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Abstract – The Diels-Alder reactions of vinylimidazole derivatives provide an 

expedient stereocontrolled entry into polysubstituted tetrahydrobenzimidazole 

derivatives. Prior studies from our group have described methods for 

postcycloaddition functionalization of these adducts, however, in several cases we 

have been unable to achieve appropriate elaboration of cycloadducts and have 

sought alternatives. To circumvent this problem we have investigated 

pre-cycloaddition functionalization through the preparation of vinyl-substituted 

derivatives. Initial studies with vinyl halides or silyl enol ethers were 

compromised either by poor yields or postcycloaddition elimination. However, 

vinylsilanes and vinylstannanes participate in Diels-Alder reactions with retention 

of the heterosubstituent and provide a means for further elaboration, for example 

through Fleming-Tamao oxidation.

INTRODUCTION   

The structural and architectural challenges presented by the oroidin alkaloids1-6 have served as inspiration 

for the development of numerous synthetic methods that have not only proven useful in the applications 

for which they were designed,7-9 but also in a broader context for use in synthesis.10 In this vein, our lab 

has explored new methods for the elaboration and synthesis of functionalized imidazoles11 as a means to 

provide entries to several members of the oroidin alkaloids.12-15 In the context of approaches to 

spirocyclic members of these alkaloids, we have pursued a Diels-Alder/rearrangement strategy which 

efficiently delivers the core framework of these natural products (Figure 1).16-24 It had been our plan to 

introduce the functionality at C17 in palau’amine (corresponding to C13 in axinellamine A and to C14 in 

massadine) through oxidation of the initial Diels-Alder adduct (for an example of this strategy see 62 63 
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inset in Scheme 7); unfortunately in most intramolecular variants that we were using to obtain advanced 

intermediates, we were unable to arrest the reaction at the initial adduct stage as the higher temperatures 

required to effect the cycloaddition.17,21,24 Furthermore, attempts to engage these cycloadducts in 

post-cycloaddition functionalization (i.e. Z = H  Z = Cl or OH) have not yet been successful (Figure 

1).25 Based on these observations, it was decided to revise our approach by the incorporation of a 

substituent into the cycloaddition precursor that could be elaborated into the required substituent. 

 

 
Figure 1. General overview of approach to the spirocyclic oroidin dimers 

 

At the time that this effort was initiated, the stereochemistry of palau’amine at C17 had yet to be revised 

and thus the use of a chloro-substituted vinylimidazole 8 (Z = Cl or chloro surrogate) was attractive as it 

was anticipated that protonation would occur from the exo-face resulting in the desired configuration of 

the chloro-bearing stereocenter, i.e., 9 10 (Scheme 1). The prediction of stereocontrol was on the basis 

of all known reactions to date of the initial Diels-Alder adduct with addition of electrophiles (or 

enophiles) occurred from the exo-face, i.e., 9 11 (Z = H, Scheme 1) although we had not explicitly 

studied the rearomatization process in detail.25,19,26 Rearomatization of the initial adduct presumably 

occurs via a deprotonation-reprotonation process, although the precise order of events is unknown and 

this may in fact depend upon the nature of the N-protecting group. 
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Scheme 1. Diels-Alder/aromatization reactions of vinylimidazoles 

 

RESULTS AND DISCUSSION 

An initial attempt was made with the parent vinyl chloride which could be prepared in good yield via a 

two-step sequence from 1218 involving iodine-magnesium exchange and trapping with the Weinreb amide 

affording methyl ketone 13 (Scheme 2).27 Treatment of 13 with POCl3 in DMF then delivered the vinyl 

chloride 14 in good yield.28 An attempt to engage this substrate in a cycloaddition reaction with 

N-phenylmaleimide (NPM) occurred with mixed success. At temperatures which had been productive 

with the corresponding deschloro substrate (cf. 8, Z = H) were not successful, simply returning mixtures 

of unreacted starting materials.18,20 However, upon raising the reaction temperature to 90 °C a reaction 

occurred to deliver 2+1 cycloadduct 17, a product that we had isolated previously via a reaction of the 

parent substrate under conditions where the reaction solvent had not been deoxygenated (Scheme 2).18  

The formation of this adduct 17, which had been characterized previously through X-ray 

crystallography,18 can be understood through cycloaddition to afford the 4-chloro derivative 15.  

