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Synthesis of C4-Modified Tetracyclines with Anticancer Activity 

 

Abstract 

Tetracyclines are a class of compounds that includes clinically employed antibacterial 

agents such as minocycline (5). Other tetracyclines, including the semisynthetic compound Col-3 

(12) and the natural product SF2575 (16), exhibit anticancer activity. This dissertation focuses on 

the synthesis of tetracyclines as anticancer agents, specifically fully synthetic tetracyclines with 

structural modifications at the C4 position of the tetracycline scaffold. 

An improved synthetic route to enone 56, a key intermediate for the synthesis of C4-

modified tetracyclines, was developed. The new route provided 56 in higher overall yield and in 

fewer steps than a previously established route: 16% yield over 9 steps vs. 5% yield over 11 steps. 

In the new route, it was found that an alternative chiral ligand could be used successfully for an 

enantioselective vinylation reaction in place of the originally reported ligand, affording equally 

high enantioselectivity. The alternative ligand could be derived from a starting material that, unlike 

the precursor of the original ligand, was relatively inexpensive and not a controlled substance.  

In addition to enone 56, six variously substituted phenyl o-toluate esters were also prepared 

as tetracycline precursors. The four-ring core of the tetracycline structure was constructed by 

reaction of 56 with a phenyl o-toluate ester, and subsequent efforts were directed toward structural 

diversification at the C4 position on the tetracyclic core, especially via reactions of a selectively 

deprotected hydroxyl group at C4. Some attempts to activate a C4 alcohol as a leaving group 

resulted in intramolecular alkylation, forming a product containing a norbornyl ring system. 
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to anticancer activity, TP-2846 (15), which features a primary amine at C4, was particularly potent 

with sub-micromolar GI50 values in a range of cancer cell lines.35 Among analogs, there was no 

consistent relationship between anticancer potency and the type of alkyl substitution on the C4 

amine, based on cytotoxicity data obtained in MV-4-11 AML cells for series of analogs differing 

only in substitution at C4.55b The presence of an acetyl or methanesulfonyl group on the C4 

nitrogen resulted in comparatively poor activity, but a salicyloyl group was moderately well-

tolerated.55b Under some reaction conditions during certain late-stage functionalization steps, 

partial epimerization at C4 occurred, and the resulting derivatives 55 with the opposite, (R) 

configuration at C4 had weaker cytotoxicity than the corresponding analogs 54 with the original, 

(S) configuration.55b  

 

Scheme 1.7. Use of modified AB enones to access tetracyclines with various nitrogen-based groups at C4.  
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Scheme 1.8. Synthesis of tetracyclines with hydroxyl, ether, and ester substituents with (S) configuration at C4.  
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Chapter 2 

Improved Synthesis of a C4-Oxygenated AB Enone   
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Scheme 2.1. The Sussman route to enone 56.74 

In the original route (Scheme 2.2), 7 was synthesized in 10% yield over 11 steps from 

benzoic acid (81).72 Mechanistic evidence suggested that the step forming the A ring involved a 

Stevens-like rearrangement of intermediate 82 proceeding via intramolecular N-alkylation, 

ammonium ylide formation, homolytic C-N bond cleavage, and radical recombination to give the 

product 83.81 Due to the involvement of the dimethylamino group in the Stevens-like 

rearrangement, this route would not be readily adaptable to the synthesis of 56 with a silyl-

protected hydroxyl in place of the amino group of 7.  

 
81 Brubaker, J. D. A Practical Synthetic Route to Structurally Diverse Tetracycline Antibiotics. Ph.D. Dissertation, 
Harvard University, Cambridge, MA, 2007. 
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Scheme 2.6. New route to the C4-oxygenated AB enone (56). 

Following TBS protection of alcohol 91, TBS ether 93 underwent magnesium-bromine 

exchange followed by addition to 3-methoxyfurfural (87)81 to provide a mixture of diastereomeric 

alcohols 94a and 94b. (3-Methoxyfurfural was prepared in 2 steps80b from commercially available 

3-bromofuran.) The coupling products 94a and 94b were used directly in a Diels-Alder reaction,80a 

affording a mixture of endo and exo adducts 95. The stereochemical configurations of the Diels-

Alder products were assigned with the aid of NOESY NMR. While only a single, endo product 

(95a) was detected from the reaction of 94a, a 1:1.4 mixture of endo (95b) and exo (95c) products 
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Figure 2.2. X-ray crystal structure of enone 56. 

 

 

Scheme 2.7. Two-step conversion of both ketone diastereomers 96a and 96b to the same final product 56. 

The rearrangement of 97b is synthetically useful, allowing the use of minor diastereomer 

96b and improving the efficiency of the overall route. The yield of 56 from 96b was, however, 

lower than from 96a, and I accordingly investigated the possibility of obtaining more 96a relative 

to 96b by influencing the diastereoselectivity of the earlier coupling reaction. It was desirable to 

increase the ratio of coupling products 94a to 94b because 94b undergoes the Diels-Alder reaction 

with lower endo/exo selectivity and thereby leads to ketone 96b as well as 96a (Scheme 2.6). The 

initial reaction conditions used THF as the solvent and gave a 45:55 ratio of 94a to 94b. Through 

evaluation of other solvents (MTBE, hexanes, toluene, 2-methyltetrahydrofuran, 1,4-dioxane) and 
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Silyl ether 86, (S)-3-(benzyloxy)-5-(1-((tert-butyldimethylsilyl)oxy)allyl)isoxazole. 

