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Abstract 

 

Total Synthesis of (+)-Spectinabilin, Taiwaniaquinoids, 

Synthetic Progress toward Aspergillin PZ, and 

Synthesis of a Photoswitchable Agonist of Glutamate Receptor-dMAG 

 

by 

 

Yue Xu 

 

Doctor of Philosophy in Chemistry 

 

University of California, Berkeley 

 

Professor Dirk Trauner, Chair 

 

 

A new and highly enantioselective synthetic route to γ-methoxypyranone addressed the 

long unsolved racemization problem in literature. A concise total synthesis of 

(+)-Spectinabilin was achieved with this method in 10 linear steps. Concept of kinetic 

resolution with temporary stereocenter was used to improve the enantiomeric excess. 

 

A new variant of Nazarov reaction, aromatic Nazarov triflation was discovered which 

allowed rapid access of polycyclic ring skeleton. The triflation product, indene triflate, 

was further elaborated with modern palladium cross coupling methods in the total 

syntheses of many taiwaniaquinoid natural products. Also, the triflation method worked 

well with electron rich and neutral substrates and was not compatible with electron 

deficient substrates. 

 

Effort toward total synthesis of Aspergillin PZ was described. The biomimetic 

synthetic hypothesis was pursued. Synthesis of all components was achieved. Future 

work would be focused on mild reaction condition to bring all components together to for 

the key intermediate for Aspergillin PZ. 

 

Finally, based on the similar principle of previous work in our group, a 

photoswitchable agonist for metabotropic glutamate receptors was designed and 

synthesized. Preliminary results confirmed the agonist activity and reversible 

isomerization with radiation of light of different wavelengths. Further studies are under 

investigation under collaboration. 
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Total synthesis of (+)-Spectinabilin 

 

Introduction 

 

  (+)-Spectinabilin (1.1) is a novel polyketide bearing a rare nitrophenyl group that was 

isolated from the soil samples of various strains of Streptomyces spectabilis.1 It has 

shown inhibitory activity towards Rauscher Leukemia Virus reverse transcriptase and KB 

human epidermoid carcinoma cells with IC50 of 0.4 µM and 0.2 nM, as well as moderate 

antimalarial activity with an IC50 at 0.02 µM.1,2 

Chart 1 (+)-Spectinabilin. (1.1). 

 

 

The nitrophenyl moiety is synthesized from the branch of the shikimate pathway. 

Chorismic acid (1.2) is converted to 4-amino-4-deoxy-chorismic acid (1.3), then to 

para-aminobenzoic acid (PABA 1.4) by lyase reaction.3 Stepwise �-oxygenation of 

PABA to para-nitrobenzoic acid (PNBA 1.5) catalyzed by para-aminobenzoate 

�-oxygenase (AurF) affords the starting unit of the modular polyketide synthesis, which 

provides polyene 1.6. Late stage methylation and selective oxygenation afford the natural 

product.4 

Scheme 1 Biosynthetic pathway to the (+)-Spectinabilin (1.1). 
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Synthetic report from other group 

 

Baldwin and co-workers described a total synthesis of (±)-Spectinabilin (1.1) based on 

2-ethyl-6-methoxypyran-4-one (1.7). In sequence tetrahydrofuran ring and the extended 

conjugated system were incorporated to furnish the nature product.5 The route is fairly 

efficient in building up the complexity. However, the cross metathesis step yielded 

pinacol borate 1.9 with very poor diastereoselectivity due to lack of differentiation in 

steric influence. Furthermore, to date asymmetric palladium catalyzed [3+2] 

cycloaddition of trimethylenemethane with aldehyde is still elusive, which means an 

enantioselective variant of their total synthesis is not possible. The synthesis consist 11 

linear steps without 4.8 overall yield. 

Scheme 2 Baldwin’s total synthesis of (±)-Spectinabilin (1.1). 

 

 

Retrosynthetic analysis 

 

Retrosynthetically Spectinabilin is disconnected to the bromotriene 1.10 and alkenyl 

stannane 1.11 which have similar chemical complexity and molecular weight for 

convergent synthesis. The bromotriene 1.10 can be prepared with olefination and 

reduction sequence from the dienal 1.12, which again came from double olefination of 

para-nitrobenzaldehyde (1.14). The stannane 1.11 contains the single stereocenter in 

Spectinabilin which happens to be vulnerable to racemization. However, all literature 

known procedure to methoxypyranone involves many highly basic reaction conditions. 

With that in mind, a generic vinyl group would serve as a flexible precursor for the 

pyranone. The vinyl tetrahydrofuran 1.13 can then be prepared from propargyl alcohol 

1.15 and homoallyl ether 1.16 with tandem cycloisomerization-cyclization chemistry 

developed by Trost.6 
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Scheme 3 Retrosynthetic analysis of Spectinabilin. 

 

 

Synthesis 

 

Double silylation of propargyl alcohol (1.17) and mono in situ deprotection with acidic 

workup afforded the dimethylphenylsilyl propargyl alcohol 1.15.7 Aromatic nucleophilic 

substitution of 1-fluoro-4-nitrobenzene (1.18) with 3-buten-1-oxide yielded the homoallyl 

phenyl ether 1.16.8 A one-pot cycloisomerization and enantioselective allylic 

alkoxylation6 between silyl propargyl alcohol 1.15 and homoallyl ether 1.16 yielded the 

alkenyl tetrahydrofuran 1.13 with a moderate 70% enantiomeric excess (ee). The special 

4-nitrophenyl and bulky silyl protecting group were necessary to attenuate the reactivity so 

that the ruthenium catalyst would not effect the allylic cyclization after the 

cycloisomerization product was formed. Only upon addition of palladium catalyst and 

asymmetric phosphine ligand would proceed to afford the cyclization product 1.13. 

Although Tsuji-Trost type allylic cyclization normally yields very good enantioselectivity, 

in this case only moderate ee was achieved because of the hard alkoxide nucleophile 

applied in the reaction, which is not a good match with the catalyst system. 
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Scheme 4 One-pot cycloisomerization/cyclization. 
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This two step sequence was highly efficient and installed all three major functional 

groups required. Tetrahydrofuran was already in place. Alkenyl silane and terminal 

double bond were good precursors for alkenyl stannane and pyranone. However, the key 

drawback was the 70% ee which was moderate at best. At this stage, either a more 

enantioselective method or a later enhancement of ee at this only stereocenter of the 

whole molecule was desired. To convert the terminal double bond to pyranone, a series of 

oxidation of the vinyl group to a carbonyl group would be necessary. Fortunately there 

are several asymmetric oxidation methodologies that can be employed. For example, 

Sharpless asymmetric dihydroxylation9 would temporarily introduce a second 

stereocenter into the diol product thus offer the opportunity of kinetic resolution and easy 

separation of the undesired diastereomer by regular silica gel chromatography. 

Scheme 5 Possible save for the moderate ee. 
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To avoid potential side oxidation of the alkenyl silane, silicon-iodine exchange with 

�-iodosuccinimide (NIS) unveiled the vinyl iodide 1.20. Originally Upjohn 

dihydroxylation10 on 1.20 afforded a mixture of diastereomeric diols 1.21 with close to 2:1 

dr. Immediately the possible kinetic resolution was pursued to improve the ee. 

Commercially available dihydroxylation reagents AD-mix-α and AD-mix-β were tested 

first and the AD-mix-β (DHDQ ligand) turned out to be the matched case, giving almost 

3:1 dr with a combined 82% yield. The major diastereomer 1.22 was separated by flash 

chromatography and converted to the mono benzoate 1.23 for chiral HPLC trace. 

Gratifyingly the ee of the major diastereomer 1.22 was determined to be 91% and that 

was indeed an excellent improvement from 70% of the starting material.  

Scheme 6 Silicon-iodine exchange and Sharpless asymmetric dihydroxylation. 

 

O
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However, it is well known that terminal alkenes are not the best substrates for 

Sharpless asymmetric dihydroxylation and the ad-mix series normally only give ee in the 

modest 70s. Thus, further screen of all commercially available DHDQ based ligands was 

performed. Gratifyingly, the (DHDQ)2AQN ligand11 afforded both excellent yield and 

satisfactory 97% ee  for the major diastereomer. Thus an expedite route to 

enantiomerically pure diol 1.22 was established in only 4 steps form commercially 

available achiral starting materials. 

Scheme 7 Kinetic resolution with Sharpless asymmetric dihydroxylation. 
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Literature precedent for hydroxypyranone synthesis 

 

To date, all of the known syntheses of the hydroxypyranone employed two major 

chemical transformations, dianion addition to activated carbonyls and subsequent 

cyclization in the presence of excess strong base. This sequence appeared to work just 

fine on racemic substrate. 

Scheme 8 Literature synthesis of hydroxypyranone. 

 
 

Recently Parker and co-worker applied this sequence on a chiral substrate and claimed 

to have finished the first enantioselective total synthesis of (−)-SNF4435 C and 

(+)-SNF4435 D.12 In nine steps they prepared the enantiomerically pure diol 1.24, which 

underwent oxidative cleavage, silver hydroxide oxidation, dianion addition, DBU assisted 

cyclization, and selective methylation to form 2-methyoxy-4-pyran- 4-one 1.28, which 

gave a reported specific optical rotation of -34.9°. Unfortunately no chiral HPLC trace on 

any of the intermediates was provided to identify the real ee on the pyranone product. 

Scheme 9 Parker’s synthesis of 2-methoxy-pyran-4-one. 

 
 

However, Beaudry in our group has carried out the exact transformations only to found 

significant racemization along the sequence. He then chose to work on the racemic 

substrates and separated both enantiomers of this 2-methoxy-4-pyran-4-one 1.28 on 

chiral preparative HPLC, which gave >99% ee traces on both enantiomers and specific 

optical rotation of -159° and +140° respectively.13 It is now obvious that Parker’s route 

did suffer from severe racemization which she did not disclose in the paper, with only 24% 

ee remaining into the methoxypyranone and the final natural products. The specific 
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optical rotation of her synthetic samples and natural samples also confirmed the 

racemization.12,14 

Scheme 10 Beaudry’s synthesis of 2-methoxy-pyran-4-one. 

 
 

+ew route to 2-methoxy-4-pyran-4-one 

 

The enantiomerically pure diol 1.22 was cleaved with NaIO4 and immediately further 

oxidized to the carboxylic acid 1.29. The acid was converted to the 4-nitrobenzoate 1.30 

and used for chiral HPLC trace. Not surprisingly racemization was observed with silver 

hydroxide oxidation. Fortunately, a simple switch to PDC afforded the carboxylic acid 

1.29 with no compromise of ee and excellent yield. Presumably the neutral PDC oxidant 

prevented racemization which was not suppressed in the basic silver oxide oxidation  

Scheme 11 Mild oxidation of diol 1.22 to carboxylic acid 1.29. 

 
 

Following Parker’s procedure, the acid 1.29 was converted to the imidazole amide and 

treated with excess dianion of ethyl acetoacetate to form diketoester 1.31. It was then 
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heated to reflux in toluene with excess DBU to effect the cyclization to hydroxypyranone 

1.32. Selective 2-methylation with magic methyl15 yielded methoxypyranone 1.33 with 

45% ee retained determined on chiral HPLC. 

Scheme 12 DBU thermal cyclization to the methoxypyranone. 

 
 

In the process excess DBU was needed to form the highly reactive dienolate which then 

cyclized on the neighboring methyl ester to furnish the hydroxypyranone 1.32. However, 

it also brought in severe racemization problem. To avoid using excess strong base, the 

enol form of the diketoester 1.31 would have to serve as the nucleophile, which is much 

less reactive and requires a much better electrophile than the methyl ester. 

Scheme 13 Conceptual non-basic thermal cyclization to the methoxypyranone. 

 

 

Fortunately, upon heating β-keto 1,3-dioxin-4-one16 would undergo a retro [4+2] 

cycloaddition to afford acyl ketene which would serve the purpose nicely. Indeed an 

acylation on imidazole amide 1.34 gave β-keto 1,3-dioxin-4-one 1.35. Thermolysis under 

optimized condition afforded hydroxypyrone 1.32 via acyl ketene intermediate. Selective 

2-methylation with magic methyl then yielded methoxypyrone 1.33. HPLC trace was used 
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the determine the ee to be 91% on 1.33. Again, highly basic reagent was avoided to retain 

the high ee. 

Scheme 14 Base free cyclization to methoxypyranone 1.33. 

 

 

Synthesis of bromotriene and Spectinabilin 

 

4-Nitrobenzaldehyde (1.36) was applied to a novel double olefination with the special 

Wittig reagent 1.37 bearing a formyl group. Clean transformation to the dienal 1.12 can 

be achieved with controlled reagent equivalence and reaction time and no separation of 

intermediate was necessary. The double olefination product was simply not reactive under 

the reaction condition and no further olefination was observed. Still-Gennari olefination 

of the dienal 1.12 under more forcing condition provided the corresponding bromoester 

1.39 with over 4:1 ratio favoring the desired diastereomer. The reaction temperature was 

selected so that the transformation can be finished within reasonable amount of time 

(several days) while maintaining a good diastereoselectivity. The diastereomers can be 

separated at the ester stage, or preferably at the next allylic alcohol 1.40 stage when they 

were reduced by DIBAL-H. The standard deoxygenation sequence, tosylation of the 

alcohol and LiBH4 reduction, turned out to be too reactive and actually saturated the 

conjugate system. Instead a one-pot NBS bromination and NaBH3CN reduction yielded 

the bromotriene 1.10 ready for the final Stille coupling. 

Scheme 15 Synthesis of bromotriene. 
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Initial bromine-tin exchange attempt on the bromotriene 1.10 was unsuccessfully. 

Along with the desired stannane many side products, including the dimer and reduced 

products were observed. Moreover, attempt to purify the stannane failed as the other side 

products were extremely similar in polarity. Iodine-tin exchange on the 

methyoxypyranone 1.33 was smooth and afforded the vinyl stannane 1.11 with good 

yield. 

Stille coupling again proved to be challenging and a screen of electron rich phosphines 

and additives17 led to the optimal reaction condition to the natural product 

(+)-Spectinabilin (1.1).  

Scheme 16 Total synthesis of (+)-Sepectinabilin (1.1).  

 

 

 

Summary 

 

In summary, a concise total synthesis of (+)-Spectinabilin (1.1) was achieved in 10 

linear steps. The synthesis addressed the long unsolved racemization issue known in 

literature for the methoxypyranone synthesis which is supported with HPLC trace. 

However, a better catalytic system with the asymmetric allylic alkoxylation reaction for 
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better enantioselectivity is still desired. Future work will be focused on alternative 

catalytic system like Ir catalyst and optimization of the Stille coupling reaction. 
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Experimental section 

 

General. Unless otherwise noted, materials were obtained from commercial suppliers and 

used without further purification. All reactions were performed under an inert atmosphere 

(N2) unless stated otherwise. Extracts were dried over MgSO4 and concentrated using a 

Buchi rotary evaporator under reduced pressure. The concentration of commercially 

available solutions of n-butyllithium in pentane/hexane was determined by titration with 

diphenylacetic acid. All glassware for moisture-sensitive reactions was dried in a high 

temperature oven at least overnight prior to use.  

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 

F254 TLC plates. TLC visualization was accomplished using 254 nm UV light or charring 

solutions of KMnO4, I2, or other TLC reagents. Flash chromatography was performed on 

ICN siliTech 32-63 D 60 Å silica gel according to the procedure of Still.1 
1H NMR and 13C NMR spectra were taken in CDCl3 at r.t., with chemical shifts in 

expressed in ppm relative to CDCl3. Infrared spectra were obtained on NaCl plates with an 

ATI Mattson Gemini FTIR spectrometer. High-resolution mass spectra (HRMS) were 

obtained on VG ProSpec Mass Spectrometer using electron impact (EI) at 70 eV unless 

otherwise noted. Optical rotation was determined using Perkin-Elmer 241 polarimeter 

equipped with a 589 nm sodium lamp. Melting points were taken on an electrothermal 

apparatus and were uncorrected. 

Et2O, DCM and toluene were dried according to the procedure described by Bergman.2 

THF was distilled under N2 from Na/benzophenone immediately prior to use. Benzene, 

acetonitrile, triethylamine, diisopropylamine and diisopropylethylamine were distilled 

under N2 from CaH2. DMF and DMSO were dried over 4 Å molecular sieves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

 

(R,Z)-4-(Iodomethylene)-2-vinyltetrahydrofuran (1.20). To (R,Z)-Dimethyl- 

(phenyl)((5-vinyldihydrofuran-3(2H)-ylidene)methyl)silane (1.13) (3.25 g, 13.3 mmol) in 

MeCN (140.0 ml) at 0°C was added NIS (8.99 g, 40.0 mmol) in portion. The reaction 

mixture was stirred for 30 mins and warmed to r. t. for an additional 4 hours. The reaction 

mixture was poured into saturated aqueous Na2SO3 (400 ml) and vigorously stirred for 1 

hour. Half saturated aqueous NH4F (200 ml) was added and the mixture was further 

stirred for 30 mins before it was extracted  with Et2O (600 ml X 2). The combined 

organic layers were washed with saturated aqueous Na2SO3 (100 ml), H2O (100 ml), 

brine (100 ml), dried, filtered, and concentrated. Flash column chromatograph (100% 

hexanes to 1: 5 Et2O:hexanes) afforded (R,Z)-4-(iodomethylene)-2-vinyl 

-tetrahydrofuran (1.20) as a clear oil (2.76 g, 88%); Rf 0.28 (1:5 Et2O:hexanes); IR; 1H 

NMR (400 MHz) δ 5.99 (m, 1 H), 5.86 (ddd, 1 H, J = 17.2, 10.5, 6.3 Hz), 5.31 (dd, 1 H, J 

= 17.2, 1.3 Hz), 5.19 (dd, 1 H, J = 10.5, 1.3 Hz), 4.52 (ddd, 1 H, J = 14.5, 6.3, 1.3 Hz), 

4.37 (dd, 1 H, J = 14.5, 6.3 Hz), 4.19 (dd, 1 H, J = 14.5, 6.0 Hz), 2.75 (dd, 1 H, J = 15.6, 

6.0, 1.1 Hz), 2.39 (dd, 1 H, J = 15.6, 8.5, 1.1 Hz); 13C NMR (100 MHz) δ 151.00, 137.14, 

116.94, 81.67, 75.14, 66.92, 40.88; HRMS calcd. for C7H9IO: 235.9689, found: 235.9682 

(FAB). 

 

 

(S)-1-((R,Z)-4-(Iodomethylene)tetrahydrofuran-2-yl)ethane-1,2-diol (1.22). 

(DHDQ)2AQN (243 mg, 0.284 mmol), K2CO3 (2.95 g, 21.4 mmol), K3Fe(CN)6 (7.03 g, 

21.4 mmol), and K2OsO2(OH)4 (26.4 mg, 0.0712 mmol) were dissolved in 1:1 tBuOH 

and H2O (40.00 ml). The solution was stirred vigorously for 1 hour. It was then cooled to 

0°C and (R,Z)-4-(Iodomethylene)-2-vinyltetrahydrofuran (1.20) (1.68 g, 7.12 mmol) in 

1:1 tBuOH and H2O (30.00 ml) was added dropwise. It was vigorously stirred for an 

additional 4 hours at 0°C for complete conversion. The reaction mixture was quenched 

with Na2SO3 and diluted with EtOAc (50 ml). The organic layer was separated and the 

aqueous layer was extracted with EtOAc (50 ml X 3). The combined organic layers were 

washed with brine, dried, filtered, and concentrated. Flash column chromatograph (1: 5 

EtOAc:hexanes) afforded  (S)-1-((R,Z)-4-(iodomethylene)tetrahydrofuran-2-yl) 

ethane-1,2-diol (1.22) as a white solid (1.33 g, 70%); Rf 0.18 (1:2 EtOAc:hexanes); IR; 
1H NMR (500 MHz) δ 6.02 (s, 1 H), 4.36 (d, 1 H, J = 14.5 Hz), 4.17 (d, 1 H, J = 14.5 Hz),  

4.10 (dd, 1 H J = 13.5, 6.0 Hz), 3.82 (m, 1 H), 3.74 (dd, 1 H, J = 6.2, 3.1 Hz), 3.65 (dd, 1 
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H, J = 6.2, 3.1 Hz), 3.35 (s, 1 H), 3.05 (s, 1 H ), 2.54-2.66 (m, 2 H); 13C NMR (125 MHz) 

δ 150.56, 81.69, 75.62, 72.74, 67.44, 63.67, 36.16; [α]25D +26.6° (c = 0.56, CHCl3); 

HRMS calcd. for C7H11IO3: 269.9753, found: 269.9742 (FAB). 

 

 

(S)-2-Hydroxy-2-((R,Z)-4-(iodomethylene)tetrahydrofuran-2-yl)ethyl benzoate (1.23). 