Dehydrochlorination produces a second vinylimidazole 16 which then undergoes a second Diels-Alder 

reaction to afford the observed product 17 in low, but unoptimized yield. The influence of the chloro 

substituent is interesting as the substrate lacking this moiety undergoes cycloaddition to afford the initial 

adduct at 45 °C in CH2Cl2 implying that the inductive effect of the chlorine atom deactivates the diene to 

cycloaddition. During the scouting phase of this chemistry, we also used the methyl ketone 13 to prepare 

the corresponding silyl enol ether 18 by treatment with KH and TBSCl (Scheme 2).29-31 While it proved 

possible to purify and characterize this material, it was rather unstable and decomposed on standing and 

during attempted Diels-Alder reactions and thus was not pursued further. 
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Scheme 2. Initial attempts using heterosubstituted vinylimidazoles 

 

Although these initial results were somewhat disappointing, the isolation of the 2+1 adduct 17 

demonstrated that a chloro substituted vinylimidazole was a competent diene. However, it was unclear 

whether using more highly substituted derivatives would offer any advantage and whether halogens could 

be tolerated at all in cycloaddition reactions. Further, it was not clear how other substituents used in place 

of chlorine might impact this chemistry and if such substrates could be employed in intramolecular 

variants akin to that outlined in Figure 1. Despite these concerns, we decided to continue to explore this 

pre-cycloaddition functionalization strategy through evaluating substrates that we might employ in total 

synthesis endeavors, specifically vinylimidazoles terminated with a silyl protected hydroxymethyl moiety.  

Studies towards the nagelamides in our lab had revealed that propargylic alcohols undergo facile 

anti-hydroalumination and trapping with tributyltin chloride as an electrophile;12 use of 

N-halosuccinimides in place of the tin electrophile delivered the corresponding vinyl halides 22-27 for 

both the Bn- and DMAS protected series in modest to good yields (Scheme 3). The propargylic alcohols 

were readily accessible through Sonogashira cross-coupling between 4-iodoimidazoles and 

THP-protected propargyl alcohol for 20 (followed by deprotection) and freshly distilled propargyl alcohol 

for 21.12,32-33 Finally, the halovinyl alcohols were protected as the TBS-ethers 28-33 and then subjected to 

Diels-Alder reactions with N-phenylmaleimide (Scheme 4). 
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atmosphere of dry nitrogen. All glassware was oven-dried overnight and cooled to rt in a desiccator 

containing Drierite. Anhydrous solvents were obtained from a Pure-Solv 400 solvent purification system 

from Innovative Technology Inc or distilled from sodium/benzophenone (THF). Flash chromatography 

was performed using silica gel (230-400 mesh) and thin layer chromatography (TLC) was performed on 

Sorbent Technologies Silica TLC aluminum backed plates. 1H and 13C NMR (δ in ppm) spectra were 

recorded in CDCl3 (unless otherwise noted) at 500 and 125 MHz, respectively; using a JEOL Eclipse+ 500 

spectrometer unless otherwise noted, using residual CHCl3 as reference for (1H NMR, δ = 7.26 ppm) and 

carbon absorption of CDCl3 for (13C NMR, δ = 77.1 ppm ). In some cases spectra were recorded at 300 

MHz (1H NMR) or 75 MHz (13C NMR) on a JEOL JNM-ECX 300 spectrometer. Infrared spectra were 

recorded either as neat films using a Bruker Alpha spectrometer (ATR spectroscopy). High resolution mass 

spectra (HR-MS) were obtained at the Shimazdu Center for Advanced Analytical Chemistry, University of 

Texas at Arlington. 