The starting material, alcohol (S)-84,79 had 98% ee as determined by Mosher ester analysis 

using a procedure analogous to that used for alcohol 91 (p 63). 

Alcohol (S)-84 (349.8 mg, 1.51 mmol, 1 equiv) was dissolved in anhydrous 

dichloromethane (3.0 mL), and the resulting solution was magnetically stirred and cooled in an 

ice/water bath. 2,6-Lutidine (0.300 mL, 2.59 mmol, 1.71 equiv) and then tert-butyldimethylsilyl 

trifluoromethanesulfonate (0.500 mL, 2.18 mmol, 1.44 equiv) were added, and the ice bath was 

removed shortly thereafter. After 3.5 h and 18 h of reaction time, additional 2,6-lutidine (0.100 

mL, 0.863 mmol, 0.571 equiv each time) and tert-butyldimethylsilyl trifluoromethanesulfonate 

(0.150 mL, 0.653 mmol, 0.432 equiv each time) were added at 22 °C because TLC analysis showed 

that some starting material remained. After a further 2 h, excess tert-butyldimethylsilyl 

trifluoromethanesulfonate was quenched by addition of anhydrous methanol (1.0 mL), and the 

resulting solution was allowed to stir at 22 °C for 1.5 h. The mixture was then poured into 1 M pH 

7 aqueous potassium phosphate buffer (10 mL), and the resulting mixture was extracted with ethyl 

acetate (3 × 10 mL). The combined organic layers were washed with brine (10 mL), dried over 

sodium sulfate, filtered, and concentrated. 

The crude product was dissolved in dichloromethane and adsorbed onto Celite in vacuo. 

The mixture was packed on top of a layer of silica gel (usual type for regular flash column 

chromatography, 3 cm tall layer in a 4 cm diameter fritted funnel) and eluted with 100% hexanes 

(100 mL) and then 95:5 hexanes/ethyl acetate (200 mL). The eluate was collected in four 100 mL 
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Alcohol 89, (3-(benzyloxy)-4-bromoisoxazol-5-yl)methanol. 

In a 500 mL round-bottomed flask, 3-benzyloxy-5-(hydroxymethyl)isoxazole78,82 (10.0 g, 

48.7 mmol, 1 equiv) was dissolved in THF (100 mL). Sodium bicarbonate (10.2 g, 122 mmol, 2.49 

equiv) was added, and the mixture was magnetically stirred, forming a slurry. The flask was then 

flushed with nitrogen and cooled in an ice/water bath. Bromine (6.2 mL, 0.12 mol, 2.5 equiv) was 

added at a fast dropwise rate, resulting in bubbling. The red-orange solution was stirred at 0 °C for 

1 h, and then the ice/water bath was removed. After another 1 h, additional bromine (1.5 mL, 29 

mmol, 0.60 equiv) was added slowly to the stirring solution at 22 °C. Bubbling was again observed. 

After a further 5 h, aqueous ascorbic acid solution (5% w/v, 50 mL) and then water (25 mL) and 

excess solid ascorbic acid were added to quench excess bromine, resulting in bubbling of the 

mixture. The acidic mixture was then brought to pH 7 by gradual addition of solid potassium 

carbonate (resulting in gas evolution).  

The mixture was diluted with 1 M aqueous dipotassium hydrogen phosphate solution (125 

mL) and extracted with ethyl acetate (2 × 200 mL, then 100 mL). The combined organic layers 

were washed with brine (100 mL) and then dried over anhydrous sodium sulfate. The solution was 

then filtered through a layer of silica gel and concentrated. 

The crude product was adsorbed onto silica gel in vacuo and purified by flash column 

chromatography on silica gel (550 mL when dry and not packed in the column) with isocratic 

elution at 70:30 hexanes/ethyl acetate, affording 10.5 g (76%) of white solid.  

The analytical data obtained for the product agreed with values previously reported.74,81 
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Aldehyde 90, 3-(benzyloxy)-4-bromoisoxazole-5-carbaldehyde.  

In a 100 mL round-bottomed flask equipped with a magnetic stir bar, alcohol 89 (6.79 g, 

23.9 mmol, 1 equiv) was dissolved in acetonitrile (49.0 mL). (Diacetoxyiodo)benzene (8.47 g, 

26.3 mmol, 1.10 equiv) was added; this solid reagent did not fully dissolve at this point but was 

well-dispersed in the solution upon stirring. TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl, 0.373 

g, 2.39 mmol, 0.0999 equiv) was then added and dissolved in the solution. The headspace of the 

flask was briefly evacuated (until the solution bubbled) and backfilled with nitrogen 10 times. The 

flask was wrapped in aluminum foil, and the reaction mixture was allowed to stir at 22 °C. After 

2 h, the reaction mixture was diluted with ethyl acetate (115 mL), and the resulting solution was 

stirred with aqueous sodium thiosulfate pentahydrate (0.254 M, 115 mL) for 30 min.  

The mixture was shaken with additional ethyl acetate (30 mL) and brine (15 mL), and the 

phases were separated. The aqueous layer was extracted with ethyl acetate (2 × 100 mL). The 

combined organic layers were washed with 5% aqueous sodium bicarbonate (60 mL) and then 

brine (60 mL) and were subsequently dried over sodium sulfate, filtered, and concentrated. The 

crude product was purified by flash column chromatography using a Teledyne Isco CombiFlash 

Rf+ system (65 g cartridge, 220 g column, 100% hexanes to 80:20 hexanes/ethyl acetate over 10 

column volumes, then isocratic elution at 80:20 hexanes/ethyl acetate) to provide 5.60 g (83%) of 

white solid. 

