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Abstract 

Herein is described an expedient and highly efficient synthesis of 2,4,4-tribromo-6-hydroxy-3-methoxy-6-

(cyanomethyl)cyclohex-2-en-1-one, a densely functionalized polybromide that is a potential precursor to the 

halogenated antibacterial and anticancer natural product aeroplysinin. The developing synthetic sequence 

enables preparation of the target polybromide in a good yield in five steps from cyclohexane-1,3-dione without 

using any protecting groups. The approach highlights recent developments in remote halogenation reactions 

using conjugated anionic intermediates. 
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Introduction 

 

Halogenated natural products remain an intriguing and important class of molecules with varied biological 

activities and structural characteristics that continue to inspire new synthetic techniques.1,2 The highly 

functionalized, bromine-containing marine natural product aeroplysinin (1) was isolated independently in 1970 

by the groups of Sodano and Mills from Caribbean sponges Ianthella ardis and Verongia aerophoba.3,4 It was 

shown that aeroplysinin is used by sponges as a chemoprotective agent against invasion of bacterial pathogens 

after external tissue injury.5 Interestingly, both enantiomers show a number of promising biological features 

such as high in vitro cytotoxicity toward HeLa cells and antibiotic activity against Bacillus subtilis, Staphylococcus 

aureus, and Escherichia coli.4–7 Decades after being reported for the first time, the biological properties of 

aeroplysinin experienced a major addition; recent studies showed that aeroplysinin also inhibits human 

endothelial cell angiogenesis thereby suggesting that this metabolite may be useful as a angiogenesis inhibitor, 

or a cancer, atherosclerosis, and inflammation-dependent disease treatment.8,9 

 

 
 

Scheme 1. Andersen’s (a) and Nishiyama’s (b) approaches to aeroplysinin (1). 
 

The first total synthesis of aeroplysinin was developed by Andersen10 and employed lead tetraacetate-

promoted oxidation of functionalized aromatic cyanide 2 to dibromodienone 3, which was then 

diastereoselectively reduced to the desired natural product 1 (Scheme 1, a). Waldmann and co-workers have 

used this robust route for evaluation of several structural analogues.11 Another synthesis was devised in the 

group of Nishiyama12,13 and incorporated transformation of oxime 4 under electrolytic conditions into 

spiroisoxazoline 5, which was then reduced in two stages to generate aeroplysinin (1) (Scheme 1, b). Despite 

the relative brevity and simplicity, both approaches suffer from modest yields and employ relatively harsh 

oxidative conditions to achieve dearomatization, thus making the task of developing a short, mild, and efficient 

synthesis of aeroplysinin a continuing challenge. 
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Scheme 2. Regiodivergent synthesis of halogenated aromatics. 

 

Recently we reported an efficient method for the regiodivergent synthesis of halogenated resorcinol 

derivatives using readily available vinylogous esters and common electrophilic halogen sources as starting 

materials (Scheme 2).14,15 We have also demonstrated the utility of this methodology in natural product 

synthesis.16 In the course of our studies we found that by limiting the amount of base present during the 

reaction, the postulated dihalogenated vinylogous ester intermediates could be isolated and independently 

aromatized upon exposure to additional base. We hypothesized that this observation regarding the reaction 

pathway was well suited to the development of a synthetic route to aeroplysinin (1) that would employ late-

stage dibromination/elimination of a preliminarily functionalized vinylogous ester. This strategy would differ 

from the reported dearomatization approaches and make use of regioselective functionalizations of anions 

derived from vinylogous esters, which is a focal point of our research program.10,11 We also hoped to gain further 

insight into novel approaches to halogenation reactions, which is also an area of interest in our group.10,11,18,19 

Herein, we report the results of our synthetic endeavors to-date. 

 

 

Result and Discussion 
 

 
 

Scheme 3. Retrosynthetic analysis of aeroplysinin (1). 

 

To achieve our goal we devised a strategy in which the desired diol functionality in the natural product (1) 

could arise from the precedented8 reduction of dibromoketone 3 (Scheme 3). The dienone 3 was, in turn, 

envisioned to be available from the gem-dibromide 6 as a result of α-bromination and elimination to form the 

γ,δ-unsaturation, an idea buoyed by recent work by Hamme II and co-workers.20 Compound 6 could be 

generated from functionalized α-ketol 7 via our novel halogenation methodology.10,11 Whereas vinylogous ester 

7 lacks labile α-protons adjacent to the carbonyl, the formation of gem-dibromide 6 followed by addition of an 
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extra equivalent of base would not lead to substrate aromatization but rather simple elimination. The α-ketol 7 

could be accessed from nitrile-containing vinylogous ester 8 using different approaches, for instance those 

developed by Davis,21–23 Shi,24 or Sharpless.25 Compound 8 could be produced in two steps from commercially 

available cyclohexane-1,3-dione using standard Stork–Danheiser α-alkylation methodology.26 

 

 
 

Scheme 4. Preparation of intermediates 7 and 11. 