 

4-Acetyl-1-benzylimidazole (13): A solution of EtMgBr in Et2O (18.1 mL, 3.0 M, 1.10 equiv., 54.2 

mmol) was added by syringe to a solution of 4-iodo-1-benzylimidazole 12 (14.0 g, 49.3 mmol) in dry 

CH2Cl2 (180 mL) at rt. The resulting suspension was stirred at rt for 1 h, then a solution of 

N-methoxy-N-methylacetamide (5.08 g, 49.3 mmol) in dry CH2Cl2 (15 mL) was added slowly. After 

stirring for a further 2 h, the mixture was quenched with saturated aqueous NH4Cl (30 mL). The organic 

layer was dried (MgSO4), and concentrated. Purification of the residue by chromatography (EtOAc  

EtOAc/MeOH 10/1) afforded 7.90 g (80%) of ketone 13. mp 65-66 oC. 1H NMR:  = 7.56 (s, 1H), 7.54 (s, 

1H), 7.40-7.34 (m, 3H), 7.19-7.17 (m, 2H), 5.13 (s, 2H), 2.54 (s, 3H); 13C NMR:  = 194.5, 142.9, 137.6, 

134.9, 129.3, 128.9, 127.7, 123.4, 51.5, 26.6; MS (m/z): 200.3 (M+, 100%), 185.2 (M+-15, 95%); IR 

(KBr): 1720, 1667 cm-1. Anal. Calcd for C12H12N2O: C, 71.98; H, 6.04; N, 13.99. Found: C, 71.68; H, 

5.97; N, 14.04.  

 

1-Benzyl-4-(1-chloroethenyl)imidazole (14): To DMF (13.20 g, 0.18 mmol, 10.4 equiv) were added 

phosphorus oxychloride (1.78 mL, 19.1 mmol, 1.1 equiv) and methyl ketone 13 (3.50 g, 17.4 mmol) at 

–10 °C. Then the temperature was raised to and held at 35 °C for 1 h. Ice (6 g) and 7.4 g (0.185 mmol) of 

NaOH in 14 mL of water were added. The resulting suspension was heated until reflux was achieved, 

then it was allowed to cool to rt and extracted with EtOAc (2 x 100 mL). The organic phase was dried 

(Na2SO4) and concentrated. Purification of the residue by chromatography (EtOAc/hexanes 2/1) afforded 

2.60 g (68%) of the desired product 14 as a colorless liquid. 1H NMR:  = 7.86 (s, 1H), 7.40-7.36 (m, 3H), 

7.26-7.20 (m, 2H), 7.10 (s, 1H), 6.22 (d, J = 1.6 Hz, 1H), 5.38 (d, J = 1.6 Hz, 1H), 5.15 (s, 2H); 13C 
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1-Benzyl-4-(1-trimethylsilyloxy-3-(tert-butyldimethylsilyloxy)prop-1-enyl)-1H-imidazole (49): 

In a round bottom flask, ketone 48 (200 mg, 0.58 mmol) was dissolved in dry benzene (5.0 mL) under  

N2 atmosphere. The solution was cooled to 0 °C and then to the reaction mixture Et3N (0.20 mL, 2.32 

mmol) was added slowly. After stirring the reaction mixture for 10 min at the same temperature, 

TMSOTf (0.32 mL, 1.74 mmol) was added dropwise and stirred for 15 h at rt. The reaction was quenched 

with brine (5.0 mL) and diluted with CH2Cl2 (15.0 mL). The aqueous layer was extracted with CH2Cl2 (2 

x 5 mL), then the combined organic solutions were dried with anhydrous Na2SO4. The solvent was 

removed by rotary evaporation to provide mixture of silyl enol ether 49 and unreacted ketone 48 in 

3.0:1.0 ratio (as determined by 1H NMR spectroscopy). Characteristic peaks for 49 are reported here. 1H 

NMR: δ = 7.44 (d, J = 1.7 Hz, 1H), 7.35-7.29 (m, 3H [1.29H from 48 overlapped], total 4.31H), 7.13-7.11 

(m, 2H), 6.81 (d, J = 1.2 Hz, 1H), 5.71 (t, J = 6.9 Hz, 1H), 5.10 (s, 2H), 4.31 (d, J = 7.5 Hz, 1H), 0.88 (s, 

9H), 0.14 (s, 9H), 0.06 (s, 6H); 13C NMR: δ = 144.4, 141.6, 137.4, 136.1, 128.4, 127.3, 116.6, 107.9, 58.2, 

51.0, 46.6, 26.1, 18.3, 8.7, 0.5, -5.0. 