The analytical data obtained for the product agreed with values previously reported.81 

Neither HRMS data nor elemental analysis was previously reported for compound 90. 
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Silyl ether 93, (S)-3-(benzyloxy)-4-bromo-5-(1-((tert-butyldimethylsilyl)oxy)allyl)isoxazole. 

A 200 mL round-bottomed flask containing alcohol 91 (6.46 g, 20.8 mmol, 1 equiv) and a 

stir bar was evacuated and backfilled with nitrogen three times and then charged with 

dichloromethane (23.0 mL, anhydrous). The resulting solution was magnetically stirred and cooled 

in an ice/water bath. The ice/water bath was left in place but allowed to melt; the reaction mixture 

was allowed to gradually warm to 22 °C over the course of the reaction. 2,6-Lutidine (3.90 mL, 

33.5 mmol, 1.61 equiv) was added, followed by tert-butyldimethylsilyl trifluoromethanesulfonate 

(5.70 mL, 24.8 mmol, 1.19 equiv). After 1 h, additional 2,6-lutidine (1.00 mL, 8.59 mmol, 0.413 

equiv) and tert-butyldimethylsilyl trifluoromethanesulfonate (1.40 mL, 6.10 mmol, 0.293 equiv) 

were added. After a further 2 h, TLC analysis of the reaction mixture showed that some unreacted 

91 remained. Additional 2,6-lutidine (0.50 mL, 4.3 mmol, 0.21 equiv) and tert-butyldimethylsilyl 

trifluoromethanesulfonate (0.70 mL, 3.0 mmol, 0.15 equiv) were added. After another 1.5 h 

following the first TLC check, a second analysis by TLC showed complete conversion of 91. The 

reaction mixture was cooled to 0 °C, and excess tert-butyldimethylsilyl trifluoromethanesulfonate 

was quenched by addition of anhydrous methanol (6.7 mL). The resulting solution was allowed to 

stir at 0 °C for 30 min. 

The mixture was washed with water (75 mL), and the resulting aqueous layer was extracted 

with ethyl acetate (3 × 75 mL). The combined organic layers were washed with brine (75 mL), 

dried over sodium sulfate, filtered, and concentrated. The residue was purified by flash column 

chromatography using a Teledyne Isco CombiFlash Rf+ system (65 g cartridge, 120 g column, 
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removed by blowing a stream of nitrogen into the mixture, leaving 15.1 g of dark brown oil 

containing 3-bromofurfural (98). 

For the next reaction, the center neck of a triple-necked 1000 mL round-bottomed flask 

was fitted with a water-cooled reflux condenser. The sidearms of the flask were fitted with a 

ground-glass stopper and a 60 mL pressure-equalizing addition funnel. The apparatus was flushed 

with nitrogen, and the flask was charged with anhydrous methanol (340 mL). Sodium metal (9.11 

g, 396 mmol, 4.76 equiv based on the theoretical amount of 98) was added gradually with stirring, 

resulting in bubbling and warming of the solution. The resulting colorless, slightly cloudy sodium 

methoxide solution was heated to 70 °C. The crude 98 (theoretically 14.5 g, 83.0 mmol, 1 equiv 

assuming 100% yield in the previous step) was transferred to the addition funnel in anhydrous 

methanol (20 mL), and the solution of 98 was added dropwise to the stirring sodium methoxide 

solution. Residual 98 was rinsed into the reaction mixture in additional methanol (10 mL).  

After 17 h, the reaction mixture was allowed to cool to room temperature and was then 

cooled further in an ice/water bath. The mixture was acidified to ca. pH 7 by addition of glacial 

acetic acid. The resulting mixture was concentrated by rotary evaporation using a 30 °C water 

bath. The remaining dark brown paste was partially dissolved in ethyl acetate (total of 400 mL) 

and vacuum-filtered through a layer of silica gel. Some fine, light-colored solid was observed in 

the filtrate and was removed by vacuum filtration through a layer of Celite (rinsing with additional 

ethyl acetate). The filtrate was concentrated, and the dark brown residue was purified by flash 

column chromatography on silica gel (550 mL when dry and not yet packed in the column) that 

had been flushed with 80:15:5 hexanes/ethyl acetate/triethylamine. The product was eluted with 

80:20 hexanes/ethyl acetate grading to 60:40 hexanes/ethyl acetate. The product-containing eluate 
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fractions were concentrated, furnishing 3.46 g (33% over 2 steps, or 35% over 2 steps if the purity 

of the 3-bromofuran is taken into account) of 87 as reddish orange, fluffy solid.  

The analytical data obtained for the product agreed with values previously reported.79,81   
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Diastereomeric coupling products 94a and 94b. 

A 500 mL round-bottomed flask containing silyl ether 91 (8.49 g, 20.0 mmol, 1 equiv) and 

a stir bar was evacuated and backfilled with nitrogen three times and was then charged with toluene 

(101 mL, anhydrous). The resulting colorless solution was magnetically stirred and cooled in an 

ice/water bath. Isopropylmagnesium chloride solution (12.6 mL, 22.1 mmol, 1.10 equiv, 1.75 M 

in THF, concentration determined by titration) was added dropwise. After 20 min, the ice/water 

bath was removed, and the reaction mixture was allowed to stir at 22 °C for 10 min. Then the 

reaction mixture was re-cooled to 0 °C. 3-Methoxyfurfural (3.28 g, 26.0 mmol, 1.30 equiv) was 

partially dissolved in THF (4.0 mL, anhydrous) and toluene (23.0 mL, anhydrous), and the solution 

was added dropwise via cannula to the cooled stirring reaction mixture. The remaining undissolved 

3-methoxyfurfural was dissolved and incrementally transferred in additional toluene (5.0 mL, then 

4.0 mL). The ice/water bath was allowed to warm gradually. After 2.5 h, the cooling bath was at 

14 °C, and isopropyl alcohol (18 mL) was added. Solids precipitated, and the solution became a 

gel-like suspension.  