 

Our synthetic studies began with the preparation of α-ketol 7 (Scheme 4). Vinylogous ester 9 (which is 

commercially available, but more effectively produced from cyclohexane-1,3-dione in moderate yield on up to 

30 g scale after distillation or in essentially quantitative yield on scales up to 1 g with purification by column 

chromatography)27 underwent smooth alkylation with bromoacetonitrile using freshly prepared lithium 

diisopropylamide (LDA) as a base, yielding the desired cyano compound (8) in very good yield. Treatment of 

nitrile 8 with potassium hexamethyldisilazide (KHMDS), followed by oxygenation with Davis’ oxaziridine (10)19–

21 afforded the crucial α-ketol 7 in good yield (59% along with 10% of recovered 8).28,29 Notably, other amide-

type bases proved much less efficient in this transformation. 

With compound 7 in hand, we commenced exploration of the key dibromination reaction (Scheme 5). 

Treatment of 7 with an excess of lithium hexamethyldisilazide (LiHMDS) followed by addition of brominating 

reagents generated gem-dibromide 630 in moderate yields (entries 1–5). Previously we reported that p-

toluenesulfonyl bromide (TsBr) and 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) provided the best results in 

the preparation of similar gem-dibromo systems.10 Our attempts to utilize these reagents gave only moderate 

yields of desired gem-dibromide 6, however (entries 1 & 2). Interestingly, decreasing the bromination time (30 

→ 10 min) in the reaction with DBDMH resulted in the formation of mono-bromo compound 14 in 84% isolated 

yield, which is presumably the precursor for gem-dibromide 6 (bromination with TsBr also resulted in the 

formation of 14). We then switched to other brominating reagents. The use of molecular bromine provided both 

compounds 14 and 6 in comparable yields (entry 3), whereas reaction with the bromine complex of 1,4-

diazabicyclo[2.2.2]octane (DABCO•2Br2),31–33 a reagent we have found uniquely effective for related 

transformations,14 showed preference for the formation of dibromide 6, albeit in decreased yield (entry 4). 

Interestingly, increasing the amount of DABCO•2Br2 did not improve the yield of desired dibromide 6, but rather 

changed the reaction profile favoring formation of a new compound, assigned the structure of hypobromite 15, 

in good yield (entry 5).34 
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Having accessed acceptable quantities of key gem-dibromide 6, we began exploring subsequent elimination 

to generate brominated dienone 16. We first tested the feasibility of our previously developed conditions (which 

employed LiHMDS for the elimination step) in our system. Unfortunately, addition of an extra equivalent of 

LiHMDS to the reaction mixture did not result in the expected elimination product (3), but rather decreased the 

yield of 6 (entries 6, 7). We hypothesized that elimination may be sterically demanding due to the neopentylic 

nature of the δ-site in bromide 6, making LiHMDS an inappropriately bulky base. Interestingly, use of the smaller 

lithium diethylamide (LDEA) did not produce the desired 16 either, but, to our surprise, favored the mono-

bromide 14 (entry 8).35 

 

 
 

Scheme 5. Optimization of dibromination reaction of substrate 7. 

 

Unable to perform the desired elimination reaction on dibromide 6 in situ, we decided to isolate this 

dibromide to investigate its behavior independently. Screening of different bases identified DABCO as a suitable 

reagent for obtaining elimination product 16 (44% isolated yield) along with recovered substrate 6 (33% 

recovery). Unfortunately, subsequent bromination at what we presumed to be the more reactive vinylic α-

carbon of dienone 16 with various bromination reagents only resulted in decomposition of starting material 

(Scheme 6). We aimed to circumvent this problem by utilizing DABCO•2Br2, a reagent we knew to be capable 

of α-bromination on a similar vinylogous ester (see Scheme 4), with the DABCO serving to carry out the 

elimination. However, we were surprised to observe that the expected elimination did not deliver the desired 

compound 3 (based on comparison to NMR data collected by Waldmann and co-workers), but instead a 

compound of indeterminate structure (17) exhibiting deceptively simple NMR spectra.36 By our reasoning the 

dibromide 18, appears to satisfy the spectral criteria which suggest a single vinylic proton remains in proximity 

to the carbonyl, however we have been unable to obtain satisfactory HRMS data to definitively support this 

assignment, leaving the actual structure uncertain. Nonetheless, the inability to carry out the desired 

elimination to access dienone 3 proved a significant impediment to our studies. 