 

(Z)-4-(1-Dimethylphenylsilyl-3-hydroxyprop-1-enyl)-N,N-dimethyl-1H-imidazole-1-sulfonamide 

(54): Propargyl alcohol 21 (0.10 g, 0.44 mmol) was dissolved in dry acetone (1.0 mL) under N2 

atmosphere with cooling to 0 °C and dimethylphenylsilane (0.10 mL, 0.66 mmol) was added dropwise. 

Then Cp*[Ru(MeCN)3]PF6 (22.2 mg, 0.04 mmol) was added and stirred for 5 min at 0 °C. The cooling 

bath was removed and then the resulting mixture was stirred for 1 h at rt. The solvent was removed by 

rotary evaporator, then crude product was purified by flash chromatography (EtOAc/hexanes, 1:4) 

providing 54 as a colorless oil (92 mg, 58%) as the major product. 1H NMR: δ = 7.90 (s, 1H), 7.56-7.55 

(m, 2H), 7.38-7.36 (m, 3H), 7.21 (s, 1H), 6.63 (s, 1H), 5.69 (t, J = 7.5 Hz, 1H), 4.37 (d, J = 7.0 Hz, 2H), 

2.90 (s, 6H), 0.46 (s, 6H); 13C NMR: δ = 144.5, 141.0, 137.6, 136.6, 134.2, 130.0, 129.3, 128.0, 117.1, 

60.2, 38.3, -3.1; FT-IR (neat, cm-1): 3349, 3135, 3068, 2953, 2904, 1652, 1480, 1420, 1380, 1249, 1173, 

1078, 957, 817, 723, 695; HRMS-ESI (m/z): calc for [M+Na]+ C16H23N3O3SSiNa 388.1122 found 

388.1128. 

 

(Z)-4-(1-Dimethylphenylsilyl-3-(tert-butyldimethylsilyloxy)prop-1-enyl)-N,N-dimethyl-1H- 

imidazole-1-sulfonamide (55): Vinylsilane 54 (79 mg, 0.22 mmol) was dissolved in CH2Cl2 (4.0 mL) 

under N2 atmosphere. The solution was cooled to 0 °C and then imidazole (23 mg, 0.33 mmol) and 

TBSCl (44 mg, 0.29 mmol) were added to the reaction mixture. The resulting solution was stirred for 4 h 

at rt. Then NH4Cl (1 mL) was added and the organic layer was separated. The aqueous layer was 

extracted with EtOAc (2 x 5 mL), then the combined organic solutions were dried with anhydrous 

Na2SO4 and concentrated. The crude product was purified by flash chromatography (EtOAc/hexanes, 1:9) 
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1379, 1146, 1094, 968, 833, 778, 723; HR-MS (m/z): calc for [M+H]+ C32H45N4O4SSi2 653.2644 found 

653.2670. 

 

(4R* and 4S*,5R*,5aS*,8aS*)-1-Benzyl-5-tert-butyldimethylsilyloxymethyl-1,4,5,5a,7,8,8a- 

octahydro-4-dimethylphenylsilyl-7-phenyl-6,8-dioxopyrrolo[3,4-g]benzimidazole (59): CH2Cl2 (1.2 

mL) was placed in a resealable thick-walled tube and was purged with N2 for 5 min, then compound 57 