The mixture was vacuum-filtered through a layer of silica gel that had been flushed with a 

mixture of isopropyl acetate and N,N-diisopropylethylamine (between 10 and 20 mL). The filtrate 

from the reaction mixture was collected in a flask containing the mixture of isopropyl acetate and 

N,N-diisopropylethylamine. The silica gel was washed with additional isopropyl acetate, giving a 

total of about 220 mL of filtrate. Additional N,N-diisopropylethylamine was added, and most but 
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100% hexanes to 60:40 hexanes/ethyl acetate. The eluate fractions containing all of the product 

diastereomers were combined and concentrated, affording 8.43 g (89%) of bright orange foam.  
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The flask containing the crude 97b (theoretically 1.88 g, 4.13 mmol, 1 equiv) was charged 

with a stir bar and then evacuated and backfilled with nitrogen three times. Dichloromethane (40.0 

mL, anhydrous) was added, and the resulting solution was magnetically stirred and cooled in an 

ice/water bath. 2,6-Lutidine (1.40 mL, 12.0 mmol, 2.91 equiv) was added slowly to the stirring 

cooled solution, followed by tert-butyldimethylsilyl trifluoromethanesulfonate (2.40 mL, 10.5 

mmol, 2.53 equiv). The ice/water bath was removed, and the reaction mixture was allowed to stir 

at 22 °C. After both 4 h and 6 h of reaction time, additional 2,6-lutidine (0.70 mL, 6.0 mmol, 1.5 

equiv each time) and tert-butyldimethylsilyl trifluoromethanesulfonate (0.60 mL, 2.6 mmol, 0.63 

equiv each time) were added. The reaction mixture was stirred for another 50 min and then allowed 

to stand at 22 °C for 15 h. Excess tert-butyldimethylsilyl trifluoromethanesulfonate was then 

quenched by addition (with stirring) of anhydrous methanol (5 mL).  

The mixture was concentrated, affording brown oil. The oil was loaded with 90:10 

hexanes/ethyl acetate and a minimum of dichloromethane (to aid transfer since 90:10 

hexanes/ethyl acetate could not dissolve all of the material) to the top of a layer of silica gel that 

mostly filled a 150 mL fritted filter funnel. The material was eluted with 90:10 hexanes/ethyl 

acetate until TLC analysis showed that the eluate dripping from the bottom of the funnel no longer 

contained the desired product. The filtrate (light golden yellow solution, ca. 480 mL in volume) 

was concentrated. The residue was purified by flash column chromatography using a Teledyne 

Isco CombiFlash Rf+ system (65 g cartridge, 120 g column, 100% hexanes to 90:10 hexanes/ethyl 

acetate over 10 column volumes, then isocratic elution at 90:10 hexanes/ethyl acetate), affording 

0.194 g (8% from 96b) of orangish beige foam. 
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HRMS (ESI/quadrupole-Orbitrap) m/z: [M + H]+ Calcd for C24H30NO6Si 456.1837; Found 

456.1840. 
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redissolved in ethyl acetate and dried over sodium sulfate. The solution was vacuum-filtered 

through Celite, and the resulting filtrate was concentrated, leaving sticky, viscous brown oil. This 

crude product mixture, containing 97a and 97b, was left under vacuum overnight and then used in 

the next reaction as described below. 

The flask containing the crude 97a and 97b (theoretically 1.09 g, 2.39 mmol, 1 equiv) was 

charged with a stir bar and then evacuated and backfilled with nitrogen three times. 

Dichloromethane (12.0 mL, anhydrous) was added, and the resulting solution was magnetically 

stirred and cooled in an ice/water bath. 2,6-Lutidine (0.650 mL, 5.58 mmol, 2.33 equiv) was added 

slowly to the stirring cooled solution, followed by tert-butyldimethylsilyl 

trifluoromethanesulfonate (0.850 mL, 3.70 mmol, 1.55 equiv). After 1.5 h of reaction time, TLC 

analysis showed that some starting material remained. Additional 2,6-lutidine (0.650 mL, 5.58 

mmol, 2.33 equiv) and tert-butyldimethylsilyl trifluoromethanesulfonate (0.850 mL, 3.70 mmol, 

1.55 equiv) were added; a slight exotherm resulted upon addition of the tert-butyldimethylsilyl 

trifluoromethanesulfonate. After 6 h from the initial reagent additions, TLC analysis showed no 

remaining starting material. Excess tert-butyldimethylsilyl trifluoromethanesulfonate was 

quenched by addition of anhydrous methanol (2.5 mL), and the resulting solution was stirred for 

10 min.  

The mixture was concentrated, affording brown oil. The oil was loaded with 90:10 

hexanes/ethyl acetate and a minimum of dichloromethane (to aid transfer since 90:10 

hexanes/ethyl acetate could not dissolve all of the material) to the top of a layer of silica gel that 

mostly filled a 60 mL fritted filter funnel. The material was eluted with 90:10 hexanes/ethyl acetate 

until TLC analysis showed that the eluate dripping from the bottom of the funnel no longer 

contained the desired product. The filtrate (light golden yellow solution, ca. 220 mL in volume) 
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Recrystallization of enone 56. 