 

7

O

OMe

CN

HO

O

OMe

CN

HO

Br R

6 (R = Br)
14  (R = H)

Entry Br+ source Base Yield (6,14), %

1 TsBr none 42, 25

2a DBDMH none 48, 0

3 Br2 none 39, 37

4 DABCO•2Br2 none 31, 3

5b DABCO•2Br2 none 51 (of 15)

6 TsBr LiHMDSc 24, 0

7 DBDMH LiHMDSc 32, 0

8 DABCO•2Br2 LDEAd 11, 38

Standard conditions:

LiHMDS (4 equiv), THF, –10 °C, 45 min; 

then Br+ (2.1 equiv), –78 °C, 30 min; then base

1. LiHMDS

2. Br+

3. Base

(a) Shorter bromination time (10 min) resulted in formation 
      of monobromo compound 15  (84% isolated yield). 

(b) 3 equiv of DABCO•2Br2 was used; longer reaction time required 
      (1 h at –78 °C then 1.5 h at 23 °C). 

(c) LiHMDS (1 equiv), 30 min at –78 °C. 
(d) LDEA (2.6 equiv), 1.5 h at –78 °C.

O

OMe

CN

BrO

Br Br

15



Arkivoc 2018, iv, 215-230  Grabovyi, G. A. et al. 

 

 Page 220 ©ARKAT USA, Inc 

 
 

Scheme 6. Attempts to functionalize dibromide 6 and its unexpected behavior. 

 

In an attempt to avoid this undesired behavior of halogenated compounds 6 and 16 during late-stage α-

bromination, we decided to modify our synthetic route and introduce an α-bromo functionality early in the 

synthesis (Scheme 4). Thus, treatment of vinylogous ester 9 with N-bromosuccinimide (NBS) allowed the 

generation of α-brominated derivative 12 in good yield, as reported in the literature.37 Unfortunately, 

subsequent installation of the nitrile-containing side-chain under various reaction conditions38 did not lead to 

desired alkylated intermediate 13. However, switching the order of alkylation and bromination steps did enable 

formation of the desired compound (13) in excellent yield over two steps. Interestingly, organobromide 13 

prepared in this way exists as a 1:1 complex with succinimide that cannot be broken chromatographically. This 

phenomenon may explain the fact that oxygenation of complex 13 using various protocols failed categorically 

(Scheme 4). To our delight, switching the reaction sequence again enabled formation of desired α-bromo 

intermediate 11 in excellent yield with yet another use of DABCO•2Br2 as a brominating reagent. With 

intermediate 11 in hand, we applied our halogenative oxidation reaction, developed earlier, to access 

tribromide 19 in good yield (Scheme 7). Numerous attempts to transform tribromide 19 into dibromodienone 

3, which would complete a formal synthesis of aeroplysinin,11 either yielded debrominated congener 20 (likely 

via nucleophilic attack on the halide) or produced a new compound 21 with an uncertain structure (see 

Supporting Information for details). Although a multitude of different bases have been examined, still further 

screening is necessary to identify the appropriate balance between basicity and nucleophilicity that will allow 

the desired elimination. Certainly these studies have established the extraordinary sensitivity of the aeroplysinin 

system to oxidative, basic, and nucleophilic conditions and entice further investigations to better understand 

the underlying properties that govern these unusual transformations. 

 

 
 

Scheme 7. Attempts to functionalize bromide 11. 
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Conclusions 
 

We have developed an efficient synthesis of a functionalized molecular framework en route to the 

halogenated natural product aeroplysinin (1) featuring a regiocontrolled γ-bromination of dienolate 

intermediates. Our optimized protocol enables access to the densely functionalized polybromide 19 in 32% yield 

through five synthetic steps (cyclohexane-1,3-dione  9  8  7  11  19) from commercially available 

starting materials. In the course of our studies we have made remarkable observations regarding the reactivity 

of several halogenated intermediates that inform our fundamental understanding of halogen reactivity and the 

properties of conjugated dienolate intermediates. Further synthetic investigations examining the feasibility of 

late-stage elimination reactions to access key dienone 3, a known synthetic precursor to aeroplysinin, are 

currently underway and will be reported in due course. 