To a solution of (S)-1-((R,Z)-4-(iodomethylene)tetrahydrofuran-2-yl) ethane-1,2-diol 

(1.22) (13.2 mg, 0.0489 mmol) in DCM (2.00 ml) at 0°C was added Et3N (0.02 ml, 0.14 

mmol) and benzoyl chloride (0.008 ml, 0.07 mmol). The reaction mixture was stirred for 

30 mins before saturated NH4Cl (10.0 ml) was added. The organic layer was separated 

and the aqueous layer was extracted with EtOAc (10 ml X 3). The combined organic 

layers were washed with brine, dried, filtered, and concentrated. Flash column 

chromatograph (1: 5 EtOAc:hexanes) afforded  (S)-2-hydroxy-2-((R,Z)-4- 

(iodomethylene)tetrahydrofuran-2-yl)ethyl benzoate (1.23) as a white solid (13.8 mg, 

76%); 1H NMR (500 MHz) δ 8.05 (d, 2 H, J = 8.0 Hz), 7.58 (t, 1 H, J = 7.5 Hz), 7.45 (dt, 

1 H, J = 8.0, 7.5 Hz),  6.03 (s, 1 H), 4.50 (dd, 1 H, J = 11.5, 3.5 Hz), 4.32-4.40 (m, 1 H), 

4.15-4.23 (m, 1 H), 4.07-4.12 (m, 1 H), 2.71 (d, 2 H, J = 7.0 Hz), 2.62 (s br, 1 H); 13C 

NMR (125 MHz) δ 167.12, 150.58, 133.54, 129.93, 129.78, 128.68, 81.15, 75.79, 71.06, 

67.49, 66.21, 35.84; [α]25
D +34.5° (c = 0.57, CHCl3). 
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HPLC trace, racemic standard 
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AD mix beta HPLC trace: 
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(DHDQ)2AQN HPLC trace: 
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(R,Z)-4-(Iodomethylene)tetrahydrofuran-2-carboxylic acid (1.29). To 

(S)-1-((R,Z)-4-(Iodomethylene)tetrahydrofuran-2-yl)ethane-1,2-diol (1.22) (508 mg, 1.88 

mmol) in a mixture of THF (20.00 ml) and H2O (2.80 ml) at 0°C was added NaIO4 (804 

mg, 3.76 mmol). The reaction mixture was stirred for an additional 1.5 hours. The 

mixture was filtered and solid was washed with DCM. The organic phase was dried, 

filtered, and concentrated. The crude material was then diluted with DMF (15 ml) and 

PDC (4.24 g, 10.1 mmol) was added. The reaction mixture was stirred for 4 hours at 

room temperature before H2O (400 ml) was added. The aqueous phase was extracted with 

EtOAc (400 ml X 3). The combined organic layers were washed with H2O, brine, dried, 

filtered, and concentrated. Flash column chromatograph (1:40 MeOH:DCM to 1:9:0.1 

MeOH:DCM:AcOH) afforded (R,Z)-4-(iodomethylene)tetrahydrofuran-2-carboxylic 

acid (1.29) as a white solid (332 mg, 70%); m. p. 64.0-66.2°C; Rf 0.37 (1:8 MeOH:DCM); 

IR 3069 (br), 2640, 1731; 1H NMR (500 MHz) δ 11.04 (s, 1 H), 6.04 (s, 1 H), 4.73-4.76 

(m, 1 H), 4.41 (d, 1 H, J = 14.5 Hz), 4.29 (d, 1 H, J = 14.5 Hz), 2.93 (dd, 1 H, J = 16.2, 

8.2 Hz), 2.76 (dd, 1 H, J = 6.0, 3.5Hz); 13C NMR (125 MHz) δ 177.18, 148.00, 78.06, 

76.05, 68.40, 38.03; [α]25D +53.3° (c = 0.89, CHCl3); HRMS calcd. for C6H7IO3: 

253.9440, found: 253.9436 (FAB). 

 

 

(R,Z)-4-+itrobenzyl 4-(iodomethylene)tetrahydrofuran-2-carboxylate (1.30). To 

(R,Z)-4-(iodomethylene)tetrahydrofuran-2-carboxylic acid (1.29) (18.2 mg, 0.0716 

mmol), benzyl alcohol (17.1 mg, 0.107 mmol) and PPh3 (29.0 mg, 0.107 mmol) in THF 

(5.00 ml) at 0°C was added DEAD (0.020 ml, 0.11 mmol). The reaction mixture was 

stirred for 2 hours before saturated NH4Cl aqueous solution (10.0 ml) was added. The 

mixture was extracted with EtOAc (15 ml X 3). The organic phase was dried, filtered, 

and concentrated. Flash column chromatograph (1: 4 EtOAc:hexanes) afforded (R,Z)-4- 

nitrobenzyl 4-(iodomethylene)tetrahydrofuran-2-carboxylate (1.30) as a white solid 

(22.2 mg, 80%); 1H NMR (400 MHz) δ 8.24 (d, 1 H, J = 8.4 Hz), 7.51 (d, 1 H, J = 8.4 

Hz), 6.09 (d, 1 H, J = 2.4 Hz), 5.28 (q, 2 H, J = 13.2 Hz), 4.84 (q, 1 H, J = 3.8 Hz), 4.49 

(d, 1 H, J = 14.4 Hz), 4.37 (d, 1 H, J = 14.4 Hz), 2.90-3.03 (m, 1 H), 2.68-2.80 (m, 1 H). 
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Racemic standard HPLC trace 
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PDC oxidation HPLC trace 

 
 

 

(R,Z)-(1H-Imidazol-1-yl)(4-(iodomethylene)tetrahydrofuran-2-yl)methanone (1.34). 

To (R,Z)-4-(Iodomethylene)tetrahydrofuran-2-carboxylic acid (1.29) (253 mg, 1.00 mmol) 

in THF (10.00 ml) was added CDI (165 mg, 1.02 mmol). The reaction mixture was 

stirred for an additional 2 hours before H2O (15 ml) and DCM (30 ml) was added. The 

organic layer was separated and the aqueous layer was extracted with DCM (15 ml X 2). 
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The combined organic layers were dried, filtered, and concentrated to afford 

(R,Z)-(1H-imidazol-1-yl)(4-(iodomethylene)tetrahydrofuran-2-yl)- methanone (1. 34) 

as a pale solid (285 mg, 93 %) and was used directly in the next reaction without further 

purification; Rf 0.19 (1:9 MeOH:DCM); IR 3394 , 3146, 2969, 1596; 1H NMR (500 MHz) 

δ 8.21 (s, 1 H), 7.44 (s, 1 H), 6.95 (s, 1 H), 6.04 (s, 1 H), 5.16 (t, 1 H, J = 6.3 Hz), 4.29 (s, 

2 H), 3.00 (d, 1 H, J = 16.1 Hz), 2.87 (dd, 1 H, J = 16.1, 7.6 Hz); 13C NMR (125 MHz) δ 

167.55, 147.28, 137.02, 130.70, 116.39, 79.27, 75.99, 68.78, 36.42. 

 

 

(R,Z)-6-(1-(4-(iodomethylene)tetrahydrofuran-2-yl)-1-oxopropan-2-yl)-2,2,5-trimeth

yl-4H-1,3-dioxin-4-one (1.35). To 6-Ethyl-2,2,5-trimethyl-4H-1,3-dioxin-4-one (179 mg, 

1.05 mmol) in THF (8.00 ml) at -78°C was added LiHMDS (167 mg, 1.00 mmol) in THF 

(8.00 ml). The mixture was stirred for 1 hour before it was cannulated into 

(R,Z)-(1H-Imidazol-1-yl)(4-(iodomethylene)tetrahydrofuran-2- yl)methanone (1.33) (151 

mg, 0.497 mmol) in THF (8.00 ml). The reaction mixture was stirred for 2 hours at -78°C 

before it was quenched with saturated aqueous NH4Cl (15 ml). The organic layer was 

separated and the aqueous layer was extracted with EtOAc (20 ml X 3). The combined 

organic layers were dried, filtered, and concentrated. Flash column chromatograph (1:6 

EtOAc:hexanes) afforded (R,Z)-6-(1-(4-(iodomethylene)tetrahydrofuran-2-yl)-1- 

oxopropan-2-yl)-2,2,5-trimethyl-4H-1,3-dioxin-4-one (1.35) as a colorless oil (86.7 mg, 

43 %) with a typical d.r. of 1.4:1 which was used in the next reaction; Major 

diastereomer: Rf 0.19 (1:9 EtOAc:hexanes);; 1H NMR (400 MHz) δ 6.07 (s, 1 H), 4.64 (m, 

1 H), 4.32 (m, 1 H), 4.05 (m, 1 H), 3.47 (q, 1 H, J = 7.0 Hz), 2.85-2.97 (m, 1H), 

2.64-2.72 (m, 1H), 1.89 (s, 3 H), 1.60 (s, 6 H), 1.30 (d, 3 H, J = 7.0 Hz); 13C NMR (100 

MHz) δ 207.10, 162.65, 162.56, 148.29, 105.67, 101.55, 84.40, 76.21, 68.33, 44.88, 

37.18, 25.93, 24.29, 12.63, 10.25; [α]25D +65.5° (c = 0.84, CHCl3); HRMS calcd. for 

C15H19IO5+H+: 407.0350, found: 407.0366 (EI). 

 

 
(R,Z)-2-hydroxy-6-(4-(iodomethylene)tetrahydrofuran-2-yl)-3,5-dimethyl-4H-pyran-

4-one (1.32). (R,Z)-6-(1-(4-(Iodomethylene)tetrahydrofuran-2-yl)-1-oxopropan-2- 

yl)-2,2,5-trimethyl-4H-1,3-dioxin-4-one (1.34) (84.1 mg, 0.207 mmol) in toluene (50.00 
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ml) was heating to reflux for 48 hours. The reaction mixture was concentrated. Flash 

column chromatograph (1:1 EtOAc:hexanes) afforded (R,Z)-2-hydroxy-6-(4- 

(iodomethylene)tetrahydrofuran-2-yl)-3,5-dimethyl-4H-pyran-4-one (1.32) as a white 

solid (61.0 mg, 75%); m. p. decomposition; Rf 0.20 (1:1 EtOAc:hexanes); IR 3072 (br) , 

2930, 1669, 1567 cm-1; 1H NMR (500 MHz) δ 8.37 (s, 1 H), 6.04 (s, 1 H), 5.13 (t, 1 H, J 

= 7.4 Hz), 4.46 (d, 1 H, J = 14.2 Hz), 4.25 (d, 1 H, J = 14.2 Hz), 2.94 (dd, 1 H, J = 15.7, 

8.2 Hz), 2.79 (dd, 1 H, J = 15.7, 6.5 Hz), 2.04 (s, 3 H), 1.98 (s, 3 H); 13C NMR (125 MHz) 

δ 165.85, 165.05, 153.66, 149.73, 110.46, 100.61, 76.30, 75.98, 67.68,37.76, 9.65, 9.04; 

[α]25
D +80.2° (c = 0.48, CHCl3). HRMS calcd. for C12H13IO4: 347.9859, found: 347.9845 

(FAB). 

 

 

(R,Z)-2-(4-(Iodomethylene)tetrahydrofuran-2-yl)-6-methoxy-3,5-dimethyl-4H-pyran

-4-one (1.33). To (R,Z)-2-hydroxy-6-(4-(iodomethylene)tetrahydrofuran-2-yl)- 

3,5-dimethyl-4H-pyran-4-one (1.32) (37.6 mg, 0.108 mmol) in DCM (5.00 ml) was 

added MeOSO2F (0.085 ml, 1.08 mmol). The reaction mixture was stirred for 5 hours 

before it was concentrated and rediluted with DCM. The organic phase was washed with 

1M NaOH solution, dried, filtered, and concentrated. Flash column chromatograph (1:1 

EtOAc:hexanes) afforded (R,Z)-2-(4-(iodomethylene)-tetrahydrofuran-2-yl)-6- 

methoxy-3,5-dimethyl-4H-pyran-4-one (1.33) as a white solid (27.4 mg, 75%); m. p. 

118.0-120.5°C; Rf 0.11 (1:2 EtOAc:hexanes); IR 2953 , 2924, 1665, 1567 cm-1; 1H NMR 

(400 MHz) δ 6.14 (s, 1 H), 5.36 (dd, 1 H, J = 7.4, 5.7 Hz), 4.51 (d, 1 H, J = 14.4 Hz), 

4.38 (d, 1 H, J = 14.4 Hz), 3.94 (s, 3 H), 2.93-3.04 (m, 1 H), 2.75-2.86 (m, 1 H), 2.00 (s, 

3 H), 1.84 (s, 3 H); 13C NMR (100 MHz) δ 180.71, 162.37, 154.84, 150.17, 120.22, 

100.30, 76.43, 76.37, 67.78, 55.73, 38.21, 9.71, 7.17; [α]25
D +57.4° (c = 1.00, CHCl3). 

HRMS calcd. for C13H15IO4: 362.0015, found: 362.0013 (FAB). 
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Chiral HPLC trace Synthetic sample 
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(R,Z)-2-Methoxy-3,5-dimethyl-6-(4-((trimethylstannyl)methylene)tetrahydrofuran-2

-yl)-4H-pyran-4-one (1.11). Pd(PPh3)4 (12.0 mg, 0.010 mmol), hexamethylditin (33.4 

mg, 0.102 mmol) and (R,Z)-2-(4-(iodomethylene)tetrahydrofuran-2-yl)-6- 

methoxy-3,5-dimethyl-4H-pyran-4-one (1.33) (18.5 mg, 0.0511 mmol) in THF (2.00 ml) 

was degassed and heated to reflux for 2 hours. The reaction mixture was cooled and 

filtered through Celite and washed with Et2O. The combined organic phase was 

concentrated. Flash column chromatograph (1:2 EtOAc:hexanes) afforded 

(R,Z)-2-methoxy-3,5-dimethyl-6-(4-((trimethylstannyl)methylene)tetrahydrofuran-2

-yl)-4H-pyran-4-one (1.11) as a colorless oil (16.6 mg, 81 %); Rf 0.22 (1:2 

EtOAc:hexanes); IR 2923, 1667, 1603, 1464, 1324 cm-1; 1H NMR (400 MHz) δ 5.94 (m, 

1 H), 5.18 (t, 1 H, J = 8.7 Hz), 4.47 (d, 1 H, J = 16.3 Hz), 4.37 (d, 1 H, J = 16.3 Hz), 3.93 

(s, 3 H), 2.93-3.02 (m, 1 H), 2.78-2.88 (m, 1 H), 2.01 (s, 3 H), 1.84 (s, 3 H); 13C NMR 

(100 MHz) δ 180.86, 162.27, 155.80, 155.31, 120.02, 119.75, 100.07, 75.08, 72.54, 55.47, 

39.45, 9.63, 7.10, -9.03; HRMS calcd. for C13H15IO4: 400.0697, found: 400.0703 (EI). 

 
 

 
(2E,4E,6E)-Ethyl 2-bromo-4,6-dimethyl-7-(4-nitrophenyl)hepta-2,4,6-trienoate 

(1.39). To ethyl bis(trifluoroethyl)bromophosphonoacetate (602 mg, 1.47 mmol) in THF 

(15.00 ml) was added 18-Crown-6 (422 mg, 1.60 mmol) and the reaction mixture was 

cooled to -78°C. KOtBu (1.40 ml, 1.0 M in THF) was added dropwise and the reaction 

mixture turned yellow and was further stirred at -78°C for an additional 1 hour. A 

solution of  (2E,4E)-2,4-dimethyl-5-(4-nitrophenyl)penta- 2,4-dienal (1.12) (305 mg, 

1.32 mmol) in THF (5.00 ml) was added dropwise via cannula and stirred for 1 hour 

before warming to -50°C for an additional 36 hours. Saturated aqueous NH4Cl solution 

(20 ml) was added. The organic layer was separated and the aqueous layer was extracted 

with Et2O (20 ml X 2). The combined organic layers were dried, filtered, and 

concentrated. Flash column chromatograph (1:49 EtOAc:hexanes) afforded 

(2E,4E,6E)-ethyl-2-bromo-4,6-dimethyl-7-(4-nitrophenyl)hepta-2,4,6-trienoate (1.39) 

as a yellow solid (372 mg, 74%); m. p. = 33.5 - 34.5 °C;  Rf 0.58 (1:9 EtOAc:hexanes); 

IR 3077, 2981, 2935, 2849, 2836, 1725, 1712, 1592, 1540, 1446, 1336, 1214, 1109, 1023, 

914, 854, 799, 747, 706 cm-1; 1H NMR (400 MHz) δ 8.17 (d, 2 H, J = 8.6 Hz), 7.42 (d, 2 

H, J = 8.6 Hz), 6.81 (s, 1 H), 6.47 (s, 1 H), 6.12 (s, 1 H), 4.27 (quartet, 2H, J = 7.1 Hz), 
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2.05 (s, 3 H), 1.97 (s, 3 H), 1.32 (t, 3H, J = 7.1 Hz); 13C NMR (100 MHz) δ 164.98, 

146.24, 144.13, 142.65, 138.73, 138.45, 133.97, 130.14, 129.79, 123.67, 110.08, 62.46, 

19.17, 16.58, 14.10; HRMS calcd. for C17H18BrNO4: 379.0419, found: 379.0406 (FAB). 

 

 

(2E,4E,6E)-2-Bromo-4,6-dimethyl-7-(4-nitrophenyl)hepta-2,4,6-trien-1-ol (1.40). To 

(2E,4E,6E)-ethyl 2-bromo-4,6-dimethyl-7-(4-nitrophenyl)hepta-2,4,6-trienoate (1.39) 

(306 mg, 0.804 mmol) in DCM (6.00 ml) at -78°C was added DIBAL-H (2.40 ml, 1.0 M 

in hexanes). After 5 mins half-saturated aqueous NH4Cl solution (20 ml) and Et2O (20 ml) 

was added. The solution was warmed to r. t. and potassium sodium tartrate (200 mg) was 

added. The mixture was stirred vigorously until a homogenous two phase mixture was 

achieved. The organic layer was separated and the aqueous layer was extracted with Et2O 

(20 ml X 2). The combined organic layers were dried, filtered, and concentrated. Flash 

column chromatograph (1:9 EtOAc:hexanes) afforded (2E,4E,6E)-2-bromo- 

4,6-dimethyl-7-(4-nitrophenyl)hepta-2,4,6- trien-1-ol (1.40) as a yellow solid (260 mg, 

96%); m. p. = 83.5 - 84.0 °C; Rf 0.24 (1:4 EtOAc:hexanes); IR 3520, 3102, 2921, 2873, 

1592, 1512, 1442, 1342, 1109, 1027, 1008, 910, 857cm-1; 1H NMR (400 MHz) δ 8.18 (d, 

2 H, J = 8.5 Hz), 7.42 (d, 2 H, J = 8.5 Hz), 6.59 (s, 1 H), 6.45 (s, 1 H), 5.99 (s, 1 H), 4.49 

(s, 2 H), 2.34 (s, br, 1 H), 2.05 (s, 3 H), 2.00 (s, 3 H); 13C NMR (100 MHz) δ 146.15, 

144.39, 139.12, 138.68, 135.48, 133.82, 129.75, 129.25, 127.35, 123.69, 63.81, 19.28, 

18.74; MS calcd. for C15H16BrNO3: 337, found: 337, 339 (M+2), 320 (M-OH) (FAB). 

 

 

1-((1E,3E,5E)-6-Bromo-2,4-dimethylhepta-1,3,5-trienyl)-4-nitrobenzene (1.10). To 

(2E,4E,6E)-2-bromo-4,6-dimethyl-7-(4-nitrophenyl)hepta-2,4,6-trien-1-ol (1.40)  (92 

mg, 0.272 mmol) in HMPA (4.00 ml) was added PPh3 (285 mg, 1.09 mmol). The 

reaction mixture was stirred for 20 mins before NBS (121 mg, 0.680 mmol) was added. 

After 30 mins freshly purified NaBH3CN (87 mg, 1.38 mmol) was added and the reaction 

mixture was heated to 50°C for 1 h. The mixture was cooled to r. t., diluted with Et2O (20 

ml) and saturated aqueous NaHCO3 solution (10 ml) was then added. The organic layer 

was separated and the aqueous layer was extracted with Et2O (10 ml X 2). The combined 

organic layers were washed with H2O (10 ml), brine (10 ml), dried, filtered, and 

concentrated. Flash column chromatograph (1: 49 EtOAc:hexanes) afforded 
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1-((1E,3E,5E)-6-bromo-2,4-dimethylhepta-1,3,5- trienyl)-4-nitrobenzene (1.10) as a 

yellow solid (68 mg, 78%); Rf 0.51 (1:19 EtOAc:hexanes); IR 2956, 2918, 2850, 1592, 

1513, 1439, 1379, 1342, 1109, 1075, 1031, 853cm-1; 1H NMR (400 MHz) δ 8.20 (d, 2 H, 

J = 8.8 Hz), 7.43 (d, 2 H, J = 8.8 Hz), 6.45 (s, 2 H), 5.93 (s, 1 H), 2.47 (s, 3 H), 2.06 (s, 3 

H), 2.00 (s, 3 H); 13C NMR (100 MHz) δ 146.18, 144.68, 139.13, 136.74, 134.71, 134.66, 

129.76, 128.56, 123.77, 123.04, 25.57, 19.47, 18.91; HRMS calcd. for C15H16BrNO2: 

321.0364, found: (FAB). 

 

 

 
1 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925. 
2 Alaimo, P. J.; Peters, D. W.;Arnold, J.; Bergman, R. G. J. Chem. Ed. 2001, 78, 64. 
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Total synthesis of taiwaniaquinoids 
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Total synthesis of taiwaniaquinoids 

 

Introduction 

 

The taiwaniaquinoids are a family of unusual tricyclic diterpenoids isolated from the 

bark of Taiwania cryptomerioides1 with interesting biological activities. Structurally, 

their members are marked by a rare tricyclic [6-5-6] ring system. Many members of the 

taiwaniaquinoids, such as Taiwaniaquinone A, D, F and Taiwaniaquinol A, C, D have 

shown potent activities against the KB epidermoid carcinoma cancer cell line with IC50 of 

3.5-8.3 µM.1,2 Other members, such as Standishinal has shown inhibitory activity against 

human aromatase with IC50 of 1.0 µM.3 

Chart 1 The taiwaniaquinoids. 

 

 

Ferruginol (2.10), 6,7-dehydroferruginol (2.11), and 12-hydroxy-6,7-secoabieta- 

8,11,13-triene-6,7-dial (2.12) were found as co-metabolites in the crude extract where the 

taiwaniaquinoids were discovered.1 Thus, the novel tricyclic [6-5-6] ring system was 

believed to arise from pinacol rearrangement of an abietane which was derived from the 

6,7-dehydroferruginol (2.11). In the process, some family members underwent a further 

enzymatic decarbonylation to afford the norabietane skeleton. Alternatively, the diol 2.13 

is oxidatively cleaved and aldol type addition formed Standishinal (2.5). 
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Chart 2 Co-metabolite of the taiwaniaquinoids. 

 
 

Scheme 1 Biosynthetic pathway to the taiwaniaquionds. 

 
 

Scheme 2 Alternative biosynthetic pathway to the taiwaniaquionds. 

 

Synthetic reports from other groups 

 

Banerjee and co-workers described the first total syntheses of the taiwaniaquinoids 

employing an intramolecular Mizoroki-Heck reaction.4 Deconjugative alkylation, 
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followed by isomerization afforded the enone. Decarboxylation and olefination then set 

the key intermediate for the key reaction. The Heck reaction with in situ reduction then 

furnished the tricyclic [6-5-6] ring system. Late stage derivatization then afforded many 

family members. However, all the syntheses required 22 to 28 linear steps and the overall 

yield thus suffered badly due to the long sequence. 

Scheme 3 Banerjee’s approach to the taiwaniaquinoids. 

 

 
 

Fillion and co-worker reported a nicely designed cascade cyclization sequence effected 

by stoichiometric amount of trimethylsilyl triflate (TMSOTf). Retro [4 + 2] cycloaddition, 

Friedel-Crafts acylation, and alkylation furnished the key indanone in one step with 70% 

yield. Standard oxidation afforded the Taiwaniaquinol B (2.2) in 15 linear steps and 

overall 6.3% yield.5 

Scheme 4 Fillion’s approach to Taiwaniaquinol B (2.2). 

 



53 
 

Stoltz and co-worker described the enantioselective synthesis of (+)-Dichroanone (2.9). 