Samples of column-purified enone 56 with <90% ee were combined, giving a total of 1.71 

g of material. Methanol (8.6 mL) was added, and the mixture was magnetically stirred under inert 

atmosphere in a 50 mL round-bottomed flask equipped with a water-cooled reflux condenser. The 

flask was heated at 70 °C until all of the solid dissolved. The solution was then allowed to cool 

without stirring. Crystals formed at 22 °C, and the mixture was cooled further in an ice/water bath. 

The crystals (off-white needles) were collected by vacuum filtration on filter paper in a Büchner 

funnel and rinsed with ice-cold methanol (6.6 mL). After removal of residual solvent under 

vacuum, the mass of the recrystallized 56 was 1.36 g (80% mass recovery). 

Analysis by chiral SFC showed that the recrystallized material had 92% ee whereas a 

sample of the material before recrystallization had 86% ee. 

 

 

 

  





103 
 

Column-purified 56 from ketone 96a (p 87) 

Enantiomeric excess (ee) = 88% 

tR(major) = 4.01 min, tR(minor) = 3.58 min 
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Column-purified 56 from ketone 96b (p 92) 

Enantiomeric excess (ee) = 98% 

tR(major) = 3.95 min, tR(minor) = 3.44 min 
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Recrystallization of pure enone 56 to improve enantiomeric excess (p 101) 

Sample before recrystallization:  

Enantiomeric excess (ee) = 86% 

tR(major) = 4.09 min, tR(minor) = 3.64 min 
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Recrystallized sample:  

Enantiomeric excess (ee) = 92% 

tR(major) = 4.08 min, tR(minor) = 3.64 min 
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Racemic standard 

Enantiomeric excess (ee) = 0% 

tR = 4.38 min, 3.89 min 

 

 

 

The racemic sample of enone 56 was prepared using the general route to enone 56 but 

starting from racemic rather than enantioenriched 91. Racemic 91 was prepared as described on 

the next page, following the procedure reported by Brubaker and Myers for a similar aldehyde 

with hydrogen instead of the bromine on the isoxazole ring.79 
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X-Ray Crystallographic Laboratory Structure Report 

 

Shao-Liang Zheng, Harvard University 

April 21, 2021 
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Figure 2.5. Perspective views showing 50% probability displacement 

 
Figure 2.6. Three-dimensional supramolecular architecture viewed along the b-axis direction.   

c 
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Chapter 3 

Enantioselective Vinylation Reactions 
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Figure 3.1. Aminoalcohol ligands evaluated in vinylation reactions. 

Reductive alkylation of (1S,2R)-2-amino-1,2-diphenylethanol with aqueous formaldehyde 

and formic acid afforded 112 in high yield (Scheme 3.9). Ligand 104 was prepared as reported by 

Brubaker, by alkylation of (1S,2R)-norephedrine with 2-bromoethyl ether to form the morpholine 

group of this ligand. Similar reaction conditions furnished ligand 113 and its enantiomer 92 from 

the corresponding enantiomers of 2-amino-1,2-diphenylethanol. 

 

Scheme 3.9. Synthesis of aminoalcohol ligands 112, 104, 113, and 92. 
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procedure, ligands 112 and 113 were compared with the originally reported ligand 104 (Scheme 

3.11). Notably, ligand 113 allowed for equally high enantioselectivity as 104.  

 

Scheme 3.11. Vinylation of aldehyde 90 with different aminoalcohol ligands under Myers-Brubaker reaction 
conditions. Values for enantiomeric excess (ee) were determined by Mosher ester analysis. 

For the vinylation of 90, a given enantiomer of each aminoalcohol ligand led to the opposite 

sense of stereochemical induction in the Myers-Brubaker method as compared with the Tetraphase 

method. For the synthesis of the C4-oxygenated AB enone 56, the (S)-alcohol 91 was required; 

thus, in the Myers-Brubaker procedure, the (1R,2S) enantiomer of ligand 104 or 92 would need to 

be used. The (1R,2S) enantiomers of 104 and 92 could be derived from (1R,2S)-norephedrine and 

(1R,2S)-2-amino-1,2-diphenylethanol, respectively. While both enantiomers of norephedrine are 

controlled substances, 2-amino-1,2-diphenylethanol is not. Additionally, (1R,2S)-2-amino-1,2-

diphenylethanol was substantially less expensive than (1R,2S)-norephedrine.126 Because it could 

be prepared from this less expensive starting material that was not a controlled substance, ligand 

(1R,2S)-92 was chosen for larger-scale reactions.  

 
126 As of March 2020, the lowest prices for these compounds (identified through a comparison of products from 
multiple commercial suppliers) were ca. $325 per 50 g of (1R,2S)-norephedrine and ca. $105 per 25 g or ca. $295 
per 100 g of (1R,2S)-2-amino-1,2-diphenylethanol. 
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Aminoalcohol (1R,2S)-92, (1R,2S)-2-morpholino-1,2-diphenylethanol. 

The experimental procedure for the preparation of compound 92 is provided on p 57 of 

the Chapter 2 Experimental Section. 
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After 1 M aqueous citric acid was added to the reaction mixture (as described in the general 

procedure), the resulting biphasic mixture was shaken thoroughly, and the layers were separated. 

The aqueous layer was extracted with toluene (2 × 10 mL). The combined organic layers were 

washed with brine (10 mL), dried over sodium sulfate, filtered, and concentrated, affording the 

crude 91 as 0.396 g of light orangish yellow oil. The sample was determined by Mosher ester 

analysis to have 82% ee. 