 

 

Experimental Section 
 

General. Unless otherwise stated, reactions were performed in oven-dried glassware using dry, deoxygenated 

solvents. Anhydrous dichloromethane (CH2Cl2), heptane, triethylamine (Et3N), tetrahydrofuran (THF) (BHT-free) 

were purchased from Fisher or VWR, degassed with argon, and dried by passage through activated drying 

columns39 on a Pure Process Technology system. Chloroform (CHCl3) and diethyl ether (Et2O) were purchased 

from either Sigma-Aldrich or Fisher Scientific and were passed through a column filled with 4 Å molecular sieves 

(MS) prior to use. Starting materials and reagents, including cyclohexane-1,3-dione, bromoacetonitrile, N,N’-

dibromodimethylhydantoin (DBDMH), 1,4-diazabicyclo[2.2.2]octane (DABCO), and N-bromosuccinimide (NBS) 

were purchased from Sigma-Aldrich, Alfa Aesar, Oakwood Chemical, or Fisher Scientific and used as received. 

Diisopropylamine was distilled from NaH immediately prior to use. KHMDS (solid) and LiHMDS (solid) were 

purchased from Sigma-Aldrich and stored in a glovebox and used to prepare solutions in THF by dissolving a 

calculated amount of solid KHMDS or LiHMDS in dry THF immediately before use. DBDMH and NBS were 

recrystallized from H2O prior to being used (both appear as white crystals after recrystalization). Davis’ 

oxaziridine (10)19–21 and DABCO•2Br2
29–31 were prepared according to known procedures. Deuterated 

chloroform (CDCl3, 99.9%, extra dry) was purchased from Cambridge Isotope Laboratories, Inc. and was used 

without further purification. Reaction temperatures were controlled by an IKAmag immersion temperature 

modulator. Thin-layer chromatography (TLC) was performed using Silicycle silica gel 60 F254 precoated plates 

(0.25 mm) and visualized by UV fluorescence quenching or staining with p-anisaldehyde or KMnO4 solutions. 

Flash chromatography40 was performed using either SilicycleSiliaFlash® P60 silica gel (40–63 µm particle size). 
1H and 13C NMR spectra were recorded on a Bruker Avance DRX-500 (at 500 and 126 MHz, respectively) or DPX-

400 instrument (at 400 and 101 MHz, respectively) and are reported relative to Me4Si (δ 0.0). Data for 1H NMR 

spectra are reported as follows: chemical shift (δ ppm) (multiplicity, coupling constant (Hz), integration). 

Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, sept = septet, m = multiplet, 

comp. m = complex multiplet, app. = apparent, br s = broad singlet. Data for 13C NMR spectra are reported in 

terms of chemical shift relative to Me4Si (δ 0.0). Infrared (IR) spectra were recorded on a Nicolet iS5 FTIR 

spectrometer and are reported in frequency of absorption (cm–1). High-resolution mass spectra (HRMS) were 

obtained from the University of Illinois at Urbana–Champaign Mass Spectral Facility. 
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Synthesis of compound 8 

 

 
 

Figure 1 

 

A 100 mL 2-neck round-bottom flask (equipped with a magnetic stir bar and rubber septa) was evacuated and 

refilled with dry N2 (3 cycles) and then was charged with freshly distilled diisopropylamine (3.6 mL, 25.28 mmol, 

1.2 equiv) and dry THF (23.3 mL). The mixture was cooled to 0 °C in an ice bath for 10 min. A solution of n-BuLi 

(2.5M in hexanes, 9.4 mL, 23.44 mmol, 1.1 equiv) was then added dropwise over 2 min and the reaction mixture 

was brought to –78 °C with a dry ice/acetone bath and allowed to stir for 10 min. A solution of compound 8 

(2.69 g, 21.31 mmol, 1 equiv) in THF (15.7 mL) was then added dropwise to the reaction mixture over 5 min at 

–78 °C (the syringe was then rinsed with 7 mL of THF). After stirring for 60 min at –78 °C neat bromoacetonitrile 

(2.1 mL, 29.83 mmol, 1.4 equiv) was added dropwise over 5 min at –78 °C. After 25 min, TLC indicated complete 

consumption of starting material and reaction was quenched with deionized H2O (18 mL) and diluted with EtOAc 

(30 mL) and was allowed to warm to room temperature (23 °C) by removing the dry ice/acetone bath. The aq 

phase was separated and then extracted with EtOAc (4 x 20 mL, extraction control by TLC). The combined 

organic phases were dried over Na2SO4, decanted, and concentrated in vacuo. Purification by flash 

chromatography (SiO2, hexanes/EtOAc=2:1) afforded the desired product 8 as a colorless oil (3.155 g, 90%). 