Tsuji-Trost allylic alkylation installed the tertiary all carbon stereocenter with 91% ee. A 

series of oxidation and condensation reactions yielded the final natural product in 11 

linear steps and overall 4% yield. 

Scheme 5 Stoltz’s approach to (+)-Dichroanone (2.9). 

 

HO
Me

O

O

(+)-Dichroanone
2.9

11 steps, 4% 97% ee

HO
Me

 
 

Retrosynthetic analysis 

 

Most of the taiwaniaquinoids natural products can be tracked back synthetically to the 

common indanone intermediate 2.15, where the synthetic challenge lies. We envisioned, 

however, a quick access to this very indanone could be realized through Nazarov 

cyclization. Furthermore, the Nazarov substrate 2.16 can be prepared from two readily 

available simple organic molecules 2.17 and 2.18. 

Scheme 6 Retrosynthetic analysis of the taiwaniaquinoids. 
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Synthesis 

 

Electrophilic aromatic bromination of the literature known7 isopropyl resorcinol 

dimethyl ether (2.17) with �-bromosuccinimide (NBS) gave aryl bromide 2.19. 

Lithium-bromine exchange, followed by addition of commercially available β-cyclocitral 

2.18, afforded aryl vinyl carbinol 2.20 through 1,2-addition. This acid sensitive carbinol 

was then oxidized immediately to yield aryl vinyl ketone 2.16. At this stage, screen of 

various Lewis acids and solvents revealed that 2.16 could be cyclized in the presence of 

TMSOTf in nitromethane (CH3NO2) to afford the highly unstable silyl enol ether 2.22, 

presumably through the intermediacy of 2.21. The highly polar nitromethane is required 

for fast conversion and high yield. In the aqueous work, silyl enol ether was hydrolysis to 

form indanone 2.23. Selective deprotection of the methyl ether by chelation control, 

followed by CAN oxidation and sodium dithionite reduction upon workup afforded 

(±)-Taiwaniaquinol B (2.2). 

Scheme 7 Total synthesis of Taiwaniaquinol B (2.2). 

 
 

The highly concise synthesis of (±)-Taiwaniaquinol B (2.2) consists 6 linear steps with 

an overall yield of 28%. The high efficiency lies in the quick assembly of the tricyclic 

[6-5-6] core structure with the underappreciated aromatic Nazarov cyclization. Thus we 

decided to explore and expand its application in the syntheses of other Taiwaniaquioinds. 

The indanone intermediate 2.23 could be converted to the indene triflate 2.24 with 

trifluoromethanesulfonic anhydride (Tf2O) and base, which offered various opportunities 

to new functional groups thanks to palladium mediated cross coupling reactions.  
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Scheme 8 Synthesis of indene triflate and subsequently potential coupling chemical transformations to 

other taiwaniaquinoids. 

 
 

However, after contemplating the reaction mechanism of the aromatic Nazarov 

cyclization, we envisioned a more direct route to the indene triflate 2.24. Indeed, heating 

aryl vinyl ketone 2.16 with Tf2O in the presence of a hindered base 

2,6-di-tert-butylpyridine (2,6-DTBP) cleanly gave the indene triflate 2.24. This reaction 

is proposed to proceed through a similar trifluoromethanesulfoxy carbocation 2.25, which 

undergoes 4π electrocyclization followed by deprotonation to yield 2.24. 

Scheme 9 Nazarov cyclization/triflation. 

MeO

MeO O
Tf

MeO
Me

MeO OTf
Tf2O, 2,6-DTBP

CH3NO2

4

(70%)
MeO

MeO O

2.16 2.25 2.24  
 

Palladium-catalyzed reduction of indene triflate 2.24 afforded indene 2.26 in excellent 

yield. Due to steric hindrance around the indene triflate, the comparatively small and 

electron-rich ligand trimethyl phosphite was required to effectively carry out this reaction.8 

No conversion was found with normal triarylphosphine ligands. Global demethylation 

afforded the resorcinol. CAN oxidation, however, led to over-oxidation and nonspecific 

decomposition. Milder and more selective aerobic oxidation catalyzed by cobalt 

salcomine (2.27) complex9,10 gave (±)-Dichroanone (2.9). The synthesis consists 6 linear 

steps with an overall yield of 24%. 

Scheme 10 Total syntheses of Dichroanone (2.9). 
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Selective deprotection of the more hindered methyl ether afforded the phenol which 

went through cobalt-salcomine catalyzed aerobic oxidation to (±)-Taiwaniaquinone H 

(2.8). Again CAN oxidation only led to decomposition. To note, the more hindered 

methyl is more prone to displacement as it is forced to reside in the conformation where it 

is not coplanar with the aromatic system and thus more exposed to nucleophilic 

substitution. The synthesis of (±)-Taiwaniaquinone H consists 7 linear steps with an 

overall yield of 29%. 

Scheme 11 Total syntheses of Taiwaniaquinone H (2.8). 

 

 

Summary 

 

In summary, a concise, unified approach to the taiwaniaquinoids that hinges on new 

variants of the aromatic Nazarov reaction was developed.11 

To fully explore the scope of this aromatic Nazarov triflic cycliztion chemistry, a series 

of substrates was surveyed. Substituents with different electronic effects on the aromatic 

system and substitution patterns on the enone were screened. 
Table 1 Survey of Substrates for Nazarov Triflation. 
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It appeared that substitution on the enone had a minimal effect on the reactivity. For 

example, 4,4-disubstituted enone 2.33 afforded the triflate 2.34 with 56% yield, 

comparable to the 55% yield with the enone 2.29 which had no substitution at 4 position. 

The electronic effect of the substituent on the aromatic system is more critical. Enones 

with electron-rich substituents, like 2.33 and 2.35, gave the highest yield. 

Electron-neutral and slightly deficient ones are also compatible with the triflation 

chemistry. Substrates bearing strong electron-deficient substituents, such as cyano group 

2.39 and nitro group 2.41 completely lost their reactivity, even at elevated temperature 

and extended reaction time. Finally, acid sensitive variant 2.43 bearing furan group 

displayed strong and nonselective reactivity and led to polymerization, even at lower 

temperature. 

  In summary, a general aromatic Nazarov triflation method has been developed which 

gives good to excellent conversion to the corresponding aryl triflate.8 Combined with the 
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modern cross coupling chemistry, concise and facile assembly of various complex 

polycyclic intermediates could be fulfilled. 

 

Further +otes 

 

After this aromatic Nazarov cyclization-triflation chemistry and its application in the 

syntheses of various taiwaniaquinoids was published, more synthetic efforts towards this 

family of natural products were reported, many of which also relied on the similar key 

cationic cyclization strategy. 

Li and co-worker reported a two steps cationic cyclization strategy to install the 

advanced indanone intermediate which was converted to the natural product in the same 

late stage transformation.12 

Scheme 12 Li’s synthesis of Taiwaniaquinol B. 

 
 

Tang and co-workers described a Brønsted acid catalyzed Friedel-Craft acylation and 

cyclization to Taiwaniaquinol B and Dichroanone.13 

Scheme 13 Tang’s syntheses of Taiwaniaquinol B and Dichroanone. 

 
 

Alvarez-Manzaneda applied a thermal electrocyclization strategy in the synthesis of 

the tricyclic core. Standard late stage chemical transformation afforded the 

taiwaniaquinones and Dichroanone.14 They also reported an acid catalyzed cyclization on 



59 
 

the aryl vinyl carbinol to the indene. Further oxidation led to Taiwaniaquinone H and 

Dichroanone.15 

Scheme 14 Manazneda’s syntheses of Taiwaniaquinones and Dichroanone. 

 

 
 

Majetich described a late stage homologation on the indanone to afford the two abietane 

family members.16 

Scheme 15 Majetich’s syntheses of Taiwaniaquinone D and Dichroanonal. 

 
Node developed an enantioselective variant of the original Mizoroki-Heck reaction 

employed by Banerjee and successfully applied to the total synthesis of 

(-)-Taiwaniaquinone H, (-)-Dichroanone, and (-)-Dichroanonal B.17 
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Scheme 16 Node’s asymmetric syntheses of (-)-Taiwaniaquinone H, (-)-Dichroanone, and (-)-Dichroanonal 

B. 
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Experimental section 

 

General. Unless otherwise noted, materials were obtained from commercial suppliers and 

used without further purification. All reactions were performed under an inert atmosphere 

(N2) unless stated otherwise. Extracts were dried over MgSO4 and concentrated using a 

Buchi rotary evaporator under reduced pressure. The concentration of commercially 

available solutions of n-butyllithium in pentane/hexane was determined by titration with 

diphenylacetic acid. All glassware for moisture-sensitive reactions was dried in a high 

temperature oven at least overnight prior to use.   

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 

F254 TLC plates. TLC visualization was accomplished using 254 nm UV light or charring 

solutions of KMnO4, I2, or other TLC reagents. Flash chromatography was performed on 

ICN siliTech 32-63 D 60 Å silica gel according to the procedure of Still. 

1H NMR and 13C NMR spectra were taken in CDCl3 at r.t., with chemical shifts in 

expressed in ppm relative to CDCl3. Infrared spectra were obtained on NaCl plates with an 

ATI Mattson Gemini FTIR spectrometer. High-resolution mass spectra (HRMS) were 

obtained on VG ProSpec Mass Spectrometer using electron impact (EI) at 70 eV unless 

otherwise noted. Optical rotation was determined using Perkin-Elmer 241 polarimeter 

equipped with a 589 nm sodium lamp. Melting points were taken on an electrothermal 

apparatus and were uncorrected. 

Et2O, DCM and toluene were dried according to the procedure described by Bergman. 

THF was distilled under N2 from Na/benzophenone immediately prior to use. Benzene, 

acetonitrile, triethylamine, diisopropylamine and diisopropylethylamine were distilled 

under N2 from CaH2. DMF and DMSO were dried over 4 Å molecular sieves. HPLC grade 

(>96%) nitromethane was used as purchased from Aldrich. 
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1-Bromo-3-isopropyl-2,4-dimethoxybenzene (2.19). A solution of 2-isopropyl- 

1,3-dimethoxybenzene (2.17) (1.90 g, 10.6 mmol) in DMF (20.00 mL) was treated with 

�-bromosuccinimide (1.88 g, 10.6 mmol). The reaction was allowed to proceed at r.t. in a 

reaction vessel guarded from light. After 42 h, the reaction solution was poured into 150 

mL of water and extracted with a 2:3 hexanes:ether solution (100 mL × 2). The combined 

organic layers were washed with water (100 mL) and brine (100 mL), dried, filtered, and 

concentrated. Flash column chromatography (1:9 EtOAc:hexanes) afforded 

1-bromo-3-isopropyl-2,4-dimethoxybenzene (2.19) as a light yellow oil (2.69 g, 98%). 

Rf 0.61 (1:20 EtOAc:hexanes); IR 3084, 2988, 2956, 2935, 2871, 2836, 2361, 2342, 1572 

cm-1; 1H NMR (400 MHz) δ 7.31 (d, 1 H, J = 8.8 Hz), 6.55 (d, 1 H, J = 8.8 Hz), 3.79 (s, 6 

H), 3.52 (heptet, 1 H, J = 7.1 Hz), 1.32 (d, 6 H, J = 7.1 Hz); 13C NMR (100 MHz) δ 

159.01, 154.98, 131.61, 130.23, 108.73, 108.60, 61.42, 55.51, 26.16, 20.86, 20.86; 

HRMS calcd. for C11H15BrO2: 258.0255, found: 258.0255. 

 

 

(3-Isopropyl-2,4-dimethoxyphenyl)(2,6,6-trimethylcyclohex-1-enyl)methanol (2.20). 

A solution of 1-bromo-3-isopropyl-2,4-dimethoxybenzene (2.19) (566 mg, 2.18 mmol) 

in Et2O (5.50 mL) was treated with n-butyllithium (5.71 mL, 2.00 M solution in pentane) 

at -25 °C. During the addition, the solution turned yellow and then bright amber. Upon 

completion of the addition, the reaction solution was allowed to warm to r.t. over 10 mins, 

and was then cooled to 0 °C. A solution of 2,6,6-trimethylcyclohex-1-enecarbaldehyde 

(2.16) (566 mg, 2.18 mmol) in Et2O (3.00 mL) was added to the reaction solution 

dropwise over 5 mins. The reaction vessel was then allowed to warm to r.t.. After 1.5 h, 

the reaction mixture was poured into water (20 mL).  The organic layer was separated, 

and the aqueous layer was extracted with Et2O (20 mL × 2). The combined organic layers 

were dried, filtered, and concentrated. Flash column chromatography (1:20 

EtOAc:hexanes) afforded (3-isopropyl- 2,4-dimethoxyphenyl)(2,6,6-trimethyl 

cyclohex-1-enyl)methanol (2.20) as a yellow oil (645 mg, 89%). The product was found 

to be unstable and was carried on to the oxidation step without full characterization. 
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(3-Isopropyl-2,4-dimethoxyphenyl)(2,6,6-trimethylcyclohex-1-enyl)methanone (2.16). 

A solution of (3-isopropyl- 2,4-dimethoxyphenyl)(2,6,6-trimethylcyclohex- 

1-enyl)methanol (2.20) (520 mg, 1.57 mmol) and pyridine (25 drops) in DCM (10.00 

mL) was treated with Dess-Martin periodinane (797 mg, 1.88 mmol). The reaction 

mixture instantly turned bright orange. After 5 mins, water (5.0 mL) was added followed 

by aqueous NaOH solution (1.0 M, 10 mL).  The bilayer mixture was allowed to stir 

vigorously for 10 mins. DCM (25 mL) and water (25 mL) were added and the organic 

layer was separated.  The aqueous layer was extracted with DCM (25 mL × 2), and the 

combined organic layers were dried, filtered, and concentrated. Flash column 

chromatography (1:9 EtOAc:hexanes) afforded (3-isopropyl-2,4- 

dimethoxyphenyl)(2,6,6-trimethylcyclohex-1-enyl)methanone (2.16) as a light yellow 

solid (463 mg, 90%); m. p. = 86.0-86.5 °C; Rf 0.50 (1:9 EtOAc:hexanes); IR 2957, 2932, 

2870, 2844, 1655 cm-1; 1H NMR (400 MHz) δ 7.59 (d, 1 H, J = 8.8 Hz), 6.62 (d, 1 H, J = 

8.8 Hz), 3.85 (s, 3 H), 3.81 (s, 3 H), 3.62 (heptet, 1 H, J = 7.1 Hz), 2.04 (t, 2 H, J = 6.4 

Hz), 1.77–1.70 (m, 2 H), 1.53–1.49 (m, 2 H), 1.48 (s, 3 H), 1.30 (d, 6 H, , J = 7.1 Hz), 

1.05 (s, 6 H); 13C NMR (100 MHz) δ 199.82, 163.06, 159.20, 141.23, 133.47, 130.92, 

130.72, 125.12, 105.86, 62.18, 55.36, 39.18, 33.95, 31.38, 29.11, 24.76, 21.56, 20.91, 

20.91, 18.99, 18.99; HRMS calcd. for C21H30O3: 330.2195, found: 330.2195.  

 

 

2,3,4,4a-Tetrahydro-7-isopropyl-6,8-dimethoxy-1,1,4a-trimethyl-1H-fluoren-9(9aH)-

one (2.23). A solution of TMSOTf (123 µL, 0.700 mmol) in nitromethane (4.00 mL) was 

heated to 105 °C in a flask equipped with a reflux condenser. A solution of 

(3-isopropyl-2,4-dimethoxyphenyl)(2,6,6-trimethylcyclohex-1-enyl)methanone (2.16) 

(206 mg, 0.640 mmol) in nitromethane (4.00 mL) was added over 5 mins. After 1 h, the 

reaction vessel was cooled in an ice bath, and saturated aqueous NH4F solution (8 mL) 

was added. Nitromethane was then removed from the bilayer mixture in vacuo and the 

aqueous layer was diluted with water (4 mL). The aqueous layer was extracted with 

EtOAc (5 mL × 3), and the combined organic layers were dried, filtered, and 

concentrated. Flash column chromatography (1:20 EtOAc:hexanes) afforded 

2,3,4,4a-tetrahydro-7-isopropyl-6,8-dimethoxy-1,1,4a-trimethyl-1H- fluoren-9(9aH)- 
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one (2.23) as a yellow solid (147 mg, 70%); m. p. = 136.0-137.0 °C; Rf 0.50 (1:9 

EtOAc:hexanes); IR 2952, 2933, 2869, 2358, 1694 cm-1; 1H NMR (400 MHz) δ 6.56 (s, 1 

H), 3.90 (s, 3 H), 3.89 (s, 3 H), 3.56 (heptet, 1 H, J = 7.1 Hz), 2.10 (s, 1 H), 2.10-2.02 (m, 

1 H), 1.65-1.56 (m, 2 H), 1.51-1.29 (m, 3 H), 1.27 (d, 6 H, J = 7.1 Hz), 1.24 (s, 3 H), 1.22 

(s, 3 H) 0.69 (s, 3 H); 13C NMR (100 MHz) δ 204.38, 164.73, 163.92, 156.95, 128.02, 

121.58, 99.65, 65.61, 62.01, 55.65, 41.30, 38.46, 34.42, 33.25, 32.46, 24.54, 24.41, 21.10, 

21.10, 18.32, 18.32; HRMS calcd. for C21H30O3: 330.2193, found: 330.2195. 

 

 

2,3,4,4a-Tetrahydro-8-hydroxy-7-isopropyl-6-methoxy-1,1,4a-trimethyl-1H-fluoren-

9(9aH)-one (2.15). 2.15 also appeared in Fillion’s total synthesis. See ref for 

experimental procedure. 

 

 

(±±±±)-Taiwaniaquinol B (2.2). To a solution of 2,3,4,4a-tetrahydro-8-hydroxy-7- 

isopropyl-6-methoxy-1,1,4a-trimethyl-1H-fluoren-9(9aH)-one (2.15) (60.0 mg, 0.190 

mmol) in CH3CN (6.00 mL) and DCM (0.30 mL) at 0 °C was added a solution of CAN 

(396 mg, 0.722 mmol) in water (3.00 mL) dropwise. The reaction mixture was stirred for 

4 h before the reaction was quenched with aqueous Na2S2O4 solution (4 mL, 1.0 M). The 

mixture was extracted with EtOAc (5 mL ×××× 3). The combined organic layers were 

washed with brine (10 mL), dried, filtered, and concentrated. Flash column 

chromatography (1:9 EtOAc:hexanes) afforded (±±±±)-Taiwaniaquinol B (2.2) as a white 

solid (32.0 mg, 51%); m. p. = 133.5-134.5 °C; Rf 0.37 (1:9 EtOAc:hexanes); IR 3446 (br), 

2954, 2360, 2342, 1662, 1626, 1426 cm-1; 1H NMR (400 MHz) δ 9.54 (s, 1 H), 5.29 (s, 1 

H), 3.80 (s, 3 H), 3.27 (heptet, 1 H, J = 7.1 Hz), 2.12 (s, 1 H), 2.09-1.95 (m, 2 H), 

1.76-1.66 (m, 1 H), 1.65-1.53 (m, 1 H), 1.44 (s, 3 H), 1.45-1.83 (m, 2 H), 1.38 (d, 6 H, J 

= 7.0 Hz), 1.25 (s, 3 H), 0.88 (s, 3 H); 13C NMR (100 MHz) δ 211.10, 152.15, 151.06, 

142.66, 138.33, 126.02, 118.23, 65.00, 62.06, 42.64, 36.41, 34.30, 32.96, 30.24, 28.79, 

25.91, 24.28, 20.58, 20.58, 17.41; HRMS calcd. for C20H28O4: 332.1990, found: 

332.1988. 
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Trifluoromethanesulfonic acid 7-isopropyl-6,8-dimethoxy-1,1,4a-trimethyl- 2,3,4,4a- 

tetrahydro-1H-fluoren-9-yl ester (2.24). To a solution of (3-isopropyl-2,4- 

dimethoxyphenyl)(2,6,6-trimethylcyclohex-1-enyl)methanone (2.16) (200 mg, 0.610 

mmol) in nitromethane (8.00 mL) was added 2,6-di-tert-butylpyridine (816 mg, 4.27 

mmol) and triflic anhydride (602 mg, 2.14 mmol) in sequence. The reaction mixture was 

heated at 100 °C for 2 h and then was cooled in an ice bath before saturated aqueous 

NH4F solution (10 mL) was added. Nitromethane was removed from the bilayer mixture 

in vacuo and the aqueous layer was extracted with EtOAc (10 mL × 3). The combined 

organic layers were washed with brine (10 mL), dried, filtered, and concentrated. Flash 

column chromatography (1:30 EtOAc:hexanes) afforded trifluoromethanesulfonic acid 

7-isopropyl-6,8-dimethoxy-1,1,4a-trimethyl-2,3,4,4a-tetrahydro-1H-fluoren-9-yl 

ester (2.24) as a white solid (196 mg, 70%); m. p. = 168.0-169.0 °C; Rf 0.24 (1:30 

EtOAc:hexanes); IR 2938, 1594, 1426, 1317, 1196, 1126 cm-1; 1H NMR (400 MHz) δ 

6.59 (s, 1 H), 3.82 (s, 3 H), 3.72 (s, 3 H), 3.53 (heptet, 1 H, J = 7.1 Hz), 2.10 (m, 1 H), 

1.92 (m, 1 H), 1.68-1.58 (m, 2 H), 1.43 (s, 3 H), 1.39 (s, 3 H), 1.35 (d, 3 H, J = 7.1 Hz), 

1.33-1.28 (m, 6 H), 1.27-1.26 (m, 1 H), 1.13 (m, 1 H); 13C NMR (100 MHz) δ 159.04, 

151.34, 150.89, 145.52, 137.15, 128.29, 119.70, 100.86, 62.71, 55.59, 48.77, 43.89, 36.18, 

35.29, 30.78, 25.42, 24.83, 24.77, 21.06, 21.02, 18.89, 18.89; 19F NMR (376 MHz) δ 

–72.80; HRMS calcd. for C22H29F3O5S: 462.1688, found: 462.1683. 

 

 

2,3,4,4a-Tetrahydro-7-isopropyl-6,8-dimethoxy-1,1,4a-trimethyl-1H-fluorene (2.26).  