 

Reaction using ligand 112: 

 

The reaction was performed according to the general procedure with ligand 112 (1.06 g, 

4.39 mmol, 3.61 equiv) in addition to aldehyde 90 (0.343 g, 1.22 mmol, 1 equiv), diethylzinc 

solution (2.65 mL, 0.841 M in hexanes, 2.23 mmol, 1.83 equiv), and vinylmagnesium bromide 

solution (4.20 mL, 0.915 M in tetrahydrofuran, 3.84 mmol, 3.16 equiv). 

After 1 M aqueous citric acid was added to the reaction mixture (as described in the general 

procedure), the resulting biphasic mixture contained abundant white solids suspended in solution, 

and an emulsion formed when the mixture was shaken. Additional toluene (10 mL), brine (12 mL), 

and 1 M aqueous hydrochloric acid (12 mL) were added, and the entire mixture was vacuum-

filtered through a thin layer of Celite covered by sand in a filter funnel with a medium-porosity 

frit. The filtration step removed the white solid (subsequently identified through 1H NMR analysis 

as the ligand 112) and broke up the emulsion. The phases were separated, and the aqueous layer 



161 
 

was extracted with ethyl acetate. The combined organic layers (total volume = ca. 300 mL) were 

washed with brine (50 mL) and dried over sodium sulfate. The aqueous layer (total volume = ca. 

200 mL) was extracted with ethyl acetate (50 mL); the resulting organic layer was combined with 

the rest of the organic solution drying over sodium sulfate. The organic solution was filtered and 

concentrated. 1H NMR analysis showed that the residue contained 112 as well as the desired 

product 91. Consequently, the residue was dissolved in ethyl acetate, and the solution was filtered 

through a layer of silica gel (covered by sand) over a layer of Celite in a filter funnel with a 

medium-porosity frit. The filtrate was concentrated, affording the crude 91 as 0.387 g of cloudy 

yellow oil. The sample was determined by Mosher ester analysis to have 46% ee. 

 

Reaction using ligand 104: 

 

The reaction was performed according to the general procedure with ligand 104 (0.992 g, 

4.48 mmol, 3.60 equiv) in addition to aldehyde 90 (0.352 g, 1.25 mmol, 1 equiv), diethylzinc 

solution (2.70 mL, 0.841 M in hexanes, 2.27 mmol, 1.82 equiv), and vinylmagnesium bromide 

solution (4.30 mL, 0.915 M in tetrahydrofuran, 3.93 mmol, 3.15 equiv). 

After 1 M aqueous citric acid was added to the reaction mixture (as described in the general 

procedure), the resulting biphasic mixture was shaken with toluene (20 mL), brine (20 mL), and 

additional 1 M aqueous citric acid (10 mL). White solids were suspended in the solution and 

complicated the phase separation. The mixture was vacuum-filtered with toluene through a thin 
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layer of Celite covered by sand in a filter funnel with a medium-porosity frit. The layers of the 

biphasic filtrate were separated after thorough shaking, and the aqueous layer was extracted with 

1:1 ethyl acetate/toluene (2 × 20 mL). The combined organic layers were washed with brine (20 

mL), dried over sodium sulfate, and concentrated, affording 0.380 g of the crude 91 as cloudy 

orangish yellow oil. To remove any remaining 104, the material was vacuum-filtered with toluene 

through a layer of silica gel in a filter funnel with a medium-porosity frit. The filtrate was 

concentrated. A sample of the resulting partially purified product was used for Mosher ester 

analysis and found to have 63% ee. 

 

Reaction using ligand 113: 

 

The reaction was performed according to the general procedure with ligand 113 (1.27 g, 

4.48 mmol, 3.60 equiv) in addition to aldehyde 90 (0.351 g, 1.24 mmol, 1 equiv), diethylzinc 

solution (2.70 mL, 0.841 M in hexanes, 2.27 mmol, 1.82 equiv), and vinylmagnesium bromide 

solution (4.30 mL, 0.915 M in tetrahydrofuran, 3.93 mmol, 3.16 equiv). 

After 1 M aqueous citric acid was added to the reaction mixture (as described in the general 

procedure), the resulting biphasic mixture was shaken with toluene (20 mL), brine (20 mL), and 

additional 1 M aqueous citric acid (10 mL). White solids were suspended in the solution and 

complicated the phase separation. The mixture was vacuum-filtered with toluene through a thin 

layer of Celite covered by sand in a filter funnel with a medium-porosity frit. The layers of the 
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biphasic filtrate were separated after thorough shaking, and the aqueous layer was extracted with 

1:1 ethyl acetate/toluene (2 × 20 mL). The combined organic layers were washed with brine (20 

mL), dried over sodium sulfate, and concentrated, affording 0.416 g of the crude 91 as cloudy 

orangish yellow oil. To remove any remaining 113, the material was vacuum-filtered with toluene 

through a layer of silica gel in a filter funnel with a medium-porosity frit. The filtrate was 

concentrated. A sample of the resulting partially purified product was used for Mosher ester 

analysis and found to have 12% ee.  
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Enantioenriched sample, product of the reaction described above 

Enantiomeric excess (ee) = 98% 

tR(major) = 26.5 min, tR(minor) = 28.5 min 
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Racemic standard 

For the preparation of racemic 91, see the procedure on p 107 (Chapter 2, Experimental 

Section). 

Enantiomeric excess (ee) = 0% 

tR = 26.9 min, 28.8 min 
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min. The flask was then placed in an ice/water bath, and 1 M aqueous citric acid (2.5 mL) was 

added to the reaction mixture.  