TLC (SiO2) Rf 0.5 in 1:2 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 5.41 (d, J 1.5 Hz, 1H), 3.72 (s, 3H), 2.96 (dd, J 16.7, 3.8 Hz, 1H), 2.67–2.39 (m, 4H), 

2.38–2.28 (m, 1H), 1.87 (ddd, J 25.4, 13.0, 5.1 Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 196.0, 178.4, 118.6, 101.4, 56.0, 42.0, 28.6, 26.6, 18.1 

IR (neat) 2989, 2942, 2246, 1632, 1594, 1461, 1440, 1366, 1342, 1315, 1195, 1158, 1100, 1054, 1003, 977, 940, 

891, 854, 815, 766, 688, 656, 586, 561 cm–1 

HRMS (ES+) m/z calculated for C9H11NO2 [M]+: 166.0868, found 166.0860 

 

Synthesis of compound 7 

 

 
 

Figure 2 

 

A 50 mL 2-neck round-bottom flask (equipped with a magnetic stir bar and rubber septa) was evacuated and 

refilled with dry N2 (3 cycles) and then was charged with solution of KHMDS (664 mg, 3.33 mmol, 1.1 equiv) in 

dry THF (4.4 mL). The mixture was cooled to –78 °C in a dry ice/acetone bath for 10 min. A solution of compound 

8 (500 mg, 3.03 mmol, 1 equiv) in THF (4 mL) was then added dropwise over 15 min (the syringe was then rinsed 
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with 0.7 mL of THF over 3 min) and the reaction mixture was allowed to stir for 30 min. A solution of compound 

10 (870 mg, 3.33 mmol, 1.1 equiv) in THF (2.5 mL) was then added dropwise to the reaction mixture over 10 

min at –78 °C (the syringe was then rinsed with 0.4 mL of THF over 2 min). After stirring for 50 min at –78 °C a 

second portion of compound 10 (712 mg, 2.72 mmol, 0.9 equiv) in THF (2.4 mL) was added to the reaction 

mixture. After 60 min, TLC indicated complete consumption of starting material and the reaction was quenched 

with saturated aq NH4Cl soln (30 mL) and diluted with EtOAc (20 mL) and the mixture was allowed to warm to 

room temperature (23 °C) by removing the dry ice/acetone bath. The aq phase was separated and then 

extracted with EtOAc (5 x 10 mL, extraction control by TLC). The combined organic phases were dried over 

Na2SO4, decanted, and concentrated in vacuo. Purification by flash chromatography (SiO2, hexanes/EtOAc=1:1) 

afforded the desired product 7 as a yellowish oil (318 g, 59%) and recovered starting material 8 (50 mg, 10%). 

TLC (SiO2) Rf 0.36 in 1:2 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 5.42 (s, 1H), 4.04 (s, 1H), 3.76 (s, 3H), 2.67 (d, J 16.8 Hz, 1H), 2.61 (d, J 16.8 Hz, 1H), 

2.65–2.49 (m, 2H), 2.39 (ddd, J 13.9, 5.2, 3.2 Hz, 1H), 2.13 (ddd, J 13.8, 11.2, 6.2 Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 196.9, 178.8, 116.0, 98.4, 71.4, 56.5, 31.4, 27.2, 26.9 

IR (neat) 3381 (broad), 2923, 2251, 1640, 1588, 1437, 1416, 1381, 1352, 1321, 1302, 1251, 1199, 1113, 1072, 

1015, 974, 935, 904, 880, 837, 799, 760, 739, 720, 702, 593 cm–1 

HRMS (ES+) m/z calculated for C9H11NO3 [M]+: 182.0817, found 182.0814 

 

Synthesis of compound 6 

 

 
 

Figure 3 

 

A 20 mL glass scintillation vial (equipped with a magnetic stir bar and rubber septum) was evacuated and refilled 

with dry N2 (3 cycles) and then was charged with a solution of compound 7 (82 mg, 0.45 mmol, 1 equiv) in THF 

(2.3 mL) and the reaction mixture was cooled to –78 °C in a dry ice/acetone bath for 5 min. A solution of LiHMDS 

(1M in THF, 1.81 mL, 1.81 mmol, 4 equiv) was then added at once and the reaction mixture was allowed to stir 

for 5 min at –78 °C. The reaction temperature was then increased to –20 °C by replacing the dry ice/acetone 

bath with an ice/NaCl bath and the reaction was allowed to stir for 20 min at this temperature. The reaction 

mixture was then cooled back to –78 °C for 5 min and a solution of DBDMH (272 mg, 0.95 mmol, 2.1 equiv) in 

THF (1.2 mL) was added dropwise over 2 min. After stirring for 40 min at –78 °C TLC indicated complete 

consumption of starting material and complete conversion of the monobromo intermediate into compound 6. 