To a solution of Pd(OAc)2 (10 mg, 0.045 mmol) in degassed DMF (4.00 mL) was added 

P(OMe)3 (14.0 µL, 0.119 mmol), trifluoromethanesulfonic acid 7-isopropyl-6,8- 

dimethoxy-1,1,4a-trimethyl-2,3,4,4a-tetrahydro-1H-fluoren-9-yl ester (2.24) (202 mg, 

0.437 mmol), triethylamine ( 0.12 mL, 0.863mmol) and ammonium formate (136 mg, 

2.16 mmol). The solution was then heated to 120 °C for 4 h. After cooling to r.t., water 

(10 mL) was added and the aqueous layer was extracted with Et2O (15 mL × 3). The 

combined organic layers were washed with brine (15 mL), dried, filtered, and 

concentrated. Flash column chromatography (1:30 Et2O:hexanes) afforded 
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2,3,4,4a-tetrahydro-7-isopropyl-6,8-dimethoxy-1,1,4a-trimethyl-1H-fluorene (2.26) 

as a white solid (135 mg, 98%); m. p. = 159.0-160.0 °C; Rf 0.68 (1:20 Et2O:hexanes); IR 

2990, 2953, 2930, 2863, 1613, 1589, 1572, 1451, 1414, 1375, 1329, 1314, 1190, 1135, 

1105, 1052, 1023 cm-1; 1H NMR (400 MHz) δ 6.60 (s, 1 H), 6.42 (s, 1 H), 3.86 (s, 3 H), 

3.82 (s, 3 H), 3.55 (heptet, 1 H, J = 7.1 Hz), 2.07 (br d, 1 H, J = 12.7 Hz), 1.94 (m, 1 H), 

1.68-1.55 (m, 2 H), 1.36 (s, 3 H), 1.37-1.28 (m, 6 H), 1.30 (s, 3 H), 1.24 (s, 3 H) 1.11 (m, 

1 H), 1.01 (m, 1 H); 13C NMR (100 MHz) δ 160.98, 156.96, 155.15, 151.61, 126.82, 

126.57, 116.98, 101.51, 61.86, 56.05, 51.27, 42.85, 38.28, 35.90, 31.29, 25.54, 24.96, 

23.83, 21.48, 21.46, 19.87; HRMS calcd. for C21H30O2: 314.2246, found: 314.2242. 

 

 
(±)-Dichroanone (2.9). To a solution of 2,3,4,4a-tetrahydro-7-isopropyl-6,8- 

dimethoxy-1,1,4a-trimethyl-1H-fluorene (2.26) (20.0 mg, 0.0636 mmol) in DCM (4.00 

mL) was added BBr3 solution (1.0 M in DCM, 0.13 mL, 0.130 mmol). The reaction 

mixture was then heated to reflux and the reaction was carefully monitored by TLC until 

all starting material was consumed (about 1.5-2 h). After the reaction mixture was cooled 

to r.t., saturated NaHCO3 aqueous solution (6 mL) was added and the aqueous layer was 

extracted with EtOAc (10 mL × 3), the combined organic layers were washed with brine 

(10 mL), dried, filtered, and concentrated. The crude product was then quickly diluted 

with DMF (2.00 mL) and was added salcomine (�,�'-bis(salicylidene)ethylenediamino 

cobalt(II)) (2.27) (6.2 mg, 0.019 mmol). The reaction mixture was bubbled with O2 at r.t.. 

After TLC showed reaction was done (about 3-4 hours), water (10 mL) was added and 

the aqueous layer was extracted with Et2O (10 mL × 3), the combined organic layers 

were washed with brine (10 mL), dried, filtered, and concentrated. Flash column 

chromatography (1:30 Et2O:hexanes) afforded (±)-Dichroanone (2.9) as a dark red solid 

(8.2 mg, 45%); m. p. = 122.0-125.0 °C; Rf 0.25 (1:20 Et2O:hexanes); IR 3367, 2962, 

2926, 2850, 1734, 1700, 1641, 1632, 1529, 1461, 1369, 1328, 1262, 1103, 967, 921, 797 

cm-1; 1H NMR (400 MHz) δ 7.30 (s, 1 H), 6.45 (s, 1 H), 3.21 (heptet, 1 H, J = 7.0 Hz), 

2.37 (m, 1 H), 1.92(m, 1 H), 1.71(m, 1 H), 1.63(m, 1 H), 1.45 (s, 3 H), 1.28 (s, 3 H), 

1.27-1.21 (m, 9 H), 1.10 (m, 2 H); 13C NMR (100 MHz) δ 185.64 178.20, 177.00, 152.33, 

148.81, 147.69, 122.65, 117.92, 55.25, 43.31, 37.27, 36.92, 30.82, 24.68, 23.84, 20.05, 

19.96, 19.94, 18.99; HRMS calcd. for C19H24O3: 300.1725, found: 300.1727. 
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5,6,7,8-Tetrahydro-2-isopropyl-3-methoxy-4b,8,8-trimethyl-4bH-fluoren-1-ol (2.28). 

To a solution of boron tribromide dimethyl sulfide complex (298 mg, 0.953 mmol) in 

1,2-dichloroethane (4.00 mL) under N2 was added 2,3,4,4a-tetrahydro- 

7-isopropyl-6,8-dimethoxy-1,1,4a- trimethyl-1H-fluorene (2.26) (25.0 mg, 0.0795 

mmol). The solution was then heated to reflux and the reaction was carefully monitored 

by TLC until all starting material was consumed (about 2-3 h). After the reaction mixture 

was cooled to r.t., saturated aqueous NaHCO3 solution (8 mL) was added and the 

aqueous layer was extracted with Et2O (10 mL × 3), the combined organic layers were 

washed with brine (10 mL), dried, filtered and concentrated. Flash column 

chromatography (1:20 Et2O:hexanes) afforded the 5,6,7,8-tetrahydro- 

2-isopropyl-3-methoxy-4b,8,8-trimethyl-4bH-fluoren-1-ol (2.28) product  as a white 

solid (16.1 mg, 68%); Rf 0.23 (1:20 Et2O:hexanes); IR 3453, 2929, 1593, 1572, 1370, 

1312, 1264, 1222, 1137, 1096, 1053 cm-1; 1H NMR (400 MHz) δ 6.46 (s, 1 H), 6.34 (s, 1 

H), 4.72 (s, 1 H), 3.81 (s, 3 H), 3.51 (heptet, 1 H, J = 7.1 Hz), 2.07 (m, 1 H), 1.94 (m, 1 

H), 1.68-1.55 (m, 2 H), 1.35 (d, 6 H, J = 7.1 Hz), 1.34 (s, 3 H), 1.29 (s, 3 H), 1.21 (s, 3 H),  

1.10 (m, 1 H), 1.01 (m, 1 H); 13C NMR (100 MHz) δ 160.75, 156.75, 154.48, 146.97, 

122.04, 120.14, 114.84, 98.71, 56.21, 51.66, 42.89, 38.31, 35.54, 31.30, 25.59, 24.44, 

23.83, 21.09, 21.09, 19.85; HRMS calcd. for C20H28O2 : 300.2089, found: 300.2087. 

 

 
(±)-Taiwaniaquinone H (2.8). To a solution of 26 (15.2 mg, 0.0506 mmol) in DMF 

(2.00 mL) was added salcomine (�,�'-bis(salicylidene)ethylenediaminocobalt(II)) (2.27) 

(5.0 mg, 0.0152 mmol), the solution was then bubbled with O2 at r.t.. The reaction was 

monitored by TLC until all starting material was consumed (about 4 h). Water (10 mL) 

was added and the aqueous layer was extracted with Et2O (10 mL × 3), the combined 

organic layers were washed with brine (10 mL), dried, filtered, and concentrated. Flash 

column chromatography (1:30 Et2O:hexanes) afforded (±)-Taiwaniaquinone H (2.8) as a 

orange-red solid (12.7 mg, 80%); m. p. = 83.0-84.5 °C; Rf 0.33 (1:20 Et2O:hexanes); IR 

2929, 1643, 1535, 1461, 1292, 1265, 1156, 1026 cm-1; 1H NMR (400 MHz) δ 6.37 (s, 1 

H), 3.98 (s, 3 H), 3.25 (heptet, 1 H, J = 7.1 Hz), 2.40 (m, 1 H), 1.90 (m, 1 H), 1.73-1.44 
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(m, 2 H), 1.42 (s, 3 H), 1.25 (s, 3 H), 1.24-1.18 (m, 9 H), 1.07 (m, 2 H); 13C NMR (100 

MHz) δ 186.33, 178.82, 175.74, 157.35, 150.60, 145.87, 136.01, 116.74, 61.38, 55.65, 

43.39, 37.28, 36.70, 30.98, 24.85, 24.51, 20.72, 20.72, 20.17, 19.11; HRMS calcd. for 

C20H26O3: 314.1882, found: 314.1882. 

 

 

2-Methylene-1-phenylpentan-1-ol (pre 2.29). A solution of bromobenzene (0.90 mL, 

8.56 mmol) in THF (20 mL) was treated with n-butyllithium (2.80 mL, 2.50 M solution 

in hexane) at -78 °C. Upon completion of the addition, the reaction solution was stirred 

for 30 minutes. 2-Methylenevaleraldehyde (0.40 mL, 3.42 mmol) was added to the 

reaction solution dropwise. The reaction vessel was then allowed to warm to r. t.. After 1 

h, the reaction mixture was poured into saturated aqueous NH4Cl solution (10 mL).  The 

organic layer was separated, and the aqueous layer was extracted with Et2O (10 mL X 2). 

The combined organic layers were dried, filtered, and concentrated. Flash column 

chromatography (1:19 EtOAc:hexanes) afforded 2-methylene-1-phenylpentan-1-ol (pre 

2.29) as a yellow oil (484 mg, 80%). Rf 0.41 (1:4 EtOAc:hexanes); IR 3415(br), 2959, 

1658, 1642, 1631, 1493, 1452 cm-1; 1H NMR (400 MHz) δH 7.30-7.12 (m, 5 H) , 5.17 (s, 

1 H), 5.04 (s, 1 H), 4.88 (s, 1 H), 1.92 (br s, 1 H), 1.81 (m, 1 H), 1.74 (m, 1 H), 1.33 (m, 2 

H), 0.76 (t, 3 H, J = 7.1 Hz); 13C NMR (100 MHz) δC 150.88, 142.14, 128.34, 127.63, 

126.66, 109.64, 77.28, 33.90, 20.85, 13.86; MS calcd. for M+-OH: 159, found: 159. 

 

 

2-Methylene-1-phenylpentan-1-one (2.29).  A solution of 2-methylene-1- 

phenylpentan-1-ol (pre 2.29) (484 mg, 2.75 mmol) and pyridine (2 mL) in DCM (30.0 

mL) was treated with Dess-Martin periodinane (1.40 g, 3.30 mmol). After 5 minutes, 

water (10.0 mL) was added followed by aqueous NaOH solution (1.0 M, 20.0 mL).  The 

bilayer mixture was allowed to stir vigorously for 10 minutes. DCM (25 mL) and water 

(25 mL) were added and the organic layer was separated.  The aqueous layer was 

extracted with DCM (25 mL X 2), and the combined organic layers were dried, filtered, 

and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) afforded 

2-methylene-1-phenylpentan-1-one (2.29) as a colorless oil (442 mg, 88%); Rf 0.57 (1:4 

EtOAc:hexanes); IR 2927, 1720, 1659, 1642, 1121 cm-1; 1H NMR (400 MHz) δH 

7.78-7.72 (m, 2 H), 7.53 (t, 1 H, J = 7.3 Hz), 7.43 (t, 2 H, J = 7.4 Hz), 5.82 (d, 1 H, J = 
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0.9 Hz), 2.45 (t, 2 H, J = 7.6 Hz), 1.54 (m, 2 H), 0.97 (t, 3 H, J = 7.4 Hz); 13C NMR (100 

MHz) δC 198.46, 148.21, 137.88, 132.11, 129.49, 128.12, 125.28, 34.31, 21.32, 13.80. 

 

 
2-Propyl-1H-inden-3-yl trifluoromethanesulfonate (2.30). To a solution of 2- 

methylene-1-phenylpentan-1-one (2.29) (54.7 mg, 0.314 mmol) in nitromethane (3.00 

mL) was added 2,6-di-tert-butylpyridine (0.42 mL, 1.88 mmol) and triflic anhydride 

(0.16 mL, 0.94 mmol) in sequence. The reaction mixture was heated at 80 °C for 2 h and 

then was cooled in an ice bath before saturated aqueous NH4Cl solution (5 mL) was 

added. Nitromethane was removed from the bilayer mixture in vacuo and the aqueous 

layer was extracted with Et2O (10 mL × 3). The combined organic layers were washed 

with brine (10 mL), dried, filtered, and concentrated. Flash column chromatography (1:40 

EtOAc:hexanes) afforded 2-propyl-1H-inden-3- yl trifluoromethanesulfonate (2.30) as 

a colorless oil (51.9 mg, 55%); Rf 0.22 (1:30 EtOAc:hexanes); IR 2962, 1659, 1650, 1631 

cm-1; 1H NMR (400 MHz) δ 7.64 (d, 1 H, J = 7.4 Hz), 7.41-7.36 (m, 2 H), 7.33-7.27 (m, 

1 H), 3.46 (s, 2H), 2.58 (t, 2 H, J = 7.7 Hz), 1.69 (m, 2 H), 1.05 (t, 3 H, J = 7.4 Hz); 13C 

NMR (100 MHz) δ 141.96, 139.33, 137.52, 137.21, 126.87, 125.75, 124.07, 36.95, 28.76, 

22.00, 13.98; 19F NMR (376 MHz) δ –72.91; MS calcd. for C13H13F3O3S: 306, found: 

306. 

 

 

1-(4-Chlorophenyl)-2-methylprop-2-en-1-ol (pre 2.31). A solution of 4-chloro- 

benzaldehyde (1.10 g, 7.83 mmol) in THF (20 mL) was treated with 

isopropenylmagnesium bromide (25.40 mL, 0.5 M solution in THF) at -0 °C. Upon 

completion of the addition, the reaction solution was stirred for 10 minutes. The reaction 

vessel was then allowed to warm to r. t.. After 1 h, the reaction mixture was poured into 

saturated aqueous NH4Cl solution (20 mL).  The organic layer was separated, and the 

aqueous layer was extracted with Et2O (20 mL X 2). The combined organic layers were 

dried, filtered, and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) 

afforded 1-(4-chlorophenyl)-2-methylprop-2-en-1-ol (pre 2.31) as a colorless oil (970 

mg, 68%). Rf 0.41 (1:4 EtOAc:hexanes); IR 3408, 2975, 1651, 1488, 1451, 1408, 1231, 

1091, 1048, 905, 845, 820, 791 cm-1; 1H NMR (400 MHz) δH 7.36-7.30 (m, 4 H), 5.21 (s, 
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1 H), 5.12 (s, 1 H), 4.99 (s, 1 H), 2.43 (s, 1 H), 1.62 (s, 3 H); 13C NMR (100 MHz) δC 

146.41, 140.28, 133.20, 128.39, 127.75, 111.64, 77.10, 17.89. 

 

 

1-(4-Chlorophenyl)-2-methylprop-2-en-1-one (2.31).  A solution of 1-(4- 

chlorophenyl)-2-methylprop-2-en-1-ol (pre 2.31) (940 mg, 5.16 mmol) and pyridine (2 

mL) in DCM (30.0 mL) was treated with Dess-Martin periodinane (2.63 g, 6.20 mmol). 

After 5 minutes, water (15.0 mL) was added followed by aqueous NaOH solution (1.0 M, 

30.0 mL).  The bilayer mixture was allowed to stir vigorously for 10 minutes. DCM (25 

mL) and water (25 mL) were added and the organic layer was separated.  The aqueous 

layer was extracted with DCM (25 mL X 2), and the combined organic layers were dried, 

filtered, and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) afforded 

1-(4-chlorophenyl)-2-methylprop- 2-en-1-one (2.31) as a colorless solid (833 mg, 90%); 

m. p. = 36.5-37.0 °C; Rf 0.56 (1:4 EtOAc:hexanes); IR 3093, 2957, 2925, 1657, 1591, 

1455, 1399, 1328 cm-1; 1H NMR (400 MHz) δH 7.66 (d, 2 H, J = 8.4 Hz), 7.39 (d, 2 H, J 

= 8.4 Hz), 5.90 (s, 1 H), 5.58 (s, 1 H), 2.04 (s, 3 H); 13C NMR (100 MHz) δC 196.90, 

143.51, 138.33, 135.85, 130.76, 128.40, 127.04, 18.52. 

 

 

6-Chloro-2-methyl-1H-inden-3-yl trifluoromethanesulfonate (2.32). To a solution of 

1-(4-chlorophenyl)-2-methylprop- 2-en-1-one (2.31) (95.0 mg, 0.526 mmol) in 

nitromethane (4.00 mL) was added 2,6-di-tert-butylpyridine (0.71 mL, 3.16 mmol) and 

triflic anhydride (0.27 mL, 1.58 mmol) in sequence. The reaction mixture was heated at 

80 °C for 2 h and then was cooled in an ice bath before saturated aqueous NH4Cl solution 

(8 mL) was added. Nitromethane was removed from the bilayer mixture in vacuo and the 

aqueous layer was extracted with Et2O (15 mL × 3). The combined organic layers were 

washed with brine (15 mL), dried, filtered, and concentrated. Flash column 

chromatography (1:40 EtOAc:hexanes) afforded 6-chloro-2-methyl-1H-inden-3-yl 

trifluoromethanesulfonate (2.32) as a colorless oil (78.8 mg, 48%); Rf 0.24 (1:30 

EtOAc:hexanes); IR 2938, 1651, 1417, 1214, 1140, 1079 cm-1; 1H NMR (400 MHz) δ 

7.37 (d, 1 H, J = 1.6 Hz), 7.31 (dd, 1 H, J = 8.1, 1.6 Hz), 7.22 (d, 1 H, J = 8.1 Hz), 3.40 (s, 

2 H), 2.15 (s, 3 H); 13C NMR (100 MHz) δ 141.92, 140.82, 136.17, 133.18, 131.97, 
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127.18, 124.51, 118.32, 39.07, 30.11, 12.62; 19F NMR (376 MHz) δ –72.81. MS calcd. 

for C11H8ClF3O3S: 312, found: 312. 

 

 
(2,6,6-Trimethylcyclohex-1-enyl)phenylmethanol (pre 2.33). A solution of 

bromobenzene (1.50 mL, 14.2 mmol) in THF (30 mL) was treated with n-butyllithium 

(5.70 mL, 2.50 M solution in hexane) at -78 °C. Upon completion of the addition, the 

reaction solution was stirred for 30 minutes. 2,6,6-Trimethyl-1-cyclohexene-1- 

carbaldehyde (0.92 mL, 5.69 mmol) was added to the reaction solution dropwise. The 

reaction vessel was then allowed to warm to r. t.. After 1 h, the reaction mixture was 

poured into saturated aqueous NH4Cl solution (20 mL).  The organic layer was 

separated, and the aqueous layer was extracted with Et2O (20 mL X 2). The combined 

organic layers were dried, filtered, and concentrated. Flash column chromatography (1:19 

EtOAc:hexanes) afforded (2,6,6-trimethylcyclohex-1-enyl)phenylmethanol (pre 2.33) 

as a yellow oil (1.27 g, 97%). Rf 0.47 (1:4 EtOAc:hexanes); IR 3447(br), 2930, 1638, 

1502, cm-1; 1H NMR (400 MHz) δH 7.46 (d, 2 H, J = 8.1 Hz), 7.33 (m, 2 H), 7.23 (m, 1 

H), 5.44 (s, 1 H), 2.06 (s, 1 H), 2.01 (t, 2 H, J = 6.2 Hz), 1.71-1.63 (m, 2 H), 1.60-1.53 (m, 

2 H), 1.41 (s, 3 H), 1.22 (s, 3 H), 1.10 (s, 3 H); 13C NMR (100 MHz) δC 144.89, 140.41, 

133.83, 128.01, 126.15, 125.88, 70.63, 39.71, 34.86, 33.64, 28.88, 28.62, 21.62, 19.35, 

14.21. 

 

 

(2,6,6-Trimethylcyclohex-1-enyl)(phenyl)methanone (2.33).  A solution of (2,6,6- 

trimethylcyclohex-1-enyl)phenylmethanol (pre 2.33) (1.27 g, 5.51 mmol) and pyridine 

(2 mL) in DCM (30.0 mL) was treated with Dess-Martin periodinane (2.81 g, 6.62 mmol). 

After 5 minutes, water (15.0 mL) was added followed by aqueous NaOH solution (1.0 M, 

30.0 mL).  The bilayer mixture was allowed to stir vigorously for 10 minutes. DCM (25 

mL) and water (25 mL) were added and the organic layer was separated.  The aqueous 

layer was extracted with DCM (25 mL X 2), and the combined organic layers were dried, 

filtered, and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) afforded 

(2,6,6-Trimethylcyclohex-1- enyl)(phenyl)methanone (2.33) as a colorless oil (1.12 g, 

88%); Rf 0.63 (1:4 EtOAc:hexanes); IR 3087, 2931, 1648, 1597, 1441 cm-1; 1H NMR 

(400 MHz) δH 7.93 (d, 2 H, J = 7.9 Hz), 7.53 (t, 1 H, J = 7.3 Hz), 7.44 (dd, 2 H, J = 7.7, 
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7.4 Hz), 2.07 (t, 2 H, J = 6.4 Hz), 1.76 (m, 2 H), 1.55 (m, 2 H), 1.43 (s, 3 H), 1.03 (s, 6 H); 
13C NMR (100 MHz) δC 201.56, 139.21, 138.06, 132.89, 131.40, 129.38, 128.46, 38.74, 

33.78, 31.12, 28.84, 21.61, 18.93; MS calcd. for C16H20O: 228, found: 228. 

 

 
2,3,4,4a-Tetrahydro-1,1,4a-trimethyl-1H-fluoren-9-yl trifluoromethanesulfonate 

(2.34). To a solution of (2,6,6-Trimethylcyclohex-1-enyl)(phenyl)methanone (2.33) 

(102.0 mg, 0.446 mmol) in nitromethane (4.00 mL) was added 2,6-di-tert-butylpyridine 

(0.60 mL, 2.68 mmol) and triflic anhydride (0.23 mL, 1.34 mmol) in sequence. The 

reaction mixture was heated at 80 °C for 2 h and then was cooled in an ice bath before 

saturated aqueous NH4Cl solution (8 mL) was added. Nitromethane was removed from 

the bilayer mixture in vacuo and the aqueous layer was extracted with Et2O (15 mL × 3). 

