 32.32, 23.95; HRMS (ESI) m/z calcd. For C30H32N5O4 [M + H]+ 

526.2454, found 526.2452. 

Synthesis of (S)-3-(1'-(3-(1-methyl-1H-pyrazol-4-yl)benzyl)-6-oxo-6,8-dihydro-

2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (16a, PVTX-

405) and (R)-3-(1'-(3-(1-methyl-1H-pyrazol-4-yl)benzyl)-6-oxo-6,8-dihydro-2H,7H-

spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (16b).  3-(1'-(3-(1-

methyl-1H-pyrazol-4-yl)benzyl)-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-
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piperidin]-7-yl)piperidine-2,6-dione (16, ~100 mg, R/S mixture) was separated by SFC Prep-

HPLC with IMADZU PREP SOLUTION SFC with ChiralPak IH (ChiralPak IH, 250  x 21.2 

mm I.D., 5 µm), and mobile phase of A for CO2 and B for EtOH + 0.1% NH3.H2O 5-99% over 

5 h, at a flow rate of 40 mL/min to give (S)-3-(1'-(3-(1-methyl-1H-pyrazol-4-yl)benzyl)-6-oxo-

6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-yl)piperidine-2,6-dione (16a, 

PVTX-405, 30.0 mg, yield 20.0%, 100% e.e) as a white solid and (R)-3-(1'-(3-(1-methyl-1H-

pyrazol-4-yl)benzyl)-6-oxo-6,8-dihydro-2H,7H-spiro[furo[2,3-e]isoindole-3,4'-piperidin]-7-

yl)piperidine-2,6-dione (16b, 12.7 mg, yield 8.5%, 96.5% e.e.) as a white solid. Compound 

16a (PVTX-405): UPLC-MS [M + H]+ 526.17; 1H NMR (400 MHz, DMSO-d6) δ 10.96 (s, 

1H), 8.13 (s, 1H), 7.88 – 7.81 (m, 1H), 7.53 – 7.47 (m, 1H), 7.47 – 7.38 (m, 2H), 7.35 – 7.23 

(m, 2H), 7.16 (d, J = 7.6 Hz, 1H), 5.08 (dd, J = 13.3, 5.1 Hz, 1H), 4.59 – 4.47 (m, 2H), 4.37 (d, 

J = 17.1 Hz, 1H), 4.21 (d, J = 17.1 Hz, 1H), 3.87 (s, 3H), 3.51 (s, 2H), 2.98 – 2.76 (m, 3H), 

2.63 – 2.54 (m, 1H), 2.48 – 2.35 (m, 1H), 2.13 – 2.00 (m, 2H), 2.00 – 1.86 (m, 3H), 1.76 – 1.60 

(m, 2H); 13C NMR (101 MHz, DMSO) δ 172.84, 170.96, 167.80, 153.51, 139.19, 138.87, 

135.98, 132.96, 132.50, 128.66, 127.79, 126.57, 125.43, 123.62, 123.24, 122.26, 121.87, 

115.56, 80.83, 62.37, 51.65, 50.18, 44.40, 44.19, 38.62, 36.02, 31.19, 22.36; HRMS (ESI) m/z 

calcd. For C30H32N5O4 [M + H]+ 526.2454, found 526.2491. Compound 16b: UPLC-MS [M + 

H]+ 526.3; 1H NMR (400 MHz, DMSO-d6) δ 10.96 (s, 1H), 8.13 (s, 1H), 7.84 (s, 1H), 7.49 (s, 

1H), 7.47 – 7.39 (m, 2H), 7.34 – 7.24 (m, 2H), 7.19 – 7.11 (m, 1H), 5.08 (dd, J = 13.3, 5.1 Hz, 

1H), 4.53 (s, 2H), 4.45 – 4.32 (m, 1H), 4.27 – 4.14 (m, 1H), 3.86 (s, 3H), 3.51 (s, 2H), 2.98 – 

2.77 (m, 3H), 2.63 – 2.53 (m, 1H), 2.47 – 2.34 (m, 1H), 2.13 – 2.01 (m, 2H), 2.01 – 1.86 (m, 

3H), 1.75 – 1.62 (m, 2H); 13C NMR (101 MHz, DMSO) δ 172.84, 170.95, 167.79, 153.51, 

139.19, 138.87, 135.97, 132.96, 132.49, 128.66, 127.79, 126.56, 125.42, 123.61, 123.26, 

122.25, 121.85, 115.55, 80.82, 62.37, 51.64, 50.18, 44.39, 44.19, 38.62, 36.02, 31.18, 22.34; 

HRMS (ESI) m/z calcd. For C30H32N5O4 [M + H]+ 526.2454, found 526.2467. 
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NMR spectra for the final compounds and key intermediates 

1H-NMR Spectrum for the Final Compound 5 

 

13C-NMR spectrum for the final compound 5 
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1H-NMR spectrum for the final compound 6 

 

1H-NMR spectrum for the final compound 7 
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1H-NMR spectrum for the final compound 8 

 

1H-NMR spectrum for the final compound 9 
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1H-NMR spectrum for the final compound 10 

 

13C-NMR spectrum for the final compound 10 
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1H-NMR spectrum for the final compound 11 

 

1H-NMR spectrum for the final compound 12 
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19F-NMR spectrum for the final compound 12 

 

1H-NMR spectrum for the final compound 13 
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13C-NMR spectrum for the final compound 13 

 

1H-NMR spectrum for the final compound 14 
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13C-NMR spectrum for the final compound 14 

 

1H-NMR spectrum for the final compound 15 
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1H-NMR spectrum for the final compound 16 

 

13C-NMR spectrum for the final compound 16 
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1H-NMR spectrum for the final compound 16a (PVTX-405) 

 

13C-NMR spectrum for the final compound 16a (PVTX-405) 
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1H-NMR spectrum for the final compound 16b 

 

13C-NMR spectrum for the final compound 16b 
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1H-NMR spectrum for the key intermediate 29a 

 

13C-NMR Spectrum for the Key Intermediate 29a 
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1H-NMR spectrum for the key intermediate 39 

 

13C-NMR spectrum for the key intermediate 39 
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HRMS spectra for the final compounds and key intermediates\ 

 

HRMS spectrum for the final compound 5 

 

 

HRMS spectrum for the final compound 10  

 

 

HRMS spectrum for the final compound 13 

 

 

HRMS spectrum for the final compound 14 
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HRMS spectrum for the final compound 15 

 

 

HRMS spectrum for the final compound 16 

 

 

HRMS spectrum for the final compound 16a (PVTX-405) 

 

 

HRMS Spectrum for the Final Compound 16b 
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HRMS spectrum for the key intermediate 29a 
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UPLC spectra for the final compounds 

UPLC spectra for the final compound 5 

 

 

  



 42 

LC-MS and UPLC spectra for the final compound 6 
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LC-MS and UPLC spectra for the final compound 7 
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LC-MS and UPLC Spectrum for Final Compound 8 
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LC-MS and UPLC spectra for the final compound 9 
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UPLC spectra for the final compound 10 
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LC-MS and UPLC Spectrum for Final Compound 11 
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UPLC Spectrum for Final Compound 12 
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UPLC Spectrum for Final Compound 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 50 

UPLC Spectrum for Final Compound 14 
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UPLC Spectrum for Final Compound 16 
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UPLC Spectrum for Final Compound 16a (PVTX-405) 
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LC-MS Spectrum for Final Compound 16b 
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UPLC Spectrum for Final Compound 16b 

 

 