The reaction was quenched with deionized H2O (3 mL) and diluted with EtOAc (3 mL) and was allowed to warm 

to room temperature (23 °C) by removing the dry ice/acetone bath. The aq phase was separated and then 

extracted with EtOAc (6 x 3 mL, extraction control by TLC). The combined organic phases were dried over 

Na2SO4, decanted, and concentrated in vacuo. Purification by flash chromatography (SiO2, hexanes/EtOAc=1:1) 

afforded the desired compound 6 as an orange oil (85 mg, 48%). 

TLC (SiO2) Rf 0.64 in 1:2 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
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1H NMR (500 MHz, CDCl3) δ 5.38 (s, 1H), 3.97 (s, 1H), 3.96 (s, 3H), 3.72 (d, J 15.9 Hz, 1H), 3.46 (d, J 15.9 Hz, 1H), 

3.00 (d, J 16.8 Hz, 1H), 2.78 (d, J 16.8 Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 194.6, 171.5, 115.3, 96.1, 71.7, 57.9, 53.6, 48.1, 28.2 

IR (neat) 3415 (broad), 2924, 2850, 2254, 1666, 1595, 1455, 1438, 1347, 1213, 1093, 1058, 971, 854, 732, 710, 

633, 582, 557 cm–1 

HRMS (ES+) m/z calculated for C9H9Br2NO3 [M]+: 337.9027, found 337.9031 

 

Synthesis of compound 15 

 

 
 

Figure 4 

 

A 4 mL glass scintillation vial (equipped with a magnetic stir bar and rubber septum) was evacuated and refilled 

with dry N2 (3 cycles) and then was charged with a solution of compound 7 (30 mg, 0.17 mmol, 1 equiv) in THF 

(0.8 mL) and the reaction mixture was cooled to –78 °C in dry ice/acetone bath for 5 min. A solution of LiHMDS 

(1M in THF, 0.63 mL, 0.63 mmol, 4 equiv) was then added at once and the reaction mixture was allowed to stir 

for 5 min at –78 °C. The reaction temperature was increased to –20 °C by replacing the dry ice/acetone bath 

with an ice/NaCl bath and the reaction was allowed to stir for 20 min at this temperature. The reaction mixture 

was then cooled back to –78 °C for 5 min and solid DABCO•2Br2 (85.8 mg, 0.5 mmol, 3 equiv) was then added 

in one portion through a powder funnel with a backflow of N2. The reaction was allowed to stir at –78 °C for 1 h 

and then the reaction temperature was increased to 23 °C by removing the dry ice/acetone bath. After 30 min 

at 23 °C, TLC indicated complete consumption of starting material and complete conversion of the monobromo 

intermediate into compound 15. The reaction was quenched with saturated aq NH4Cl soln (0.3 mL) and diluted 

with EtOAc (1 mL) and deionized H2O (1 mL). The aq phase was separated and then extracted with EtOAc (4 x 3 

mL, extraction control by TLC). The combined organic phases were dried over Na2SO4, decanted, and 

concentrated in vacuo. Purification by flash chromatography (SiO2, hexanes/EtOAc=4:1) afforded the desired 

compound 15 as an orange oil (34.5 mg, 51%). 

TLC (SiO2) Rf 0.86 in 1:2 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 5.29 (s, 1H), 3.93 (s, 3H), 3.59 (d, J 15.5 Hz, 1H), 3.40 (d, J 15.5 Hz, 1H), 2.89 (d, J 

16.9 Hz, 1H), 2.72 (d, J 16.8 Hz, 1H) 
13C NMR (126 MHz, CDCl3)41 δ 192.8, 171.1, 115.9, 97.8, 74.4, 57.5, 54.9, 48.1, 31.9, 29.7, 29.4, 27.4, 22.7, 14.1, 

1.4, 1.0 

IR (neat) 2943, 2255, 1666, 1599, 1461, 1440, 1419, 1348, 1249, 1218, 1114, 990, 977, 943, 888, 840, 781, 755, 

699, 651, 635, 592 cm–1 

LRMS (m/z): 422.8, 421.8, 420.8, 419.8, 418.8, 417.8 (100%), 416.8, 415.8. Attempts to obtain HRMS for this 

compound were unsuccessful. 
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Synthesis of compound 16 

 

 
 

Figure 5 

 

A 4 mL glass scintillation vial (equipped with a magnetic stir bar) was charged with a solution of compound 6 (34 

mg, 0.1 mmol, 1 equiv) in THF (0.4 mL) and DABCO (22.4 mg, 0.2 mmol, 2 equiv). The vial was then sealed with 

a cap and placed in an aluminum block preheated to 80 °C. The reaction was stirred for 1.5 h at which time TLC 

indicated consumption of starting material. The mixture was cooled to 22 °C and then treated with saturated 

aq NH4Cl soln (1 mL) and diluted with EtOAc (1 mL). The aq phase was separated and then extracted with EtOAc 

(3 x 1 mL, extraction control by TLC). The combined organic phases were dried over Na2SO4, decanted, and 

concentrated in vacuo. Purification by flash chromatography (SiO2, hexanes/EtOAc=2.2:1) afforded the desired 

compound 16 as a colorless oil (11.4 mg, 44%). 