The combined organic layers were washed with brine (15 mL), dried, filtered, and 

concentrated. Flash column chromatography (1:40 EtOAc:hexanes) afforded 

2,3,4,4a-tetrahydro-1,1,4a-trimethyl-1H-fluoren-9-yl trifluoromethanesulfonate 

(2.34) as a colorless oil (90.1 mg, 56%); Rf 0.21 (1:30 EtOAc:hexanes); IR 2941, 1604, 

1435, cm-1; 1H NMR (400 MHz) δ 7.36-7.27 (m, 5 H), 2.22 (m, 1 H), 1.95 (m, 1 H), 1.67 

(m, 1 H), 1.51 (s, 3 H), 1.48 (s, 3 H), 1.35 (s, 3 H), 1.31 (m, 1 H), 1.14 (m, 1 H); 13C 

NMR (100 MHz) δ 151.40, 149.09, 137.75, 134.92, 126.70, 126.12, 120.69, 118.37, 

49.32, 43.14, 35.85, 35.40, 30.68, 25.17, 24.94, 18.90; 19F NMR (376 MHz) δ –72.53. 

MS calcd. for C17H19F3O3S: 360, found: 360. 

 

 
(2,6,6-Trimethylcyclohex-1-enyl)(p-tolyl)methanol (pre 2.35). A solution of 

bromobenzene (1.53 mL, 12.4 mmol) in THF (30 mL) was treated with n-butyllithium 

(4.96 mL, 2.50 M solution in hexane) at -78 °C. Upon completion of the addition, the 

reaction solution was stirred for 30 minutes. 2,6,6-trimethyl-1-cyclohexene- 

1-carbaldehyde (0.80 mL, 4.95 mmol) was added to the reaction solution dropwise. The 

reaction vessel was then allowed to warm to r. t.. After 1 h, the reaction mixture was 

poured into saturated aqueous NH4Cl solution (20 mL).  The organic layer was 

separated, and the aqueous layer was extracted with Et2O (20 mL X 2). The combined 

organic layers were dried, filtered, and concentrated. Flash column chromatography (1:19 

EtOAc:hexanes) afforded (2,6,6-trimethylcyclohex-1-enyl)(p-tolyl)methanol (pre 2.35) 
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as a yellow oil (1.15 g, 95%). Rf 0.48 (1:4 EtOAc:hexanes); IR 3442(br), 2928, 1647, 

1509, 1456, 1363, 1171, 1109, 973, 808 cm-1; 1H NMR (400 MHz) δH 7.32 (d, 2 H, J = 

7.9 Hz), 7.14 (d, 2 H, J = 8.0 Hz), 5.41 (d, 1 H, J = 4.0 Hz), 2.35 (s, 3H), 2.00 (t, 2 H, J = 

6.2 Hz), 1.90 (d, 1 H, J = 4.9 Hz), 1.71-1.61 (m, 2 H), 1.60–1.50 (m, 2 H), 1.42 (s, 3 H), 

1.20 (s, 3 H), 1.06 (s, 3 H); 13C NMR (100 MHz) δC 141.66, 140.29, 135.64, 133.61, 

128.68, 125.87, 70.58, 39.65, 34.77, 33.58, 28.74, 28.55, 21.63, 20.99, 19.29; MS calcd. 

for C17H24O: 244, found: 244 

 

 
(2,6,6-Trimethylcyclohex-1-enyl)(p-tolyl)methanone (2.35).  A solution of 

(2,6,6-trimethylcyclohex-1-enyl)(p-tolyl)methanol (pre 2.35) (1.15 g, 4.71 mmol) and 

pyridine (2 mL) in DCM (30.0 mL) was treated with Dess-Martin periodinane (2.40 g, 

5.65 mmol). After 5 minutes, water (15.0 mL) was added followed by aqueous NaOH 

solution (1.0 M, 30.0 mL).  The bilayer mixture was allowed to stir vigorously for 10 

minutes. DCM (25 mL) and water (25 mL) were added and the organic layer was 

separated.  The aqueous layer was extracted with DCM (25 mL X 2), and the combined 

organic layers were dried, filtered, and concentrated. Flash column chromatography (1:19 

EtOAc:hexanes) afforded (2,6,6-trimethylcyclohex-1- enyl)(p-tolyl)methanone (2.35) 

as a colorless solid (983 mg, 86%); m. p. = 57.5-59.0 °C; Rf 0.64 (1:4 EtOAc:hexanes); 

IR 3072, 2922, 1646, 1584 cm-1; 1H NMR (400 MHz) δH 7.80 (d, 2 H, J = 8.1 Hz), 7.20 

(d, 2 H, J = 8.0 Hz), 2.35 (s, 3 H), 2.03 (t, 2 H, J = 6.4 Hz), 1.76-1.69 (m, 2 H), 1.53-1.47 

(m, 2 H), 1.39 (s, 3 H), 1.00 (s, 6 H); 13C NMR (100 MHz) δC 200.95, 143.51, 139.18, 

135.55, 130.83, 129.40, 129.05, 38.60, 33.57, 30.95, 28.71, 21.43, 18.81; MS calcd. for 

C17H22O+H+: 243, found: 243. 

 

 
2,3,4,4a-Tetrahydro-1,1,4a,6-tetramethyl-1H-fluoren-9-yl trifluoromethanesulfonate 

(2.36). To a solution of (2,6,6-trimethylcyclohex-1- enyl)(p-tolyl)methanone (2.35) 

(100.1 mg, 0.413 mmol) in nitromethane (4.00 mL) was added 2,6-di-tert-butylpyridine 

(0.56 mL, 2.48 mmol) and triflic anhydride (0.21 mL, 1.24 mmol) in sequence. The 

reaction mixture was heated at 80 °C for 2 h and then was cooled in an ice bath before 

saturated aqueous NH4Cl solution (8 mL) was added. Nitromethane was removed from 

the bilayer mixture in vacuo and the aqueous layer was extracted with Et2O (15 mL × 3). 
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The combined organic layers were washed with brine (15 mL), dried, filtered, and 

concentrated. Flash column chromatography (1:40 EtOAc:hexanes) afforded 

2,3,4,4a-tetrahydro-1,1,4a,6- tetramethyl-1H-fluoren-9-yl trifluoromethanesulfonate 

(2.36) as a colorless oil (91.6 mg, 59%); Rf 0.21 (1:30 EtOAc:hexanes); IR 2932, 1609, 

1422, 1243, 1212, 1140, 1032, 998, 886, 849, 813 cm-1; 1H NMR (400 MHz) δ 7. 24-7.18 

(m, 1 H), 7.12-7.06 (m, 2 H), 2.40 (s, 3 H), 2.22-2.10 (m, 1 H), 2.01-1.86 (m, 1 H), 

1.71-1.59 (m, 2 H), 1.46 (s, 3 H), 1.43 (s, 3 H), 1.34 (s, 3 H), 1.31-1.21 (m, 1 H), 

1.18-1.08 (m, 1 H); 13C NMR (100 MHz) δ 151.67, 147.86, 137.83, 136.21, 132.30, 

127.42, 121.60, 118.11, 49.08, 43.18, 35.91, 35.33, 30.71, 25.25, 25.04, 21.58, 18.95; 19F 

NMR (376 MHz) δ –72.56; MS calcd. for C18H21F3O3S: 374, found: 374. 

 

 
4-(2-Methylacryloyl)benzonitrile (2.37). A solution of 4-cyanobenzaldehyde (1.00 g, 

7.63 mmol) in THF (30 mL) was treated with isopropenylmagnesium bromide (18.00 mL, 

0.5 M solution in THF) at -78 °C. After 1 h, the reaction mixture was poured into 

saturated aqueous NH4Cl solution (20 mL).  The organic layer was separated, and the 

aqueous layer was extracted with Et2O (20 mL X 2). The combined organic layers were 

dried, filtered, and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) 

afforded 4-(1-hydroxy-2-methylallyl)benzonitrile as a yellow oil (940 mg, 71%). A 

solution of carbinol (940 mg, 5.43 mmol) and pyridine (2 mL) in DCM (30.0 mL) was 

then treated with Dess-Martin periodinane (2.75 g, 6.52 mmol). After 5 minutes, water 

(15.0 mL) was added followed by aqueous NaOH solution (1.0 M, 30.0 mL).  The 

bilayer mixture was allowed to stir vigorously for 10 minutes. DCM (25 mL) and water 

(25 mL) were added and the organic layer was separated.  The aqueous layer was 

extracted with DCM (25 mL X 2), and the combined organic layers were dried, filtered, 

and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) afforded 

4-(2-methylacryloyl)benzonitrile (2.37) as a colorless oil (798 mg, 88%); Rf 0.37 (1:4 

EtOAc:hexanes); IR 3094, 2959, 2927, 2231, 1661, 1607, 1454, 1332, 1202, 1174 cm-1; 
1H NMR (500 MHz) δH 7.75 (d, 2 H, J = 8.5 Hz), 7.71 (d, 2 H, J = 8.5 Hz), 6.00 (s, 1 H), 

5.59 (s, 1 H), 2.04 (s, 3 H); 13C NMR (125 MHz) δC 196.44, 143.24, 141.40, 131.91, 

129.50, 128.89, 117.90, 115.06, 18.06. MS calcd. for C10H9NO3: 191, found: 191. 
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2-Methyl-1-(4-nitrophenyl)prop-2-en-1-one (2.39). A solution of 4-nitrobenzaldehyde 

(1.00 g, 6.62 mmol) in THF (30 mL) was treated with isopropenylmagnesium bromide 

(16.00 mL, 0.5 M solution in THF) at -78 °C. After 1 h, the reaction mixture was poured 

into saturated aqueous NH4Cl solution (20 mL).  The organic layer was separated, and 

the aqueous layer was extracted with Et2O (20 mL X 2). The combined organic layers 

were dried, filtered, and concentrated. Flash column chromatography (1:19 

EtOAc:hexanes) afforded 2-methyl-1-(4-nitrophenyl)prop-2-en-1-ol as a colorless oil 

(760 mg, 52%). The carbinol (760 mg, 3.55 mmol) and pyridine (2 mL) in DCM (30.0 

mL) was then treated with Dess-Martin periodinane (1.75 g, 4.12 mmol). After 5 minutes, 

water (15.0 mL) was added followed by aqueous NaOH solution (1.0 M, 30.0 mL).  The 

bilayer mixture was allowed to stir vigorously for 10 minutes. DCM (25 mL) and water 

(25 mL) were added and the organic layer was separated.  The aqueous layer was 

extracted with DCM (25 mL X 2), and the combined organic layers were dried, filtered, 

and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) afforded 

2-methyl-1-(4-nitrophenyl)prop-2-en-1-one (2.39) as a colorless solid (716 mg, 90%); 

m. p. = 88.0-89.0 °C; Rf 0.41 (1:4 EtOAc:hexanes); IR 3107, 2927, 1659, 1524, 1351, 

1327, 1195 cm-1; 1H NMR (400 MHz) δH 8.25 (d, 2 H, J = 8.8 Hz), 7.81 (d, 2 H, J = 8.8 

Hz), 6.04 (s, 1 H), 5.62 (s, 1 H), 2.05 (s, 3 H); 13C NMR (100 MHz) δC 196.26, 149.41, 

143.38, 143.15, 129.96, 129.36, 123.29, 18.02. MS calcd. for C11H9NO: 171, found: 171. 

 

 

(Furan-2-yl)(2,6,6-trimethylcyclohex-1-enyl)methanone (2.41). A solution of furan 

(1.00 mL, 13.6 mmol) and TMEDA (1.86 mL, 12.4 mmol) in THF (40 mL) was treated 

with n-butyllithium (5.00 mL, 2.50 M solution in hexane) at -78 °C. Upon completion of 

the addition, the reaction solution was stirred for 30 minutes. 

2,6,6-Trimethyl-1-cyclohexene-1-carbaldehyde (1.00 mL, 6.13 mmol) was added to the 

reaction solution dropwise. The reaction vessel was then allowed to warm to r. t.. After 1 

h, the reaction mixture was poured into saturated aqueous NH4Cl solution (20 mL).  The 

organic layer was separated, and the aqueous layer was extracted with Et2O (20 mL X 2). 

The combined organic layers were dried, filtered, and concentrated. Flash column 

chromatography (1:19 EtOAc:hexanes) afforded 

(furan-2-yl)(2,6,6-trimethylcyclohex-1-enyl)methanol as a yellow oil (1.30 g, 95%). A 

solution of carbinol (1.30 g, 5.90 mmol) and pyridine (2.5 mL) in DCM (40.0 mL) was 

then treated with Dess-Martin periodinane (2.00 g, 7.08 mmol). After 5 minutes, water 

(15.0 mL) was added followed by aqueous NaOH solution (1.0 M, 30.0 mL).  The 
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bilayer mixture was allowed to stir vigorously for 10 minutes. DCM (25 mL) and water 

(25 mL) were added and the organic layer was separated.  The aqueous layer was 

extracted with DCM (25 mL X 2), and the combined organic layers were dried, filtered, 

and concentrated. Flash column chromatography (1:19 EtOAc:hexanes) afforded 

(furan-2-yl)(2,6,6-trimethylcyclohex-1-enyl)methanone (2.41) as a colorless solid 

(1.15 g, 86%); Rf 0.43 (1:4 EtOAc:hexanes); IR 2929, 1651, 1645, 1464, 1456, 1136 cm-1; 
1H NMR (400 MHz) δH 7.60 (s, 1 H, J = 8.5 Hz), 7.04 (d, 1 H, J = 3.2 Hz), 6.52 (m, 1 H), 

2.04 (t, 2 H, J = 6.3 Hz), 1.77-1.68 (m, 2 H), 1.55-1.52 (m, 2 H), 1.51 (s, 3 H), 1.06 (s, 6 

H); 13C NMR (125 MHz) δC 188.19, 153.35, 146.32, 138.50, 131.87, 118.93, 111.69, 

38.16, 33.23, 30.72, 28.17, 20.74, 18.30. MS calcd. for C14H18O2: 218, found: 218. 
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Progress toward total synthesis of Aspergillin PZ 

 

Introduction 

 

Aspergillin PZ (3.1) was isolated from the fermentation broth of Aspergillus awamori 

(Nakazawa) by fractionation.1 Its structure was fully elucidated by 2D-NMR and X-ray 

analysis. Preliminary pharmacological research indicated Aspergillin PZ could induce 

morphological deformation of conidia of P. oryzae strongly at 0.089µM, suggesting its 

activity to tumor cell. 

Chart 1 Aspergillin PZ and aspochalasin family. 
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Aspergillin PZ possesses an unprecedented 8-oxabicyclo [3.2.1] octane subunit which 

is part of the pentacyclic skeleton. Meanwhile, Aspergillin PZ is isomeric to several 

members of a family of natural products named aspochalasins,2 which lacks the exact 

ether bridge link. For that reason Aspochalasin D3 (3.4) is believed to be the precursor in 

the biosynthesis of Aspergillin PZ. Many aspochalasins have shown cytotoxicity and 

HIV-1 integrase inhibitory activity,2d,2h which remain to be explored on Aspergillin PZ. 

Feeding experiment of isotope labeled simple carboxylic acids on a very similar family 

of natural products named cytochalasins revealed that in biosynthesis intact acetate units 

were incorporated into the final natural products.4 Analogously, the biosynthesis of 

Aspergillin PZ and Aspochalasin D is proposed to go through the similar modular 

polyketide synthesis. The amino acid, leucine, is then incorporated at the carboxylic acid 

end. Claisen condensation and enzymatic reduction then yields Aspochalasin D. From 

there, Michael addition of the electron rich trisubstituted double bond to the activated 
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enone, followed by interception of the tertiary carbocation by the C18 carbinol would 

afford Aspergillin PZ (3.1). 

Scheme 1 Proposed biosynthesis of Aspergillin PZ (3.1). 

 
 

Synthetic reports from other groups 

 

To date, no total syntheses of Aspergillin PZ have been reported. However, Overman 

and coworker has developed a beautiful tandem Prins-Pinacol reaction to construct the 

8-oxabicyclo [3.2.1] octane motif,5 arguably one of the greatest challenges in the total 

synthesis of Aspergillin PZ. They started the synthesis with literature know racemic 

dihydropyran 3.7 prepared from hetero Diels-Alder cycloaddition. Epoxidation of 3.7 and 

solvolysis in methanol afforded the hydroxy methyl acetal, which was immediately 

oxidized to give the ketone 3.8 as a mixture of methoxy anomers. It was then treated with 

propanedithiol and boron trifluoride etherate to give 1,3-dithiane 3.9. The anomers were 

separated at this stage and the major product went through oxidation and reduction to 

give aldehyde 3.10 in racemic form. Addition of cyclohexenyllithium prepared in situ 

from iodine-lithium exchange to aldehyde 3.10 afforded the allylic alcohol 3.11. TIPS 
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protection then yielded the substrate 3.12 for the tandem Prins-Pinacol reaction. When 

the acetal was treated with substoichiometric amount of tin tetrachloride, oxocarbenium 

ion intermediate was formed and Prins reaction produced a second carbenium ion, which 

underwent Pinacol type rearrangement to afford aldehyde 3.13 with the oxabridge in 

place. 

The 8-oxabicyclo [3.2.1] octane skeleton in Aspergillin PZ was now synthesized. 

However, many revisions to the carbon skeleton are required to be applied to the natural 

product synthesis, including elimination of the angular formyl group. Also the fused 

cyclohexane ring needs to be functionalized, broken done, and elaborated to the two side 

chains depicted, which is by no means obvious and trivial. 

Scheme 2 Overman’s synthesis of 8-oxabicyclo [3.2.1] octane in Aspergillin PZ. 

 
 

Retrosynthetic analysis 

 

The retrosynthesis of Aspergillin PZ (3.1) starts with the acid catalyzed cationic 

cyclization of Aspochalasin D (3.4), which presumably arises from biomimetic 
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intramolecular Diels-Alder reaction of the linear polyketide 3.15. We believe the cationic 

cyclization might as well be biomimetic since both compounds have been isolated from 

Aspergillius. Moreover, we believe the appropriate reaction conditions would effect the 

tandem Diels-Alder cycloaddition, cationic conjugate addition, and ether formation in 

sequence, thus furnishing the complete skeleton from a single linear precursor 3.15. The 

C17 carbinol will be protected prior to cyclization to avoid possible competition. 

Scheme 3 First generation retrosynthetic analysis of Aspergillin PZ (3.1). 

 

 

 

  The linear substrate 3.15 is further disconnected to two major pieces, trienal 3.16 and 

dihydropyrrole 3.17. Aldol reaction on the trienal would yield the anti diol adduct 

enantioselectively, which would then undergo oxidation state adjustment and olefination 

to afford the unsaturated ester and fulfill the carbon skeleton. Final coupling with the 

dihydropyrrole would set the advanced intermediate for the key step. 

Synthesis plan of the trienal 

 

  The trienal 3.16 presumably arises from Ireland-Claisen rearrangement of the 

corresponding allylic acetate 3.18, which is a facile synthesis from aldehyde and 

Grignard reagent. However, with this specific substrate there are two possible Claisen 

rearrangements and the regionselectivity is not obvious.  

Scheme 4 Retrosynthesis of the trienal 3.16. 
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  For this purpose, a simple literature known bisallylic acetate6 was prepared and tested. 

Unfortunately, with either neutral or the more reactive anionic Ireland-Claisen 

rearrangement conditions7,8,9 a mixture of both rearrangement products were observed, 

disfavoring the desired diastereomer presumably due to the unfavorable transition state 

where the methyl group has to reside in axial position. 

Scheme 5 Transition states of Ireland-Claisen rearrangement on allylic acetate 3.18. 

 

 

Revised retrosynthesis for the trienal 

 

As the Claisen rearrangement failed a new method to the conjugated triene was desired. 

Palladium mediated cross coupling reaction, like Suzuki coupling, has proved to be 

versatile and successful. Along that line a revised retrosynthesis was proposed. 

Scheme 6 Revised retrosynthetic analysis of Aspergillin PZ. 
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Now the linear polyketide 3.15 was further disconnected into four simple small 

molecules. The alkenyl stannane 3.21 is traced back to the corresponding pyrrolidinone, 

which can be prepared in large quantity in enantiomerically pure form.10 The aldehyde 

3.22 is synthesized from methylalumination-iodonation and oxidation of 

pent-4-yn-1-ol.11,12 And via anti-aldol addition and homologation it would afford the 

other Stille coupling component. The dienyl dioxaborolane 3.2313 would be synthesized 

by hydroboration on the enyne. This convergent strategy will provide rapid access to the 

key linear substrate for the final cyclization. 

Synthesis 

 

The forward synthesis began with the synthesis of (R)-5-iso-butylpyrrolidinone (3.31). 

Claisen condensation of diethyl carbonate with commercially available 

4-methyl-2-pentanone (3.24) gave β-keto ester 3.25. Standard malonate alkylation, 

hydrolysis, and decarboxylation sequence yielded the crystalline γ-keto acid 3.26.14 

Heating an equimolar mixture of this γ-keto acid and (S)-(+)-2-phenylglycinol provided 

the bicyclic Meyers lactam 3.28 as a single diastereomer. Treatment of this lactam with 

triethylsilane in the presence of titanium tetrachloride gave �-substituted 

5-isobutylpyrrolidinone 3.29 with excellent diastereomeric excess. The diastereomers 

were separated and dissolved metal reduction afforded the free 

(R)-5-isobutylpyrrolidinone10 (3.30), which was then protected as the boc imide 3.31. 

Overall, this route is high yielding, reliable, and scalable. 

Scheme 7 Synthesis of (R)-�-Boc-5-isobutylpyrrolidinone (3.31). 
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To prepare the vinyl stannane 3.21 in the retrosynthesis, (R)-�-Boc-5- 

isobutylpyrrolidinone (3.31) was treated with phenylselenium bromide and pyridine to 

afford the selenide. Mild oxidation with hydrogen peroxide and thermal elimination gave 

the dihydropyrrole 3.32 in decent yield. Iodination turned out to be unsuccessfully with 

iodine and pyridine. More forcing iodination reagent ICl resulted in small amount of the 

vinyl iodide 3.33. 

Scheme 8 Synthesis of iododihydropyrrole 3.33. 

 

 

  The dienyl dioxaborolane 3.23 was prepared in a different and more economic route 

compared to literature synthesis.13 Tiglic aldehyde (3.34) was treated with 

triphenylphosphine (PPh3), carbon tetrabromide (CBr4), Et3N, and zinc dust to afford the 

dibromide 3.35, which was reacted with n-BuLi and further quenched with TMSCl. This 

Corey-Fuchs protocol led to the TMS protected enyne 3.36 on multigram scale. The in 

situ TMS protection is necessary to purify the otherwise extremely volatile enyne. The 

TMS protecting group was removed and enyne and immediate in situ hydroboration 

afforded the dienyl dioxaborolane 3.23.  