(50 mg, 0.104 mmol) and N-phenylmaleimide (45 mg, 0.26 mmol) were added and again the reaction 

mixture was purged with N2 for an additional 5 min. After sealing the tube with a Teflon screw cap, the 

reaction mixture was heated at 50 °C for 12 h. The reaction mixture was cooled to rt and the CH2Cl2 was 

evaporated under vacuum. The crude product was purified by chromatography (EtOAc/hexanes 1:11) to 

provide 1.0:0.6 epimeric mixture of cycloadducts 591 (56 mg, 85%) as a light yellow solid. 1H NMR 

(corresponding peaks from the minor isomer are underlined): δ = 7.78 (s, 0.6H), 7.68 (d, J = 4.6 Hz, 1H), 

7.53 (s, 1H), 7.45-7.30 (m, 17.8H), 7.16-7.09 (m, 5.4H), 5.91 (d, J = 16.1 Hz, 0.6H), 5.83 (d, J = 15.5 Hz, 

1H), 5.36 (d, J = 15.5 Hz, 1H), 5.29 (d, J = 16.1 Hz, 0.6H), 4.09 (t, J = 10.3 Hz, 1H), 3.88 (d, J = 9.2 Hz, 

1H), 3.69-3.63 (dd, J = 9.2, 5.2 Hz, + m, 2.2H), 3.51 (t, J = 11.3 Hz, 0.6H), 3.35 (dd, J = 10.3, 5.8 Hz, 

1H), 3.20 (dd, J = 8.1, 4.0 Hz, 0.6H), 2.86 (d, J = 5.2 Hz, 1H + 0.6H), 2.63 (s, 0.6H), 2.53-2.49 (m, 1H), 

0.78 (s, 9H), 0.56+0.58 (2 x s, total 9H), 0.50 (s, 3H), 0.19 (s, 3H), -0.10 (s, 3H), -0.13 (s, 3H), -0.43 (s, 

1.8H), -0.60 (s, 1.8H); 3C NMR (peaks from the minor isomer are underlined): δ = 176.3, 175.7, 175.0, 

174.8, 138.1, 137.2, 134.4, 129.3, 129.2, 129.1, 128.7, 128.6, 128.4, 128.1, 127.5, 126.5, 118.7, 118.6, 

64.2, 62.6, 50.2, 50.1, 45.2, 43.8, 42.1, 40.1, 39.0, 38.1, 28.8, 27.7, 26.1, 26.0, 18.6, 18.4, -0.4, -0.6, -2.1, 

-2.5, -5.3, -5.4; HR-MS (m/z): calc for [M+H]+ C37H46N3O3Si2 636.3072 found 636.3085. 

 

(4R*,5R*,5aS*,8aS*)-1-Benzyl-1,4,5,5a,7,8,8a-octahydro-4-hydroxy-5-hydroxymethyl-7-phenyl-6,8-

dioxopyrrolo[3,4-g]benzimidazole (60): Epimeric cycloadducts 59 (0.30 g, 0.47 mmol) were placed in 

peracetic acid solution (3.0 ml of a 32% solution in acetic acid 13.0 mmol) and mercuric acetate (0.28 g, 

0.71 mmol) was added to the resulting mixture. The mixture was stirred for 3 h at rt and then diluted with 

water (100 ml) and extracted with EtOAc (250 mL). The organic layer was then washed with sodium 

thiosulfate, neutralized with sodium bicarbonate, finally washed with brine and dried over sodium sulfate. 

The solvent was removed by rotary evaporation and the crude product was purified by flash 

chromatography (EtOAc/MeOH, 9:1) affording diol 60 as a light yellow solid (63 mg, 33%). mp 

124-125 °C. 1H NMR [DMSO-d6]: δ = 7.65 (s, 1H), 7.44-7.41 (m, 2H), 7.38-7.33 (m, 3H), 7.29 (d, J = 

7.5 Hz, 1H), 7.14-7.12 (m, 4H), 5.53 (d, J = 15.5 Hz, 1H), 5.41 (d, J = 15.5 Hz, 1H), 5.13 (d, J = 3.0 Hz, 

                                            
1 There are other minor peaks in the 1H NMR spectrum that may derive from a third cycloadduct – however, since we have been 
unable to purify the mixture we have not been able to assign its structure. 
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