TLC (SiO2) Rf 0.33 in 1:1 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 7.00 (s, 1H), 5.60 (s, 1H), 3.92 (s, 3H), 3.69 (s, 1H), 2.72 (d, J 16.4 Hz, 1H), 2.66 (d, J 

16.4 Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 197.5, 166.9, 140.8, 117.6, 114.6, 98.1, 74.2, 57.7, 30.6 

IR (neat) 3368 (broad), 2922, 2851, 2253, 1741, 1650, 1566, 1455, 1411, 1367, 1213, 1101, 999, 967, 826, 781, 

730, 626, 601 cm–1 

HRMS (ES+) m/z calculated for C9H8BrNO3 [M]+: 257.9766, found 257.9757 

 

Attempted tandem bromination/elimination with compound 6 

 

 
 

Figure 6 

 

A 4 mL glass scintillation vial (equipped with a magnetic stir bar) was charged with a solution of compound 6 

(8.9 mg, 0.026 mmol, 1 equiv) in THF (0.13 mL) and DABCO•2Br2 (11.4 mg, 0.026 mmol, 1 equiv). The reaction 

was stirred at 24 °C for 1.5 h at which time TLC indicated consumption of starting material. The reaction mixture 

was then treated with saturated aq NH4Cl soln (1 mL) and diluted with EtOAc (1 mL). The aq phase was separated 

and then extracted with EtOAc (3 x 1 mL, extraction control by TLC). The combined organic phases were dried 

over Na2SO4, decanted, and concentrated in vacuo. Purification by flash chromatography (SiO2, 

hexanes/EtOAc=2:1) afforded 17 as a colorless oil (2.5 mg). 
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TLC (SiO2) Rf 0.36 in 1:1 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 5.86 (s, 1H), 4.08 (s, 1H), 3.83 (s, 3H), 3.29 (d, J 17.8 Hz, 1H), 3.20 (d, J 17.8 Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 188.6, 185.2, 159.8, 113.8, 107.2, 58.0, 56.9, 56.5, 17.9 

IR (neat) 3356 (broad), 3189, 3067, 2921, 2850, 2359, 2259, 1701, 1683, 1615, 1459, 1440, 1410, 1298, 1267, 

1244, 1220, 1198, 1173, 1107, 1067, 1019, 983, 961, 940, 873, 842, 789, 749, 698, 643, 602 cm–1 

HRMS (ES+, selected peaks) m/z: 437.1944 (23%), 413.2123 (22%), 357.5771 (8%), 316.3211 (22%) 288.2907 

(43%), 282.2807 (100%), 256.2648 (23%) 

 

Synthesis of compound 13 

 

 
 

Figure 7 

 

A 20 mL glass scintillation vial (equipped with a magnetic stir bar) was charged with compound 8 (200 mg, 1.21 

mmol, 1 equiv) and 1,2-dichloroethane (DCE, 1.1 mL). The mixture was cooled to 0 °C in an ice bath for 10 min 

and then NBS (334 mg, 1.87 mmol, 1.55 equiv) was added portionwise over 10 min. The reaction mixture was 

allowed to warm up to 23 °C over a period of 2.5 h, after which TLC indicated consumption of starting material. 

The reaction mixture was then filtered, and the filtrate was concentrated in vacuo. Purification by flash 

chromatography (SiO2, hexanes/EtOAc=1:1) afforded a 1:1 complex of 13 with succinimide (387 mg, 94%). 

TLC (SiO2) Rf 0.26 in 1:2 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 8.69 (s, 1H), 3.98 (s, 3H), 3.02 (dd, J 17.1, 4.2 Hz, 1H), 2.91 (ddd, J 17.8, 5.0, 2.6 Hz, 

1H), 2.79–2.64 (m, 2H), 2.74 (s, 4H), 2.51 (dd, J 17.1, 9.0 Hz, 1H), 2.46–2.39 (m, 1H), 1.90 (ddd, J 25.2, 13.4, 5.1 

Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 188.7, 177.8, 173.1, 118.2, 101.6, 56.6, 42.1, 29.6, 26.3, 25.5, 18.6 

IR (neat) 3143 (broad), 3078 (broad), 2953, 2919, 2850, 2249, 1771, 1693, 1634, 1564, 1460, 1419, 1402, 1355, 