Scheme 9 Synthesis of dienyl dioxaborolane 3.23. 
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To note, originally the cross methathesis route was pursued to prepare the dienyl 

dioxaborolane. Methathesis reaction of pinacol vinylboronate (3.37) and the 

3-methyl-1,3-pentadiene (3.38) gave small amount of side product 3.40 which does not 

possess the terminal methyl group. Also the side product was inseparable from the dienyl 

dioxaborolane 3.23. Attempts to optimize the reaction by changing inert gas flow and 

equivalence of the reagents were also unsuccessful. 

Scheme 10 Attempted synthesis of dienyl dioxaborolane by cross methathesis reaction. 

 

 

The Synthesis of the last aldehyde piece 3.22 started with methylalumination and 

iodination of commercially available 4-pentyn-1-ol (3.41) to afford the vinyl iodide 3.42. 

Swern oxidation15 gave the unstable aldehyde12 3.43 and the crude was immediately used 

in the next asymmetric aldol reaction. Original Crimmins anti-aldol protocol16 resulted in 

only about 50% conversion. This compromised reactivity was also observed by the 

authors on various simple aldehyde substrates.16 To make things worse, the aldol product 

happened to be copolar with the asymmetric aldol reagent thus made the purification 

impossible before removing the chiral auxiliary. Thus, the reaction temperature was 

raised from -78°C to -40°C together with prolonged time to drive the reaction to full 

conversion to the anti-aldol product 3.44. Gratifyingly, no erosion of diastereoselectivity 

was observed and virtually only the anti aldol product was isolated. Standard TBS 

protection afforded the vinyl iodide 3.45.  

To note, the allyl protection group on the chiral auxiliary was selected so that it can be 

removed later in the synthesis without involving acidic reagent or hydrogenation, which 

presumably are not compatible with the conjugated polyene. Also silyl protecting group 

cannot be employed because that oxygen atom is required to coordinate with the titanium 

catalyst in the transition state of the aldol reaction to ensure the anti stereochemical 

outcome. 
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Scheme 11 Anti aldol reaction. 

 

 

To further confirm the relative stereochemistry of the two alkoxy substituents in the 

aldol adduct 3.44, it was fully reduced to the diol 3.46 and converted to the acetonide 

3.47. Based on conformational analysis and coupling constants from NMR, the relative 

stereochemistry was assigned and indeed the same with what was expected out from an 

anti aldol reaction. 

Scheme 12 Confirmation of relative stereochemistry. 

 

 

 

Suzuki coupling between the dienyl dioxaborolane 3.23 and the vinyl iodide 3.45 was 

attempted. However, no conversion to the triene was observed. Control experiment on 

Suzuki coupling of the dienyl dioxaborolane 3.23 with simple vinyl iodide worked 

smoothly. This led to the theory that the thiooxazolidinone auxiliary may coordinate with 

the palladium catalyst and shut down its catalytic reactivity. For this purpose, the chiral 

auxiliary was removed with lithium borohydride reduction to afford the primary alcohol 

3.48. Indeed Suzuki coupling went smoothly and the conjugated triene 3.49 was obtained 

in high yield. 
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Scheme 13 Attempted Suzuki coupling reaction. 

 

 

 

At this stage, the triene 3.49 would need both homologation and oxidation adjustment 

to finish the carbon skeleton and be ready for the key Stille coupling reaction. However, 

Swern oxidation on 3.49 failed to yield any of the corresponding aldehyde. Other mild 

oxidation methods, such as buffered DMP oxidation were unsuccessful as well. 

Scheme 14 Unsuccessful oxidation. 

 

 

At that time I decided to take one step back and try to apply the olefination before the 

Suzuki coupling reaction. With 3.48, Swern oxidation and Wittig olefination worked just 

fine to give the unsaturated ester 3.51. Suzuki coupling with the dioxoborolane afforded 

the triene 3.52 in good yield. However, this time conversion to the corresponding 

carboxylic acid 3.53 did not work out. Presumably during the acidification after the 

hydrolysis, the acid sensitive triene was involved in certain undesired side reaction. 

Scheme 15 Wittig olefination and Suzuiki coupling to the triene. 
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  The conjugated triene seemed to be really sensitive to acidic reagents and it is highly 

unlikely to survive the condition to prepare the acid chloride planned for Stille coupling 

reaction. For that purpose, a different coupling partner than the acid chloride is required. 

From literature search, Liebeskind type palladium mediated thioester coupling with 

organostannane seems to be a good alternative.17 

Scheme 16 Proposed Liebeskind coupling. 

 

 

 

The aldehyde 3.50 would be submitted to Suzuki coupling reaction to install the triene 

3.54 first. Olefination with special thioester Wittig reagent would then afford the 

thiosester 3.55 ready for Liebeskind type thioester coupling. The allyl protecting group in 
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the coupling product would be removed after the cross coupling. Upon Lewis acid 

activiation, Diels-Alder cycloaddition forms protected Aspochalasin D, which 

presumably cyclizes to form Aspergillin PZ. 

Difference Approach to put the pieces together 

 

  In the meantime, a different approach to the key substrate was taken. Instead of the 

Stille coupling, more conventional enolate chemistry was explored. Aldol reaction of 

pyrrolidinone 3.31 on the enal 3.59 would link two components together. After oxidation 

state adjustment final Suzuki coupling then finishes the carbon skeleton. Acidic reagents 

are not used in these transformations to avoid the side reactions. 

Scheme 17 Different approach to Aspergillin PZ. 

 

 

Initial aldol reaction was tested between the pyrrolidinone 3.31 and (E)-crotonaldehyde. 

Under the optimized conditions, addition of the lithium enolate in the presence of boron 

trifluoride etherate afforded the major aldol adduct with a satisfactory 52% yield. A 

minor double addition product was also observed, presumably from conjugate addition 

and then aldol addition. 

On the real substrate, however, the strategy turned out to be less successful. The aldol 

adduct 3.60 was isolated with 28% yield while the major product was the double addition 

adduct. Oxidation under buffered conditions afforded the enone 3.61. Selenation then 

gave the 3.62 as the advanced intermediate. Clean desaturation has however not be 

achieved.  Suzuki coupling will be attempted once the desaturation condition is worked 

out. 

Scheme 18 Aldol addition and desaturation attempt. 
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Summary 

 

In summary, two approaches to the advanced Diels-Alder cycloaddtion substrate have 

been explored. The vulnerability of the conjugated polyene needs to be addressed. Future 

work will focused on Liebeskind coupling and desaturation on the aldol route. 
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Experimental section 

 

General. Unless otherwise noted, materials were obtained from commercial suppliers and 

used without further purification. All reactions were performed under an inert atmosphere 

(N2) unless stated otherwise. Extracts were dried over MgSO4 and concentrated using a 

Buchi rotary evaporator under reduced pressure. The concentration of commercially 

available solutions of n-butyllithium in pentane/hexane was determined by titration with 

diphenylacetic acid. All glassware for moisture-sensitive reactions was dried in a high 

temperature oven at least overnight prior to use.  

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 

F254 TLC plates. TLC visualization was accomplished using 254 nm UV light or charring 

solutions of KMnO4, I2, or other TLC reagents. Flash chromatography was performed on 

ICN siliTech 32-63 D 60 Å silica gel according to the procedure of Still. 
1H NMR and 13C NMR spectra were taken in CDCl3 at r.t., with chemical shifts in 

expressed in ppm relative to CDCl3. Infrared spectra were obtained on NaCl plates with an 

ATI Mattson Gemini FTIR spectrometer. High-resolution mass spectra (HRMS) were 

obtained on VG ProSpec Mass Spectrometer using electron impact (EI) at 70 eV unless 

otherwise noted. Optical rotation was determined using Perkin-Elmer 241 polarimeter 

equipped with a 589 nm sodium lamp. Melting points were taken on an electrothermal 

apparatus and were uncorrected. 

Et2O, DCM and toluene were dried according to the procedure described by Bergman. 

THF was distilled under N2 from Na/benzophenone immediately prior to use. Benzene, 

acetonitrile, triethylamine, diisopropylamine and diisopropylethylamine were distilled 

under N2 from CaH2. DMF and DMSO were dried over 4 Å molecular sieves. HPLC grade 

(>96%) nitromethane was used as purchased from Aldrich. 
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(E)-5-iodo-4-methylpent-4-enal (3.43). To a solution of (COCl)2 (0.44 mL, 5.1 mmol) 

in DCM (20.00 mL) at –78 °C was added DMSO (0.72 mL, 10.1 mmol) dropwise, the 

reaction mixture was stirred for 10 mins, before (E)-5-iodo-4-methyl-4-penten-1-ol 3.42 

(0.95 g, 4.2 mmol) in DCM (5.00 mL) was added. The reaction mixture was stirred for 15 

min and white precipitate formed. Et3N (2.92 mL, 21.0 mol) was added and after 15 min 

at –78 °C the reaction mixture was slowly warmed to r.t., diluted with Et2O (40 mL), 

washed with saturated aqueous NH4Cl solution (6 ml × 2), dried, filtered, and 

concentrated. The crude aldehyde (0.82 g, 87%) was directly used into the next anti aldol 

reaction without further purification. 

 

 
(E,2R,3R)-2-(Allyloxy)-1-((S)-4-benzyl-2-thioxooxazolidin-3-yl)-3-hydroxy-7-iodo-6-

methylhept-6-en-1-one (3.44). To a solution of �-2′-(allyloxy)-acetyl-(S)-4-benzyl-2- 

thioxooxazolidine (0.71 g, 2.44 mmol) in DCM (40.00 mL) at –78 °C was added titanium 

(IV) chloride (2.93 ml, 1.0 M in DCM) dropwise. The reaction mixture was stirred for 10 

min. A freshly prepared solution of (-)-sparteine (1.46 mL, 2.93 mmol; 2.0 M DCM) was 

added dropwise to the mixture, and the solution was allowed to stir for 40 min. Titanium 

(IV) chloride (7.32 ml, 1.0 M in DCM) was then added directly to the enolate solution. 

After the mixture was stirred for 1 min, aldehyde 3.43 (0.82 g, 3.66 mmol) in DCM (5.00 

mL) was added dropwise to the reaction. The reaction was allowed to stir for 2 h at –78 

°C and then at -40 °C for 12 h. The reaction mixture was quenched with half-saturated 

aqueous ammonium chloride solution (5 mL). The organic layer was separated and the 

aqueous layer extracted with DCM (10 mL × 2). The combined organic layers were dried, 

filtered, and concentrated. Flash column chromatography (1:3 EtOAc:hexanes) afforded 

(E,2R,3R)-2-(allyloxy)-1-((S)-4-benzyl-2-thioxooxazolidin-3-yl)-3-hydroxy-7-iodo-6-

methylhept-6-en-1-one (3.44) as a viscous oil (0.98 g, 78%). Rf 0.63 (1:1 Et2O:hexanes); 

[α]D= +130.7 ° (c=1.03, CHCl3, 25 °C); IR 3460 (br), 3062, 3027, 2920, 2859, 1705, 

1618, 1603, 1497, 1473, 1454, 1367, 1324, 1199, 1162, 1097, 1020, 995, 962, 817, 752, 

702, 667 cm-1; 1H NMR (400 MHz) δ 7.37-7.21 (m, 5 H), 6.05 (d, 1 H, J = 7.0 Hz), 5.96 

(s, 1 H), 5.90 (m, 1 H), 5.30 (dd, 1 H, J = 7.2, 1.4 Hz), 5.21 (dd, 1 H, J = 10.2, 1.4 Hz), 
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5.03 (m, 1 H), 4.40 (dd, 1 H, J = 9.2, 2.5 Hz), 4.36 (dd, 1 H, J = 16.8, 9.2 Hz), 4.03 (m, 2 

H), 3.88 (d, 1H, J = 7.3 Hz), 3.28 (dd, 1 H, J = 13.4, 3.4 Hz), 2.78 (dd, 1 H, J = 13.4, 10.0 

Hz), 2.72 (d, 1 H, J = 9.9 Hz), 2.55-2.45 (m, 1 H), 2.40-2.30 (m, 1 H), 2.10-1.91 (m, 1 H), 

1.86 (s, 3 H), 1.79-1.69 (m, 1 H); 13C NMR (100 MHz) δ 186.21, 173.07, 147.18, 134.71, 

133.90, 129.39, 129.00, 127.47, 118.76, 78.92, 75.36, 72.94, 72.12, 71.10, 60.34, 37.43, 

35.26, 32.07, 23.97; HRMS calcd. for [C21H26INO4S+H]+: 516.0705, found 516 

(LRFAB). 

 

 

(E,2R,3R)-2-(Allyloxy)-1-((S)-4-benzyl-2-thioxooxazolidin-3-yl)-3-(tert-butyldimethyl

siloxy)-7-iodo-6-methylhept-6-en-1-one (3.45). To a solution of (E,2R,3R)-2-(allyloxy)- 

1-((S)-4-benzyl-2-thioxooxazolidin-3-yl)-3-hydroxy-7-iodo-6-methylhept-6-en-1-one 

(3.44) (96.6 mg, 0.187 mmol) in DCM (3.00 mL) at 0 °C was added 2,6-lutidine (0.11 

mL, 0.937 mmol) and TBSOTf (0.086 mL, 0.374 mmol) dropwise. The reaction mixture 

was stirred for 2 h at r.t. before the reaction was quenched with saturated aqueous 

NaHCO3 solution (5 mL). The mixture was extracted with EtOAc (5 mL × 3). The 

combined organic layers were washed with brine (3 mL), dried, filtered, and concentrated. 

Flash column chromatography (1:3 EtOAc:hexanes) afforded (E,2R,3R)-2-(allyloxy)-1- 

((S)-4-benzyl-2-thioxooxazolidin-3-yl)-3-(tert-butyldimethylsiloxy)-7-iodo-6-methylh

ept-6-en-1-one (3.45) as a viscous oil. (96.2 mg, 82%); Rf 0.75 (1:1 EtOAc:hexanes); 

[α]D= +51.7 ° (c=1.01, CHCl3, 25 °C); IR 3021, 2954, 2928, 2856, 1704, 1472, 1455, 

1367, 1323, 1255, 1197, 1154, 1105, 1021, 967, 836, 777 cm-1; 1H NMR (400 MHz) δ 

7.40-7.22 (m, 5 H), 6.20 (d, 1 H, J = 5.4 Hz), 5.94 (s, 1 H), 5.90 (m, 1 H), 5.30 (d, 1 H, J 

= 17.2 Hz), 5.18 (d, 1 H, J = 10.3 Hz), 4.94 (m, 1 H), 4.34 (dd, 1 H, J = 9.7, 3.1 Hz), 

4.35-4.22 (m, 2 H), 4.18-4.08 (m, 2 H), 3.39 (dd, 1 H, J = 13.1, 3.1 Hz), 2.66 (dd, 1 H, J 

= 12.9, 11.0 Hz), 2.41 (m, 2 H), 1.95-1.84 (m, 1 H), 1.86 (s, 3 H), 1.79-1.68 (m, 1 H), 

0.91 (s, 9 H), 0.13 (s, 3H), 0.12 (s, 3H); 13C NMR (100 MHz) δ 184.99, 172.02, 147.88, 

135.16, 134.24, 129.27, 129.07, 127.47, 118.01, 78.24, 74.85, 72.38, 72.33, 70.73, 60.54, 

37.79, 34.59, 30.91, 25.86, 24,06, 18.12, -4.22, -4.30; HRMS calcd. for 

[C27H40INO4SSi+H]+: 630.1570, found: 630 (LRFAB). 
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(E,2S,3R)-2-(Allyloxy)-7-iodo-6-methylhept-6-ene-1,3-diol  (3.46). To a solution of 

(E,2R,3R)-2-(allyloxy)-1-((S)-4-benzyl-2-thioxooxazolidin-3-yl)-3-hydroxy-7-iodo-6-met

hylhept-6-en-1-one (3.44) (99.0 mg, 0.192 mmol) in Et2O (8.00 mL) at 0 °C was added 

methanol (0.16 mL, 0.384 mmol) and lithium borohydride (8.4 mg, 0.384 mmol). The 

reaction mixture was stirred for 1 h before the reaction was quenched with potassium 

sodium tartrate tetrahydrate (500 mg, 1.77 mmol), warmed to r.t., and allowed to stir for 

1.5 h. The mixture was extracted with EtOAc (5 mL × 3). The combined organic layers 

were washed with brine (3 mL), dried, filtered, and concentrated. Flash column 

chromatography (2:3 EtOAc:hexanes) afforded (E,2S,3R)-2-(allyloxy)-7-iodo-6- 

methylhept-6-ene-1,3-diol  (3.46) as a colorless viscous oil. (42.0 mg, 67%); Rf 0.53 

(2:3 EtOAc:hexanes); [α]D= +10.6 ° (c=0.98, CHCl3, 25 °C); IR 3435 (br), 3078, 2929, 

1646, 1617, 1455, 1096, cm-1; 1H NMR (400 MHz) δ 5.93 (d, 1 H, J = 0.8 Hz), 5.90 (m, 

1 H), 5.28 (dd, 1 H, J = 7.2, 1.5 Hz), 5.20 (dd, 1 H, J = 10.3, 1.4 Hz), 4.09 (m, 2H) , 

3.80-3.73 (m, 3H), 3.25 (dd, 1 H, J = 9.0, 4.4 Hz), 2.78 (br, 1 H), 2.44 (br, 1 H), 

2.43-2.37 (m, 1 H), 2.34-2.24 (m, 1 H), 1.83 (d, 3 H, J = 0.6 Hz), 1.73-1.63 (m, 1 H), 

1.62-1.52 (m, 1 H); 13C NMR (100 MHz) δ 147.41, 134.41, 117.68, 81.13, 75.18, 70.92, 

70.76, 60.86, 35.82, 30.96, 23.82; HRMS calcd. for C11H19IO3: 326.0379, No M+ found 

in EI or FAB, compound not stable under ionization conditions. 

 

 

(4R,5S)-5-(Allyloxy)-4-((E)-4-iodo-3-methylbut-3-enyl)-2,2-dimethyl-1,3-dioxane 

(3.47). To a solution of (E,2S,3R)-2-(allyloxy)-7-iodo-6-methylhept-6-ene-1,3-diol  

(3.46) (35.0 mg, 0.123 mmol) in DMF (2.00 mL) was added 2,2-dimethoxypropane (0.10 

mL, 0.81 mmol) and (1S)-(+)-10-camphorsulfonic acid (0.5 mg, 0.002 mmol). The 

reaction mixture was stirred for 4 h before the reaction was quenched with saturated 

aqueous NaHCO3 solution (2 mL). The mixture was extracted with DCM (5 mL × 3). 

The combined organic layers were washed with brine (3 mL), dried, filtered, and 
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concentrated. Flash column chromatography (1:4 EtOAc:hexanes) afforded 

(4R,5S)-5-(allyloxy)-4-((E)-4-iodo-3-methylbut-3-enyl)-2,2-dimethyl-1,3-dioxane 

(3.47) as a colorless viscous oil. (39.2 mg, 100%); Rf 0.46 (1:3 EtOAc:hexanes); [α]D= 

+15.3 ° (c=1.10, CHCl3, 25 °C); IR 3059, 2923, 1647, 1620, 1465, 1458, 1099, 1073 cm-1; 
1H NMR (400 MHz) δ 5.88 (q, 1 H, J = 1.1 Hz), 5.86 (ddd, 1 H, J = 17.2, 10.3, 5.8 Hz), 

5.26 (ddd, 1 H, J = 17.2, 3.0, 1.5 Hz ), 5.19 (ddd, 1 H, J = 10.3, 3.0, 1.5 Hz), 4.04 (ddd, 1 

H, J = 12.5, 5.8, 1.3 Hz), 3.94 (ddd, 1 H, J = 12.5, 5.8, 1.3 Hz), 3.93 (dd, 1 H, J = 11.5, 

5.2 Hz), 3.60 (dd, 1 H, J = 11.4, 8.8 Hz), 3.54 (dd, 1 H, J = 9.1, 2.6 Hz), 3.17 (ddd, 1 H, J 

= 9.0, 8.9, 5.2 Hz), 2.39-2.22 (m, 2 H), 1.99-1.88 (m, 1 H), 1.83 (d, 3 H, J = 0.9 Hz), 

1.56-1.47 (m, 1 H), 1.41 (s, 3 H), 1.35 (s, 3 H); 13C NMR (100 MHz) δ 147.54, 134.47, 

117.59, 98.66, 74.91, 74.57, 71.35, 71.02, 62.67, 35.00, 30.14, 28.37, 23.74, 19.60; 

HRMS calcd. for [C14H23IO3+H]+: 367.0770, found 367 (LRFAB). 

 

 

(2S,3R,E)-2-(Allyloxy)-3-((tert-butyldimethylsilyl)oxy)-7-iodo-6-methylhept-6-en-1-ol 

(3.48). To a solution of (E,2R,3R)-2-(allyloxy)-1-((S)-4-benzyl-2-thioxooxazolidin- 

3-yl)-3-(tert-butyldimethylsiloxy)-7-iodo-6-methylhept-6-en-1-one (3.45) (521 mg, 0.841 

mmol) in Et2O (30.00 mL) at 0 °C was added methanol (0.70 mL, 1.70 mmol) and lithium 

borohydride (36.9 mg, 1.68 mmol). The reaction mixture was stirred for 1 h before the 

reaction was quenched with potassium sodium tartrate tetrahydrate (1.50 g), warmed to r.t., 

and allowed to stir for 1.5 h. The mixture was extracted with EtOAc (5 mL × 3). The 

combined organic layers were washed with brine (3 mL), dried, filtered, and concentrated. 