The mixture was extracted three times with ethyl acetate. The combined organic layers 

were washed with water and then brine and were subsequently dried over sodium sulfate, filtered, 

and concentrated. The residue was purified by flash column chromatography using a Teledyne 

Isco CombiFlash Rf+ system (5 g cartridge, 4 g column, 100% hexanes to 80:20 hexanes/ethyl 

acetate over 10 column volumes, then isocratic elution at 80:20 hexanes/ethyl acetate). The 

product-containing eluate fractions were concentrated, affording the purified alcohol 91. The 

analytical data obtained for the product agreed with values previously reported.115 The 

enantiomeric excess (ee) of the product was determined by Mosher ester analysis. 

 

Reaction using ligand 112: 

 

The reaction was performed according to the general procedure with ligand 112 (48.3 mg, 

0.200 mmol, 1.99 equiv) in addition to aldehyde 90 (28.3 mg, 0.100 mmol, 1 equiv), n-butyllithium 

(0.080 mL, 2.49 M in hexanes, 0.20 mmol, 2.0 equiv), and divinylzinc (1.00 mL, theoretically 0.22 

M, 0.22 mmol, 2.2 equiv), affording 18.9 mg (61% yield) of (R)-91 with 84% ee. 
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Reaction using ligand 104: 

 

The reaction was performed according to the general procedure with ligand 104 (44.3 mg, 

0.200 mmol, 2.06 equiv) in addition to aldehyde 90 (27.4 mg, 0.0971 mmol, 1 equiv), n-

butyllithium (0.080 mL, 2.49 M in hexanes, 0.20 mmol, 2.1 equiv), and divinylzinc (1.00 mL, 

theoretically 0.22 M, 0.22 mmol, 2.3 equiv), affording 16.2 mg (54% yield) of (R)-91 with 94% 

ee. 

 

Reaction using ligand 113: 

 

The reaction was performed according to the general procedure with ligand (1S,2R)-92 

(56.6 mg, 0.200 mmol, 1.89 equiv) in addition to aldehyde 90 (29.8 mg, 0.106 mmol, 1 equiv), n-

butyllithium (0.095 mL, 2.49 M in hexanes, 0.24 mmol, 2.2 equiv), and divinylzinc (1.00 mL, 

theoretically 0.22 M, 0.22 mmol, 2.1 equiv), affording 16.6 mg (51% yield) of (R)-91 with 94% 

ee. 
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Alcohol (S)-91 from the multigram-scale vinylation of aldehyde 90 using ligand 92 (corresponds 

to Scheme 3.12 in the main chapter text).  

The experimental procedure for this reaction is provided on p 60 (Chapter 2, 

Experimental Section). 
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completed), and at this point the cooling bath was removed. After 20 min, 1 M aqueous citric acid 

solution (24 mL) was added. 

The mixture was shaken with additional ethyl acetate (15 mL), and the phases were 

separated. The organic layer was washed with water (5 mL) and then brine (5 mL) and was 

subsequently dried over sodium sulfate, filtered, and concentrated.  

The crude product was purified by flash column chromatography on silica gel (60 mL when 

dry) with 80:20 hexanes/ethyl acetate as the eluent. This provided 0.245 g (79% yield) of (S)-91 

as pale yellow oil. 

The characterization data obtained for the product via achiral analytical methods agreed 

with the values listed for (S)-91 on p 63 (Chapter 2, Experimental Section) and with those 

previously reported115 for (R)-91. 

Mosher ester analysis indicated that the product had 18% ee. 
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Chapter 4 

Synthesis of D-Ring Precursors 
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Scheme 4.4. Synthetic route providing D-ring precursors 114, 115, and 116. 

Compound 114 was in turn converted to two other D-ring precursors, 115 and 116. 

Hydrogenolysis of the benzyl ether of 114 afforded phenol 130, and Boc protection yielded D-ring 

precursor 115. Radical bromination of 115 then provided the benzyl bromide 116. All three of the 

D-ring precursors 114, 115, and 116 would be converted to the same product upon Michael-

Claisen reaction with enone 56, but all three were prepared in case one of them provided 

significantly better results in the Michael-Claisen reaction. While 114 and 115 differed only in the 

phenolic protecting group, the presence of the bromine at the benzylic position of 116 would allow 

for lithium-bromine exchange rather than simple deprotonation at the benzylic position. 

Brominated D-ring precursors 118 and 117 were synthesized via related synthetic routes. 

The Boc-protected D-ring precursor 118 was synthesized in two steps (Scheme 4.5) from 

compound 130. Regioselective bromination of 130 in the presence of a catalytic amount of 

dicyclohexylamine afforded the ortho-brominated phenol 131. (Dicyclohexylamine was used 

because it appeared to give slightly better ortho- versus para-selectivity than diisopropylamine, 





183 
 

Conclusion 

Six different phenyl o-toluate esters were synthesized as D-ring precursors, intermediates 

for the preparation of tetracyclines. The substitution patterns of these compounds correspond to 

tetracycline D-rings that feature a dimethylamino group at C7, a bromine at C9, or no substituents 

at positions C7, C8, and C9 of the scaffold. The D-ring precursors were accessed in 3 to 7 steps 

from commercially available starting materials. Three were new compounds, and only the 

dimethylamino-substituted D-ring precursor had been previously used in a Michael-Claisen 

cyclization with the C4-oxygenated AB enone 56. The use of the D-ring precursors, along with 

enone 56, for the synthesis of C4-modified tetracyclines is described in Chapter 5. 
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Ester 120, ethyl 2-methoxy-6-methylbenzoate. 