1287, 1271, 1230, 1174, 1102, 1066, 1049, 1020, 1004, 935, 914, 894, 849, 805, 721, 652, 578, 556 cm–1 

HRMS (ES+) m/z calculated for C9H10BrNO2 [M]+: 243.9973, found 243.9982 

 

Synthesis of compound 21 

 

 
 

Figure 8 

 

A 20 mL glass scintillation vial (equipped with a magnetic stir bar) was charged with compound 7 (269 mg, 1.49 

mmol, 1 equiv), CH3CN (4.95 mL), and DABCO•2Br2 (385 mg, 0.891 mmol, 0.6 equiv). After stirring for 30 min at 
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22 °C, TLC indicated complete consumption of starting material. The reaction mixture was diluted with CH2Cl2 

(6 mL), filtered through a Celite pad, and concentrated in vacuo, yielding the desired compound 11 as yellowish 

oil (354 mg, 92%). 

TLC (SiO2) Rf 0.35 in 1:2 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 4.04 (s, 3H), 3.82 (s, 1H), 2.97 (ddd, J 18.5, 5.7, 3.7 Hz, 1H), 2.72 (ddd, J 18.5, 10.3, 

5.4 Hz, 1H), 2.67 (d, J 2.3 Hz, 2H), 2.52 (ddd, J 14.1, 5.2, 3.7 Hz, 1H), 2.24 (ddd, J 14.3, 10.2, 5.8 Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 190.4, 173.7, 115.6, 98.3, 71.9, 56.9, 30.4, 27.3, 24.5 

IR (neat) 3409 (broad), 2922, 2852, 2256, 1652, 1561, 1459, 1409, 1268, 1225, 1172, 1108, 1030, 959, 944, 910, 

797, 732, 715, 679, 649, 625, 566 cm–1 

HRMS (ES+) m/z calculated for C9H10BrNO3 [M]+: 259.9922, found 259.9931 

 

Synthesis of compound 19 

 

 
 

Figure 9 

 

A 20 mL glass scintillation vial (equipped with a magnetic stir bar and a rubber septum) was evacuated and 

refilled with dry N2 (3 cycles) and then was charged with a solution of compound 11 (78 mg, 0.3 mmol, 1 equiv) 

in THF (1.5 mL) and the reaction mixture was cooled to –78 °C in a dry ice/acetone bath for 5 min. A solution of 

LiHMDS (1 M in THF, 1.81 mL, 1.81 mmol, 4 equiv) was then added at once and the reaction mixture was allowed 

to stir for 5 min at –78 °C. The reaction temperature was increased to –20 °C by replacing the dry ice/acetone 

bath with an ice/NaCl bath and the reaction was allowed to stir for 20 min at this temperature. The reaction 

mixture was then cooled back to –78 °C for 5 min and solid DABCO•2Br2 (259 mg, 0.6 mmol, 2 equiv) was added 

at once through a powder funnel with a backflow of N2. The reaction was allowed to stir at –78 °C for 1.75 h and 

then the reaction temperature was increased to 0 °C by replacing the dry ice/acetone bath with an ice bath. 

After 30 min at 0 °C, TLC indicated complete consumption of starting material and complete conversion of 

monobromo intermediate into compound 19. The reaction was quenched with saturated aq NH4Cl soln (1 mL) 

and diluted with EtOAc (5 mL) and deionized H2O (5 mL). The aq phase was separated and then extracted with 

EtOAc (3 x 5 mL, extraction control by TLC). The combined organic phases were dried over Na2SO4, decanted, 

and concentrated in vacuo. Purification by flash chromatography (SiO2, hexanes/EtOAc=1:2) afforded the 

desired compound 19 as orange oil (73 mg, 58%). 

TLC (SiO2) Rf= 0.78in 1:2 hexanes/EtOAc, p-anisaldehyde or KMnO4 stains 
1H NMR (500 MHz, CDCl3) δ 4.39 (s, 3H), 3.89 (s, 1H), 3.73 (d, J 16.0 Hz, 1H), 3.49 (d, J 16.0 Hz, 1H), 2.99 (d, J 

16.8 Hz, 1H), 2.81 (d, J 16.8 Hz, 1H) 
13C NMR (126 MHz, CDCl3) δ 189.8, 168.6, 114.7, 103.8, 72.3, 64.7, 52.3, 50.5, 28.4 

IR (neat) 3360 (broad), 2928, 2849, 2266, 1689, 1562, 1455, 1431, 1409, 1352, 1259, 1206, 1168, 1069, 933, 

853, 822, 764, 720, 691, 631, 605 cm–1 

HRMS (ES+) m/z calculated for C9H8Br3NO3 [M]+: 415.8133, found 415.8131 
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