Flash column chromatography (1:4 EtOAc:hexanes) afforded (2S,3R,E)-2-(allyloxy)-3- 

((tert-butyldimethylsilyl)oxy)-7-iodo-6-methylhept-6-en-1-ol (3.48) as a colorless 

viscous oil. (296 mg, 80%); Rf 0.44 (1:4 EtOAc:hexanes); 1H NMR (400 MHz) δ 5.85-5.98 

(m, 2 H), 5.28 (dd, 1 H, J = 17.2, 1.6 Hz), 5.28 (dd, 1 H, J = 10.4, 1.6 Hz), 4.09 (dd, 2 H, J 

= 6.0, 1.6 Hz) , 3.82 (dd, 1 H, J = 10.4, 4.8 Hz), 3.70 (s, 2 H), 3.31 (dd, 1 H, J = 9.2, 4.8 Hz), 

2.20-2.35 (m, 2 H), 2.14 (br, 1 H), 1.84 (s, 3 H), 1.68-1.78 (m 1 H), 1.54-1.67 (m, 2 H), 

0.89 (s, 9 H), 0.09 (s, 3 H), 0.05 (s, 3 H); 1 HRMS calcd. for C17H33IO3Si+H: 441.1322, 

found 441.1346. 
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(2S,3R,6E,8E,10E)-2-(Allyloxy)-3-((tert-butyldimethylsilyl)oxy)-6,10-dimethyldodeca

-6,8,10-trien-1-ol (3.49). To a degassed solution of 3.23 (157 mg, 0.785 mmol), 

Pd(PPh3)4 (90 mg, 0.078 mmol), K2CO3 (109 mg, 0.789 mmol) in DMF (6.00 mL) and 

H2O (2.00 mL) was added (2S,3R,E)-2-(allyloxy)-3-((tert-butyldimethylsilyl)oxy)-7- 

iodo-6-methylhept-6-en-1-ol (3.48) (230 mg, 0.522 mmol) in DMF (2.00 mL). The 

reaction mixture was stirred overnight. The reaction was diluted with EtOAc (50 mL) and 

washed with half saturated NH4Cl (10 mL), water (10 mL X 2), brine (10 mL), dried, 

filtered, and concentrated. Flash column chromatography (1:4 EtOAc:hexanes) afforded 

(2S,3R,6E,8E,10E)-2-(allyloxy)-3-((tert-butyldimethylsilyl)oxy)-6,10-dimethyldodeca

-6,8,10-trien-1-ol (3.49) as a colorless viscous oil. (169 mg, 82%); Rf 0.51 (1:4 

EtOAc:hexanes); 1H NMR (400 MHz) δ 6.31 (dd, 1 H, J = 12.4, 8.4 Hz), 6.17 (d, 1 H, J = 

12.4 Hz), 5.83-5.98 (m, 2 H), 5.44 (t, 1 H, J = 5.6 Hz) , 5.28 (d, 1 H, J = 12.4 Hz), 5.18 (d, 

1 H, J = 8.0 Hz), 4.10 (dd, 2 H, J = 4.8, 4.4 Hz), 3.85 (d, 1 H, J = 4.4 Hz), 3.72 (d, 1 H, J = 

3.6 Hz), 3.34 (t, 1 H, J = 3.4 Hz), 2.30 (br, 1 H), 1.80 (s, 3 H), 1.78 (d, 3 H, J = 2.4 Hz), 

1.58-1.80 (m, 6 H),  0.90 (s, 9 H), 0.10 (s, 3 H), 0.06 (s, 3 H); 13C NMR (100 MHz) δ 

137.55, 135.97, 135.18, 135.01, 126.64, 125.73, 122.41, 117.32, 81.36, 72.73, 71.17, 61.47, 

35.68, 32.51, 26.09, 18.31, 17.02, 14.21, 12.27, -4.29, -4.40; HRMS calcd. for 

C23H42IO3Si+H: 395.2981, found 395.2994. 

 

 

(2R,3R,E)-2-(Allyloxy)-3-((tert-butyldimethylsilyl)oxy)-7-iodo-6-methylhept-6-enal 

(3.50). To a solution of (2S,3R,E)-2-(allyloxy)-3-((tert-butyldimethylsilyl)oxy)- 

7-iodo-6-methylhept-6-en-1-ol (3.48) (64.3 mg, 0.146 mmol) in DCM (3.00 mL) was 

added solid NaHCO3 (290 mg, 3.45 mmol) and then DMP (210 mg, 0.566 mmol). The 

reaction mixture was stirred for 1 h before Et2O (10.0 mL), saturated aqueous NaHCO3 

(10.0 mL) and NaS2O3·7H2O (500 mg) was added. The mixture was stirred for 20 

minutes. The aqueous layer was separated, extracted with Et2O (10 mL X 2). The organic 

layers were combined, dried, filtered, and concentrated. Flash column chromatography 

(1:9 EtOAc:hexanes) afforded (2R,3R,E)-2-(allyloxy)-3-((tert-butyldimethylsilyl) 

oxy)-7-iodo-6-methylhept-6-enal (3.50) as a colorless viscous oil. (60.0 mg, 94%); Rf 
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0.67 (1:4 EtOAc:hexanes); 1H NMR (400 MHz) δ 9.65 (d, 1 H, J = 2.4 Hz), 5.80-5.95 (m, 

2 H), 5.29 (dd, 1 H, J = 17.2, 1.6 Hz), 5.20 (dd, 2 H, J = 10.4, 1.6 Hz) , 4.13 (dd, 1 H, J = 

12.8, 5.8 Hz), 4.05 (dd, 1 H, J = 12.8, 5.8 Hz), 3.92-4.00 (m, 1 H), 3.62 (dd, 1 H, J = 4.0, 

2.4 Hz), 2.16-2.33 (m, 2 H), 1.82 (s, 3 H), 1.68-1.78 (m, 1 H), 1.54-1.65 (m, 1 H), 0.87 (s, 

9 H), 0.09 (s, 3 H), 0.05 (s, 3 H); 13C NMR (100 MHz) δ 203.62, 147.56, 144.00, 118.29, 

85.93, 75.31, 73.07, 71.98, 35.26, 31.92, 29.88, 25.95, 24.14, 18.25, -4.27, -4.49; HRMS 

calcd. for C17H31IO3Si: 438.1087, found 438.1213 (FAB). 

 

 

(2E,4S,5R,8E)-Methyl 4-(allyloxy)-5-((tert-butyldimethylsilyl)oxy)-9-iodo-8- 

methylnona-2,8-dienoate (3.51). To a suspension of NaH (60%, washed with hexanes, 

4.1 mg, 0.103 mmol) in THF (10.00 mL) at 0 °C was added trimethyl phosphonoacetate 

(0.015 mL, 0.103 mmol). The reaction mixture was stirred for 10 minutes before 

(2R,3R,E)-2-(allyloxy)-3-((tert-butyldimethylsilyl)oxy)-7-iodo-6-methylhept-6-enal (3.50) 

in THF (3.00 mL) was cannulated. The reaction mixture was stirred for 30 minutes before 

it was warmed up to room temperature. The reaction was quenched with saturated 

aqueous NH4Cl (10.0 mL), extracted with EtOAc (15.0 mL X 2). The organic layers were 

combined, dried, filtered, and concentrated. Flash column chromatography (1:9 

EtOAc:hexanes) afforded (2E,4S,5R,8E)-methyl 4-(allyloxy)-5-((tert- 

butyldimethylsilyl)oxy)-9-iodo-8-methylnona-2,8-dienoate (3.51) as a colorless viscous 

oil. (26.4 mg, 83 %); 1H NMR (400 MHz) δ 6.86 (dd, 1 H, J = 15.8, 6.4 Hz), 6.00 (dd, 1 H, 

J = 15.8, 1.2 Hz), 5.82-5.93 (m, 2 H), 5.25 (dd, 1 H, J = 15.2, 1.6 Hz) , 5.17 (dd, 1 H, J = 

10.4, 1.2 Hz), 4.04 (dd, 1 H, J = 12.4, 5.2 Hz), 3.76-3.88 (m, 2 H), 3.75 (s, 3 H), 3.68-3.73 

(m, 1 H), 2.15-2.33 (m, 2 H), 1.82 (s, 3 H), 1.53-1.76 (m, 2 H), 1.54-1.65 (m, 1 H), 0.86 (s, 

9 H), 0.07 (s, 6 H); 13C NMR (100 MHz) δ 166.61, 148.09, 146.47, 134.56, 123.33, 117.52, 

81.19, 75.02, 74.03, 70.72, 51.86, 35.17, 31.89, 29.88, 26.06, 24.21, 18.32, -4.07, -4.38; 

HRMS calcd. for C20H35IO4Si: 494.1394, found 494.1410 (FAB). 

 

 

(2E,4S,5R,8E,10E,12E)-Methyl 4-(allyloxy)-5-((tert-butyldimethylsilyl)oxy)-8,12- 

dimethyltetradeca-2,8,10,12-tetraenoate (3.52). To a degassed solution of 3.23 (24 mg, 



129 
 

0.122 mmol), Pd(PPh3)4 (13 mg, 0.006 mmol), K2CO3 (17 mg, 0.122 mmol) in DMF 

(1.20 ml) and H2O (0.30 ml) was added (2E,4S,5R,8E)-methyl 4-(allyloxy)-5-((tert- 

butyldimethylsilyl)oxy)-9-iodo-8-methylnona-2,8-dienoate (3.51) (27.3 mg, 0.061 mmol). 

The reaction mixture was stirred overnight. The reaction was diluted with EtOAc (20 mL) 

and washed with half saturated NH4Cl (5 mL), water (5 mL X 2), brine (5 mL), dried, 

filtered, and concentrated. Flash column chromatography (1:9 EtOAc:hexanes) afforded 

(2E,4S,5R,8E,10E,12E)-Methyl 4-(allyloxy)-5-((tert-butyldimethylsilyl)oxy)-8,12- 

dimethyltetradeca-2,8,10,12-tetraenoate (3.52) as a colorless viscous oil. (21.7 mg, 

88%); 1H NMR (400 MHz) δ 6.89 (dd, 1 H, J = 12.8, 5.2 Hz), 6.31 (dd, 1 H, J = 12.0, 4.0 

Hz), 6.16 (d, 1 H, J = 12.0 Hz), 6.02 (dd, 1 H, J = 12.8, 1.2 Hz) , 5.81-5.92 (m, 2 H), 5.54 

(m, 1 H), 5.26 (dd, 1 H, J = 13.8, 1.4 Hz), 5.17 (dd, 1 H, J = 8.0, 1.2 Hz), 4.04 (dd, 1 H, J = 

10.0, 4.0 Hz), 3.75-3.90 (m, 2 H), 3.75 (s, 3 H), 3.72-3.75 (m, 1 H), 2.02-2.20 (m, 2 H), 

1.77 (s, 3 H), 1.75 (s, 3 H), 1.58-1.80 (m, 2 H), 0.90 (s, 9 H), 0.05 (s, 3 H), 0.04 (s, 3 H); 
13C NMR (100 MHz) δ 166.71, 146.70, 137.77, 135.88, 135.22, 134.73, 126.54, 125.67, 

123.15, 122.49, 117.34, 81.36, 74.42, 70.70, 51.80, 35.55, 32.25, 26.11, 18.36, 17.05, 

14.20, 12.28, -4.06, -4.34; HRMS calcd. for C23H42IO3Si: 448.3009, found. 

 

3.60

I

TBSO
HO

NBoc
O

OAllyl

 

(5S)-tert-Butyl 3-((2E,4S,5R,8E)-4-(allyloxy)-5-((tert-butyldimethylsilyl)oxy)-1- 

hydroxy-9-iodo-8-methylnona-2,8-dien-1-yl)-5-isobutyl-2-oxopyrrolidine-1-carboxyl

ate (3.60). To a solution of 3.31 (47 mg, 0.195 mmol) in THF (5.00 ml) at -78 °C was 

added LiHMDS (40.0 mg, 0.236 mmol). The reaction mixture was stirred for 1 h before it 

was cannulated into 3.59 (176 mg, 0.390 mmol) and boron trifluoride etherate (0.048 mL, 

0.39 mmol) in THF (5.00 ml) at -78 °C. The reaction mixture was stirred for 4 h before it 

saturated NH4Cl (20 mL) was added. THF was removed and the reaction mixture was 

extracted with EtOAc (20 mL X 2). The organic layers was washed with brine (5 mL), 

dried, filtered, and concentrated. Flash column chromatography (1:2 EtOAc:hexanes) 

afforded (5S)-tert-butyl 3-((2E,4S,5R,8E)-4- (allyloxy)-5-((tert-butyldimethylsilyl) 

oxy)-1-hydroxy-9-iodo-8-methylnona-2,8-dien-1-yl)-5-isobutyl-2-oxopyrrolidine-1-ca

rboxylate (3.60) as a colorless viscous oil (38.3 mg, 28%); 1H NMR (400 MHz) δ 

5.82-5.93 (m, 2 H), 5.70 (dd, 1 H, J = 15.6, 6.6 Hz), 5.62 (dd, 1 H, J = 15.6, 6.3 Hz), 5.23 

(dd, 1 H, J = 17.3, 1.6 Hz), 5.15 (dd, 1 H, J = 10.4, 1.4 Hz), 4.57 (d, 1 H, J = 1.0 Hz), 4.28 

(t, 1 H, J = 7.5 Hz), 4.07-4.15 (m, 1 H) , 4.02 (dd, 1 H, J = 12.7, 5.2 Hz), 3.85 (dd, 1 H, J = 

12.7, 5.9 Hz), 3.63-3.73 (m, 1 H), 2.63-2.73 (m, 1 H), 2.12-2.47 (m, 2 H), 1.82 (s, 3 H), 



130 
 

1.74-1.82 (m, 2 H), 1.63-1.73 (m, 1 H), 1.59 (s, 1 H), 1.55-1.58 (m, 1 H), 1.54 (s, 9 H), 

1.35-1.42 (m, 1 H), 0.96 (d, 3 H, J = 3.4 Hz), 0.95 (d, 3 H, J = 3.4 Hz), 0.88 (s, 9 H), 0.07 

(s, 3 H), 0.04 (s, 3 H); 13C NMR (100 MHz) δ 176.79, 149.53, 148.28, 135.16, 132.79, 

130.67, 116.88, 83.66, 82.28, 74.85, 74.33, 73.85, 70.08, 55.06, 46.28, 42.46, 35.57, 

31.69, 28.25, 26.74, 26.17, 25.75, 24.22, 23.98, 21.67, 18.41, -3.82, -4.40; HRMS calcd. 

for C32H56INO6Si: 705.2922, found. 

 

3.61

I

TBSO
O

NBoc
O

OAllyl

 

(5S)-tert-Butyl 3-((2E,4S,5R,8E)-4-(allyloxy)-5-((tert-butyldimethylsilyl)oxy)-9- 

iodo-8-methylnona-2,8-dienoyl)-5-isobutyl-2-oxopyrrolidine-1-carboxylate (3.61). To 

a solution of (5S)-tert-butyl 3-((2E,4S,5R,8E)-4-(allyloxy)-5-((tert- butyldimethylsilyl) 

oxy)-1-hydroxy-9-iodo-8-methylnona-2,8-dien-1-yl)-5-isobutyl-2-oxopyrrolidine-1-carbo

xylate (3.60) (30.2 mg, 0.043 mmol) in DCM (2.00 mL) was added solid NaHCO3 (85 mg, 

1.02 mmol) and then DMP (62 mg, 0.167 mmol). The reaction mixture was stirred for 1 h 

before EtOAc (8.0 mL), saturated aqueous NaHCO3 (8.0 mL) and NaS2O3·7H2O (150 mg) 

was added. The mixture was stirred for 20 minutes. The aqueous layer was separated, 

extracted with EtOAc (10 mL X 3). The organic layers were combined, dried, filtered, 

and concentrated. Flash column chromatography (1:3 EtOAc:hexanes) afforded 3.61 as a 

colorless viscous oil. (20.4 mg, 70%); 1H NMR (400 MHz) δ 7.96 (s, 1 H), 6.55 (dd, 1 H, J 

= 15.6, 6.8 Hz), 6.03 (d, 1 H, J = 17.6 Hz) , 5.82-5.95 (m, 2 H), 5.26 (d, 1 H, J = 17.2 Hz), 

5.18 (d, 1 H, J = 10.0 Hz), 5.02 (q, 1 H, J = 5.2 Hz), 4.13-4.22 (m, 1 H), 4.04-4.10 (m, 1 

H), 3.77-3.92 (m, 3 H), 3.58-3.72 (m, 2 H), 2.83 (dd, 1 H, J = 15.2, 9.2 Hz), 2.20-2.38 (m, 

3 H), 1.83 (s, 3 H), 1.66-1.78 (m, 1 H), 1.55-1.65 (m, 5 H), 1.54 (s, 9 H), 1.15-1.45 (m, 10 

H), 0.95 (s, 6 H), 0.84 (s, 9 H), 0.09 (s, 3 H), 0.05 (s, 3 H). 
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Synthesis of a photoswitchable agonist of glutamate receptor dMAG 
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Synthesis of a photoswitchable agonist of glutamate receptor 

dMAG 

 

Introduction 

 

G protein coupled receptors (GPCRs) are a very large family of transmembrane 

receptor proteins. Upon change in temperature, polarity, voltage, and ligand molecules 

outside the cell, the transmembrane receptors are activated. Normally a change in protein 

confirmation and signal transduction inside the cell membrane are triggered which result 

in further cellular activity.1 

Among the many external signals that initiate the signal transduction, ligand molecules 

have been mostly researched for the possibility of ligand evolution and controllability. 

For example, by changing affinity of the ligand, signal transduction pathway could be 

influenced. However, the chemical distribution and composition around the ligand 

binding domain is still statistically random and uncontrollable. For that purpose, more 

fine control over the ligand binding domain of these receptor proteins by restraining the 

possible conformation of the ligands has been applied. Mostly, a ligand is temporarily or 

permanently attached to the protein in proximity to the ligand binding domain. By careful 

selection of the attachment location, a better control on local concentration and 

conformation at ligand binding domain can be achieved. 

It was not until 19802 that researchers had added another level of control to the 

approach, optical switch. A choline variant tethered with photoisomerizable azobenzene 

was covalently attached to a sulfhydryl group on the nicotinic acetylcholine receptor. The 

membrane conductance induced by the tethered agonist was found to be very similar to 

that induced by reversible agonists. Also light-flash experiments with tethered choline 

also resembled those with the reversible photoisomerizable agonist. The authors observed 

reproducible decrease and increase in conductance when trans to cis photoisomerization 

took place and vice versa. 

Research in Trauner group has been focused on the fine optical switch control on 

Venus Flytrap of periplasmic binding proteins, more specifically on glutamate receptors. 

The approach is to covalently attach a glutamate agonist to the binding domain with a 

photoisomerizable linker. Upon irradiation of the tether agonist can switch between to 

two states in which the binding is on and off. 
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Figure 1 Optical switch based allosteric control of on and off state at clamshell binding domain. 

 
 

Glutamate receptors are transmembrane receptors at the membranes of neutrons. 

Glutamate receptors bind the major excitatory neurotransmitter glutamate in the 

mammalian central nerve system. There are two major types of glutamate receptors. 

Ionotropic glutamate receptors (iGluRs) are ligand gated ion channels including NMDA, 

Kainate, and AMPA receptors. 

An engineered light-gated ionotropic glutamate receptor (LiGluR) was reported which 

could be turned on and off reversibly by photo irradiation with light of certain 

wavelengths.3,4,5 A photoisomerizable agonist was designed base on the known agonist 

(2S, 4R)-4-methyl-glutamate.6 Basically azobenzene linker is included as optical switch 

and the maleimide is designed as the electrophilic site which would be covalently 

attached to the ligand bind domain of the protein receptor. Reversible and reproducible 

light control on LiGluR-expressing neurons activity and zebrafish behaviors has been 

achieved. The LiGluR system also allows fast and reversible control of action potential 

firing on the millisecond scale. 

Figure 2 Reversible optical switch based allosteric control to close and open the pore of iGluR with 

tethered glutamate agonist. 
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Chart 1 Photoswitchable iGluR agonist that is covalently attached to the ligand binding domain. 

 
 

Metabotropic glutamate receptors (mGluRs) are G protein-coupled receptors indirectly 

linked to the ion channels. Similar to the iGluRs, mGluRs also have Venus Flytrap type 

ligand binding domain.7 To extend the application of successful LiGluR system we set 

out to synthesize a photoisomerizable agonist for mGluRs. 

Chart 2 Design of photoswitchable mGLR agonist.  

 
 

The design of a photoswitchable agonist for mGluRs involves three components: a 

maleimide that could be covalently attached to nucleophilic sites on the ligand binding 

domain at the protein, an azodianiline linker that would reversibly switch between cis and 

trans configuration under illumination, and a agonist for mGluRs that mimics d-glutamic 

acid. 
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Retrosynthetic analysis 

 

Retrosynthetically dMAG is disconnected to the exact three components that in its 

name, maleimide, substituted azodianiline, and tailored d-glutamic acid. The d-glutamic 

acid component will be synthesized from derivatization of pyroglutamate. 

Scheme 1 Proposed retrosynthesis of dMAG. 

 
 

Synthesis 

 

  A similar synthetic strategy to the synthesis of the other diastereomer MAG3 was first 

attempted. Treatment of pyroglutamic acid (4.5) with ethanol and thionyl chloride 

afforded the ethyl pyroglutamate, which was then protected to give ethyl 

�-boc-pyroglutamate (4.6). Allylic alkylation then afforded allylated pyroglutamate 4.7 

with a miserable yield. The two major products of the reaction are bis-allylated 

pyroglutamate and the other diastereomer that the allyl group and the ethyl ester are in 

the trans relationship. Presumably equilibrium between the original enolate and enolate of 

the mono-allylated product was established in the reaction process, which led to bis 

allylation and the other diastereomer. 

Scheme 2 Old strategy of glutamate derivatization. 

 

 

  Although decent amount of material could be prepared from the synthetic route 

mentioned above, it was extremely inefficient. Also the two side products have fairly 

similar in polarity to the desire syn allylpyroglutamate 4.7. As a result, separation on 

large scale, which is necessary to account for the low yield, became an even bigger 

problem in the process than the poor yield. For that purpose, I set out to look for a more 
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efficient synthesis of 4.7. Fortunately, there was a literature report on highly 

diastereoselective anti alkylation on the regular �-boc glutamate 4.8.8 Presumably the 

presence of double lithium chelation in the favored transition state dictates the 

stereochemical outcome. 

Scheme 3 Transition state and stereoselectivity of direct alkylation on �-boc glutamate. 

 
 

D-Glutamic acid (4.10) was converted to diester 4.11 and then protected to afford the 

�-boc glutamate 4.8.9 As mentioned above, diastereoselective alkylation with allyl 

bromide yielded 4.9 in high yield. The boc protecting group was then removed and the 

amine was thermally cyclized to afford the allylpyroglutamate 4.11. It was reprotected as 

boc imide to give the same allylated �-boc-pyroglutamate intermediate 4.12. Although 

this synthetic route requires more steps of transformation, purification was only necessary 

for two steps and overall it was much more efficient and high yielding than the original 

method. I would like to note that materials from both synthetic routes were used and the 

characterization on the later intermediates was carried on the ethyl ester of the 

pyroglutamate. 

Scheme 4 Transition state and stereoselectivity of direct alkylation on �-boc glutamate. 

 

 

 

Grubbs cross metathesis of 4.7 with freshly distilled acrylic acid gave unsaturated acid 

4.13. The crude was then hydrogenated to afford the carboxylic acid 4.14. 

 



159 
 

Scheme 5 Transition state and stereoselectivity of direct alkylation on �-boc glutamate. 

 
 

Monoamidation of 4,4'-azodianiline with 4.14 failed with normal amide coupling 

reagent such as, DCC, EDCI, and HOBt, which worked surprisingly well with the 

diastereomeric carboxylic acid in previous synthesis.3 Presumably in 4.14 the ester is syn 

to the carboxylic acid side chain, which added unfavorable steric factor in the amide 

formation. Fortunately HBTU worked reasonably well to give the monoamide 4.15. 

Acetylation of the other aniline afforded the acetamide 4.16. Hydrolysis and further 

saponification yielded �-boc glutamate 4.17. Finally the boc protecting group was 

removed with HCl in ethanol and the glutamic acid was converted to the mono sodium 

salt 4.18 for easier purification. 

Scheme 6 Synthesis of a tether model of dMAG. 
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  After the successful synthesis of the tether model, now the final nucleophilic 

maleimide linker would be included to prepare dMAG. Maleimides are readily 

hydrolyzed even with mildly basic reagents and need to be incorporated after the lithium 

hydroxide step. The monoamidation product 4.15 was treated with preformed acid 

chloride from fmoc-glycine to afford the amide 4.19. The standard pyridine in DMF 

deprotection condition did remove the fmoc group. However, it also caused significant 

epimerization, presumably a result of easy accessibility of the α-proton combined with 

required heating when removing pyridine and DMF. The diastereomers were not 

separable with flash chromatography. Fortunately by switching to more volatile 

diethylamine and DCM, the undesired epimerization was suppressed to yield 4.20. 

Scheme 7 Amidation with fmoc-glycine-OH. 

 

 

  Hydrolysis and further saponification yielded �-boc glutamate 4.21. It was treated with 

NaHCO3 and methylcarboxymaleimide to afford the maleimide 4.22. Finally the boc 

protecting group was removed with HCl in ethanol to give dMAG (4.1). 

Scheme 8 Synthesis of dMAG. 
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Summary 

 

  Similar to MAG, 380 nm irradiation would convert it to >90% cis configuration in 

photostationary state and 500nm then would bring it back to all trans configuration all 

reversibly. Initial in vitro assay has revealed dMAG and its tether model to be a 

reasonably strong agonist for mGLRs and ongoing studies are now under investigation in 

the lab of collaborators. 
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Experimental section 

 

General. Unless otherwise noted, materials were obtained from commercial suppliers and 

used without further purification. All reactions were performed under an inert atmosphere 

(N2) unless stated otherwise. Extracts were dried over MgSO4 and concentrated using a 

Buchi rotary evaporator under reduced pressure. The concentration of commercially 

available solutions of n-butyllithium in pentane/hexane was determined by titration with 

diphenylacetic acid. All glassware for moisture-sensitive reactions was dried in a high 

temperature oven at least overnight prior to use.  

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 

F254 TLC plates. TLC visualization was accomplished using 254 nm UV light or charring 

solutions of KMnO4, I2, or other TLC reagents. Flash chromatography was performed on 

ICN siliTech 32-63 D 60 Å silica gel according to the procedure of Still. 
1H NMR and 13C NMR spectra were taken in CDCl3 at r.t., with chemical shifts in 

expressed in ppm relative to CDCl3. Infrared spectra were obtained on NaCl plates with an 

ATI Mattson Gemini FTIR spectrometer. High-resolution mass spectra (HRMS) were 

obtained on VG ProSpec Mass Spectrometer using electron impact (EI) at 70 eV unless 

otherwise noted. Optical rotation was determined using Perkin-Elmer 241 polarimeter 

equipped with a 589 nm sodium lamp. Melting points were taken on an electrothermal 

apparatus and were uncorrected. 

Et2O, DCM and toluene were dried according to the procedure described by Bergman. 

THF was distilled under N2 from Na/benzophenone immediately prior to use. Benzene, 

acetonitrile, triethylamine, diisopropylamine and diisopropylethylamine were distilled 

under N2 from CaH2. DMF and DMSO were dried over 4 Å molecular sieves. HPLC grade 

(>96%) nitromethane was used as purchased from Aldrich. 
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HO

O

N
O

CO2Et
Boc

4.13  
(E)-4-((3S,5S)-1-(tert-butoxycarbonyl)-5-(ethoxycarbonyl)-2-oxopyrrolidin-3-yl)but-

2-enoic acid (4.13). Exact the same procedure from Matt Volgarf was followed. 

A solution of (2S,4S)-1-tert-butyl 2-ethyl 4-allyl-5-oxopyrrolidine-1,2-dicarboxylate 4.7 

(3.85 g, 13.0 mmol) and freshly distilled acrylic acid (1.33 mL,19.4 mmol) in CH2Cl2 

(65.0 mL) was added directly to solid Grubbs’ II catalyst (550 mg, 0.648 mmol). The 

mixture was heated to reflux for 12 h. The reaction mixture was then concentrated and 

purified by normal phase chromatography (8.5:1.5 CH2Cl2:EtOAc with 1% AcOH) to 

yield (E)-4-((3S,5S)-1-(tert-butoxycarbonyl)-5-(ethoxycarbonyl)- 

2-oxopyrrolidin-3-yl)but-2-enoic acid 4.13 (2.72 g, 61%) as a light tan solid (instead of 

oil). Rf 0.19 (8.5:1.5 CH2Cl2:EtOAc with 1% AcOH); IR: 3561, 2982, 2935, 1785, 1744, 

1723, 1658 cm–1; 1H NMR (400 MHz) δ 6.98 (m, 1H), 5.86 (d, 1H, J = 16 Hz), 4.50 (dd, 

1H, J = 7, 8 Hz), 4.23 (q, 2H, J = 7 Hz), 2.84 (m, 1H), 2.73 (m, 1H), 2.53 (m, 1H), 2.37 

(m, 1H), 1.65 (m, 1H), 1.49 (s, 9H), 1.29 (t, 3H, J = 7 Hz); 13C NMR (100 MHz) δ 173.6, 

171.3, 170.9, 149.2, 147.4, 123.2, 84.0, 61.8, 57.4, 41.4, 33.7, 27.8, 27.0, 14.1; [α]25D 

–31.7° (c = 1.00, CH2Cl2). LRMS (ESI)- Calc for C16H22NO7 (M-H)–: 340.1. Found: 

340.1. 

 

 

4-((3S,5S)-1-(tert-butoxycarbonyl)-5-(ethoxycarbonyl)-2-oxopyrrolidin-3-yl)- 

butanoic acid (4.14). Exact the same procedure from Matt Volgarf was followed. 

To a solution of 4.13 (2.72 g, 7.97 mmol) in MeOH (160 mL) was added Pd/C (848 mg, 

0.797 mmol). The resulting suspension was stirred at room temperature under a hydrogen 

atmosphere for 12 h. The suspension was then filtered through Celite and concentrated to 

yield 4-((3S,5S)-1-(tert-butoxycarbonyl)-5-(ethoxycarbonyl)-2- oxopyrrolidin-3-yl)- 

butanoic acid 4.14 (2.54 mg, 93%) as a tan solid (instead of oil). Rf 0.36 (1:1 

hexanes:EtOAc with 1% AcOH); IR: 3536, 3226, 2981, 2938, 2874, 1785, 1744 cm–1; 1H 

NMR (400 MHz) δ 4.48 (m, 1H), 4.23 (q, 2H, J = 7 Hz), 2.53 (m, 2H), 2.37 (m, 2H), 
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1.90 (m, 1H), 1.70 (m, 3H), 1.47 (s, 9H), 1.29 (t, 3H, J = 7 Hz); 13C NMR (100 MHz) δ 

178.7, 174.8, 171.4, 149.3, 83.7, 61.6, 57.5, 42.3, 33.5, 30.3, 27.8, 27.5, 22.1, 14.1; [α]25D  

–11.6° (c = 1.00, CH2Cl2). LRMS (ESI)- Calc for C16H24NO7 (M-H)–: 342.2. Found: 

342.2. 

 

N
N

N

H

H2N

O

N
O

CO2Et
Boc

4.15  

(2S,4S)-1-Tert-butyl 2-ethyl 4-(4-(4-((E)-(4-aminophenyl)diazenyl)phenylamino)- 

4-oxobutyl)-5-oxopyrrolidine-1,2-dicarboxylate(4.15). To 4-((3S,5S)-1-(tert- 

butoxycarbonyl)-5-(ethoxycarbonyl)-2-oxopyrrolidin-3-yl)butanoic acid (4.14) (748 mg, 

2.27 mmol) in 3:1 DCM and DMF (30.00 ml) at 0°C was added HBTU (1.72 g, 4.54 

mmol) and DIPEA (1.20 ml, 6.81 mmol). The mixture was stirred for 30 mins before it 

was cannulated into 4,4′-azodianiline (1.21 g, 5.70 mmol) in 3:1 DCM and DMF (30.00 

ml) at 0°C. The reaction mixture was stirred for another 30 mins before it was warmed to 

room temperature for overnight. The reaction was diluted with EtOAc (500 ml) and 

washed with 5% aqueous NaHCO3 (50 ml X 2),, H2O (50 ml X 3), brine (50 ml), dried, 

filtered, and concentrated. Flash column chromatograph (2:1 EtOAc:hexanes) afforded 

(2S,4S)-1-Tert-butyl 2-ethyl 4-(4-(4-((E)-(4- aminophenyl)diazenyl)phenylamino)-4- 

oxobutyl)-5-oxopyrrolidine-1,2- dicarboxylate (4.15) as a yellow solid (988 mg, 81 %); 

m. p. decomposition; Rf 0.21 (2:1 EtOAc:hexanes); 1H NMR (400 MHz) δ 8.30 (s, 1 H), 

7.70-7.80 (m, 4 H), 7.67 (d, 2 H, J = 8.4 Hz), 6.69 (d, 2 H, J = 8.4 Hz), 4.47 (t, 1 H, J = 

7.6 Hz), 4.10 (q, 2 H, J = 7.0 Hz), 2.79 (s, 2 H), 2.47-2.58 (m, 2 H), 2.32-2.45 (m, 2 H), 

1.77-1.84 (m, 1 H, 1.55-1.80 (m, 4 H), 1.43 (s, 9 H), 1.31 (t, 3 H, J = 7.0 Hz); 13C NMR 

(100 MHz) δ 176.18, 172.15, 171.51, 149.73, 149.46, 149.25, 145.55, 139.96, 125.05, 

123.33, 120.12, 114.79, 84.27, 57.67, 52.77, 42.46, 38.78, 30.44, 27.91, 27.62, 22.91, 

14.22; [α]25
D +65.5° (c = 0.84, CHCl3). HRMS calcd. for C28H35N5O6: 537.2587, found: 

537.2568 (FAB). 
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(2S,4S)-2-(4-((4-((E)-(4-acetamidophenyl)diazenyl)phenyl)amino)-4-oxobutyl)-4-((te

rt-butoxycarbonyl)amino)pentanedioic acid (4.17) To (2S,4S)-1-Tert-butyl 2-ethyl 

4-(4-(4-((E)-(4-aminophenyl)diazenyl)phenylamino)-4-oxobutyl)-5-oxopyrrolidine-1,2-di

carboxylate (4.15) (125 mg, 0.233 mmol) in DCM (25.00 ml) at 0°C was added DMAP 

(6 mg, 0.05 mmol), DIPEA (0.06 ml, 0.35 mmol) and AcCl (0.20 ml, 0.28 mmol). The 

reaction mixture was stirred for 30 minutes before it was warmed to room temperature for 

overnight. The reaction was washed with saturated aqueous NH4Cl (50 ml X 2), brine (50 

ml), dried, filtered and concentrated. The crude material was pushed through a short pad 

of silica gel with pure EtOAc and concentrated. To the crude material in THF (15.00 ml) 

at 0°C was added 1.0M aqueous LiOH solution (15.00 ml) dropwise. The reaction 

mixture was stirred for 10 minutes at 0°C before it was acidified to pH 2 with 1M 

aqueous HCl. The THF was removed in vacuo and the orange-red aqueous solution was 

purified by reverse phase chromatography (5:0 to 4:1 0.1% formic acid in H2O:MeCN) to 

afford (2S,4S)-2-(4-((4-((E)-(4-acetamidophenyl)diazenyl)phenyl)amino)-4-oxobutyl)- 

4-((tert-butoxycarbonyl)amino)pentanedioic acid (4.17) as a yellow solid (94 mg, 

71%). m. p. decomposition; 1H NMR (400 MHz, MeOH-d4) δ 7.83-7.89 (m, 4 H), 

7.70-7.80 (m, 4 H), 4.11-4.22 (m, 1 H), 2.46-2.66 (m, 1 H), 2.38-2.45 (m, 2 H), 2.13-2.34 

(m, 5 H), 1.91-2.04 (m, 2 H), 1.55-1.83 (m, 4 H), 1.44 (d, 9 H, J = 6.0 Hz); 13C NMR 

(100 MHz, MeOH-d4) δ 181.86, 179.12, 175.98, 174.29, 171.92, 158.17, 150.21, 142.67. 

124.66, 121.23, 80.76, 53.42, 43.44, 37.93, 33.55, 32.52, 28.86, 24.51, 24.16. LRMS 

(ESI)- calcd. for C23H26N5NaO6: 569.3, found: 569.3. 

 

 

Sodium (2S,4S)-2-(4-((4-((E)-(4-acetamidophenyl)diazenyl)phenyl)amino)-4- 

oxobutyl)-4-ammoniopentanedioate (4.18). To (4.17) (63 mg, 0.11 mmol) was added a 

saturated HCl solution in EtOAc (45 ml). The reaction mixture was stirred for 6 hour 
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before it was treated with saturated aqueous NaHCO3 and purified by reverse phase 

chromatography (5:0 to 4:1 H2O:MeCN) to afford sodium (2S,4S)-2-(4-((4-((E)- 

(4-acetamidophenyl)diazenyl)phenyl)amino)-4-oxobutyl)-4-ammoniopentanedioate 

(4.18) as a yellow solid (11 mg, 20 %); 1H NMR (400 MHz, D2O) δ 7.11-7.37 (m, 8 H), 

4.12 (t, 1 H, J = 8.4 Hz), 3.46 (s, 2 H), 2.62-2.68 (m, 1 H), 2.35-2.56 (m, 2 H), 2.10-2.32 

(m, 5 H), 1.95-2.05 (m, 5 H), 1.80-1.95 (m, 1 H); 13C NMR (100 MHz, D2O) δ 183.72, 

182.04, 179.77, 174.55, 174.05, 171.81, 162.58, 147.56. 147.49, 139.87,139.81, 123.36, 

120.15, 120.00, 56.56, 45.95, 41.17, 36.63, 31.70, 23.22, 22.62. 

 

 
(2S,4S)-1-Tert-butyl 2-ethyl 4-(4-(4-((E)-(4-(2-aminoethanamido)phenyl)- diazenyl) 

phenylamino)-4-oxobutyl)-5-oxopyrrolidine-1,2-dicarboxylate (4.20). To 

Fmoc-Gly-OH (1.65 g, 5.55 mmol) in DCM (50.00 ml) at 0°C was added two drops of 

DMF and (COCl)2 (0.60 ml, 6.99 mmol). The mixture was warmed to room temperature 

and stirred for 1 hour, concentrated, diluted with THF (60.00 ml), and cannulated to  

(2S,4S)-1-Tert-butyl 2-ethyl 4-(4-(4-((E)-(4-aminophenyl)diazenyl)- 

phenylamino)-4-oxobutyl)-5-oxopyrrolidine-1,2-dicarboxylate (4.15) (292 mg, 0.558 

mmol), DMAP (30 mg, 0.25 mmol), and DIPEA (0.97 ml, 5.58 mmol) in THF (30.00 ml) 

at 0°C. The reaction mixture was stirred for 1 hour before it was warmed to room 

temperature for overnight. The reaction was diluted with DCM (500 ml) and washed with 

saturated aqueous NaHCO3 (100 ml X 2), brine (100 ml), dried, filtered, and concentrated. 

Flash column chromatograph (90:10:0.6:0.6 CH2Cl2:MeOH:AcOH:H2O) afforded the 

Fmoc-Gly product as an orange solid that was used without further purification. To the 

crude product in DCM (30.00 ml) was added Et2NH (0.22 ml, 2.12 mmol). The reaction 

mixture was stirred for 6 hours and concentrated. Flash column chromatograph 

(90:10:0.6:0.6 CH2Cl2:MeOH:AcOH:H2O) afforded (2S,4S)-1-tert-butyl 2-ethyl 

4-(4-(4-((E)-(4-(2-aminoethanamido)phenyl)-diazenyl)phenylamino)-4-oxobutyl)-5- 

oxopyrrolidine-1,2-dicarboxylate (4.20) as a yellow solid (248 mg, 67 %); m. p. 

decomposition; Rf; IR cm-1; 1H NMR (400 MHz, MeOH-d4) δ 7.91 (d, 2 H, J = 9.6 Hz), 

7.89 (d, 2 H, J = 9.6 Hz), 7.80 (d, 2 H, J = 9.6 Hz), 7.78 (d, 2 H, J = 9.6 Hz), 4.60 (t, 1 H, 

J = 7.4 Hz), 4.23 (q, 2 H, J = 7.0 Hz), 3.91 (s, 2 H), 2.99-3.08 (m, 1 H), 2.62-2.74 (m, 2 

H), 2.47 (t, 2 H, J = 7.4 Hz), 1.68-1.95 (m, 4 H), 1.49 (s, 9 H), 1.31 (t, 3 H, J = 7.0 Hz); 
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13C NMR (100 MHz, MeOH-d4) δ 178.13, 174.25, 173.64, 166.33, 151.00, 150.57, 

150.20, 142.86, 141.89, 124.80, 124.74, 121.23, 121.13, 85.06, 63.01, 59.25, 43.69, 37.71, 

31.81, 28.64, 28.22, 24.23, 14.62; [α]25
D +65.5° (c = 0.84, CHCl3). HRMS calcd. for 

C30H38N6O7: 664.2493, found: 664.2506 (FAB). 

 

 

(2S,4S)-2-(4-(4-((E)-(4-(2-Aminoethanamido)phenyl)diazenyl)phenylamino)-4-oxobu

tyl)-4-(tert-butoxycarbonylamino)pentanedioic acid (4.21). To (2S,4S)-1-Tert- butyl 

2-ethyl 4-(4-(4-((E)-(4-(2-aminoethanamido)phenyl)diazenyl)-phenylamino)-4- 

oxobutyl)-5-oxopyrrolidine-1,2-dicarboxylate (4.20) (139 mg, 0.239 mmol) in THF (9.00 

ml) at 0°C was added 1M LiOH (9.00 ml) dropwise. The reaction mixture was stirred for 

15mins at 0°C and acidified to pH=2 with 1M HCl. THF was removed and reverse phase 

chromatography (5:0 to 4:1 0.1% formic acid in H2O:MeCN) afforded 

(2S,4S)-2-(4-(4-((E)-(4-(2-aminoethanamido)phenyl)-diazenyl)phenylamino)-4-oxob

utyl)-4-(tert-butoxycarbonylamino)pentanedioic acid (4.21) as a yellow solid (95 mg, 

60%); m. p. decomposition; 1H NMR (400 MHz, MeOH-d4) δ 8.23 (s 2H), 7.87 (d, 2 H, J 

= 8.8 Hz), 7.83 (d, 2 H, J = 8.8 Hz), 7.76 (d, 2 H, J = 10.8 Hz), 7.61 (d, 2 H, J = 10.8 Hz), 

4.12 (t, 1 H, J = 7.2 Hz), 3.88 (s, 2 H), 2.48-2.53 (m, 1 H), 2.38-2.43 (m, 2 H), 1.88-1.93 

(m, 2 H), 1.65-1.82 (m, 4 H), 1.42 (s, 9 H); 13C NMR (100 MHz, MeOH-d4) δ 179.56, 

176.90, 174.44, 166.63, 165,97, 158.14, 150.59, 150.18, 142.90, 141.86, 124.81, 124.75, 

121.27, 121.13, 80.67, 54.02, 43.69, 42.48, 37.98, 35.64, 32.50, 28.88, 24.56; LRMS 

(ESI)- calcd. for C28H36N6O8: 584.3, found: 584.3. 

 

 
(2S,4S)-2-(tert-butoxycarbonylamino)-4-(4-(4-((E)-(4-(2-(2,5-dioxo-2,5-dihydro-1H-p

yrrol-1-yl)ethanamido)phenyl)diazenyl)phenylamino)-4-oxobutyl)pentanedioic acid 

(4.22). To (2S,4S)-2-(4-(4-((E)-(4-(2-Aminoethanamido)phenyl)diazenyl)- 
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phenylamino)-4-oxobutyl)-4-(tert-butoxycarbonylamino)pentanedioic acid (4.21)  

(41.1 mg, 0.071 mmol) in a saturated aqueous NaHCO3 (6.00 mL) at 0°C was added 

finely ground freshly recrystallized �-Methoxycarbonylmaleimide (54 mg, 0.35 mmol) 

under vigorous stirring. The reaction mixture was stirred for 30 mins at 0°C, diluted with 

THF (6.00 mL) and warmed to room temperature. After 1 hour the mixture was acidified 

to pH 2 with 1M HCl and extracted with EtOAc (20 mL X 2). The combined organic 

layers were dried over Na2SO4, filtered, and concentrated. Flash chromatography 

(90:10:0.6:0.6 DCM:MeOH:AcOH:H2O) afforded (2S,4S)-2-(tert-butoxy- 

carbonylamino)-4-(4-(4-((E)-(4-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethanamid

o)phenyl)diazenyl)phenylamino)-4-oxobutyl)pentanedioic acid (4.22) as an orange 

solid (20.6 mg, 44%); m. p. decomposition; 1H NMR (400 MHz, MeOH-d4) δ 7.87 (d, 2 

H, J = 4.8 Hz), 7.86 (d, 2 H, J = 4.8 Hz), 7.74 (d, 2 H, J = 8.8 Hz), 7.72 (d, 2 H, J = 8.8 

Hz), 6.93 (s, 2 H), 4.37 (s, 2 H), 4.16 (t, 1 H, J = 7.2 Hz), 2.46-2.53 (m, 1 H), 2.37-2.42 

(m, 2 H), 1.93-1.99 (m, 2 H), 1.62-1.84 (m, 4 H), 1.43 (s, 9 H); 13C NMR (100 MHz, 

MeOH-d4) δ 210.23, 172.12, 167.57, 150.55, 150.28, 142.86, 142.14, 135.97, 124.75, 

124.72, 121.28, 80.76, 71.65, 53.33, 41.46, 37.96, 32.49, 30.90, 28.86, 24.49; [α]25
D 

+65.5° (c = 0.84, CHCl3); LRMS (ESI)- calcd. for C32H36N6O10: 664.2, found: 664.3. 
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