Potassium carbonate (13.2 g, 95.7 mmol, 1.73 equiv, ground to a fine powder with a mortar 

and pestle) and iodomethane (4.2 mL, 67 mmol, 1.2 equiv) were added to a solution of 

commercially available ethyl 2-hydroxy-6-methyl benzoate (119, 9.99 g, 55.4 mmol, 1 equiv) in 

acetone (100.0 mL, HPLC grade) in a 500 mL round-bottomed flask equipped with a stir bar. 

Additional acetone (80.0 mL) was added. The flask was fitted with a water-cooled reflux 

condenser, and the headspace of the apparatus was evacuated (briefly, until the solvent bubbled) 

and backfilled with argon 10 times using a Firestone valve. The reaction mixture was magnetically 

stirred and heated in a 60 °C oil bath. 

After 18 h, some 119 remained unreacted. Additional potassium carbonate (2.31 g, 16.7 

mmol, 0.302 equiv) and iodomethane (1.00 mL, 16.0 mmol, 0.288 equiv) were added. After a 

further 3.5 h at 60 °C, the reaction mixture still contained 119. More potassium carbonate (5.40 g, 

39.1 mmol, 0.705 equiv) and iodomethane (1.70 mL, 27.2 mmol, 0.490 equiv) were added, and 

the reaction mixture was then heated at 65 °C for 15 h, refluxing gently. After this time, complete 

conversion of 119 was observed, and the reaction mixture was allowed to cool to 22 °C.  

The mixture was vacuum-filtered with additional acetone through a short layer of silica 

gel. The filtrate was concentrated, affording a mixture of white solid and yellowish beige oil. The 

crude product was dissolved in dichloromethane and adsorbed onto Celite in vacuo. The mixture 

was eluted with 100% hexanes grading to 90:10 hexanes/ethyl acetate through a layer of silica gel 

(between roughly 80 and 100 mL in volume, in a fritted filter funnel) to separate the desired 





190 
 

 

Carboxylic acid 122, 2-methoxy-6-methylbenzoic acid. 

Water (3.90 mL, 216 mmol, 3.96 equiv) and potassium tert-butoxide (24.6 g, 219 mmol, 

4.01 equiv) were added to a solution of 120 (10.6 g, 54.6 mmol, 1 equiv) in 1,4-dioxane (136 mL). 

The resulting mixture (light cheddar orange suspension) was magnetically stirred at 22 °C under 

nitrogen for 45 min and was then heated at reflux in a 110 °C oil bath. Over time, the reaction 

mixture became pale beige but remained a suspension. After 5.5 h of heating, the reaction mixture 

was allowed to cool to 22 °C.  

The volatiles were removed by rotary evaporation. The residue (light orange semisolid 

mixture) was dissolved in water (200 mL), and the resulting solution was shaken with diethyl ether 

(200 mL). The phases were separated, and the organic layer was extracted with 0.1 M aqueous 

sodium hydroxide (2 × 250 mL). All of the aqueous layers (from the extractions with water and 

0.1 M aqueous sodium hydroxide) were combined and washed with diethyl ether (3 × 200 mL). 

The aqueous solution (at pH 14) was magnetically stirred, cooled in an ice/water bath, and acidified 

to pH 1 by addition of concentrated hydrochloric acid, causing pale beige solid to form in the 

solution. The acidified mixture was extracted with ethyl acetate (3 × 200 mL). The combined ethyl 

acetate layers were dried over sodium sulfate, filtered, and concentrated, affording 9.03 g (>99% 

yield) of light orange solid. 
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6-Methoxy-2-methyl-3-nitrobenzoic acid (123) and 2-methoxy-6-methyl-3-nitrobenzoic acid 

(124). 

Carboxylic acid 122 (8.99 g, 54.1 mmol, 1 equiv) was partially dissolved (most but not all 

of 122 dissolved initially) in acetic anhydride (152 mL). The flask containing the mixture was 

placed in a room-temperature water bath to help dissipate heat generated in the subsequent addition 

step. The mixture was magnetically stirred, and copper(II) nitrate hemi(pentahydrate) (13.7 g, 58.9 

mmol, 1.09 equiv) was added slowly. The reaction mixture warmed somewhat and became a dark 

teal solution. After 1 h, the reaction mixture was poured into 400 mL of ice. 

The mixture was shaken with ethyl acetate (200 mL) and brine (50 mL, added because an 

emulsion formed in its absence). The phases were separated. The aqueous layer was extracted with 

ethyl acetate (2 × 100 mL, then 50 mL). The combined organic layers were washed with a mixture 

of water (50 mL) and brine (25 mL) and then with brine (25 mL). The organic solution was 

concentrated, affording yellowish amber orange oil containing some pale solid particles. 

The mixture was partitioned between diethyl ether (50 mL) and 1 M aqueous sodium 

hydroxide to give a biphasic mixture with a medium brownish red aqueous layer at pH 13. The 

phases were separated. The organic layer was further extracted with 1 M aqueous sodium 

hydroxide (100 mL, then 2 × 50 mL, then 2 × 25 mL). The organic layer was then vigorously 

stirred with 1 M aqueous sodium hydroxide (13 mL) for 45 min, separated from the aqueous layer, 

and subsequently extracted once more with 1 M aqueous sodium hydroxide (13 mL). 
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Phenol 128, phenyl 3-(dimethylamino)-6-hydroxy-2-methylbenzoate. 

The carboxylic acids 123 and 124 (58:42 molar ratio, total of 8.81 g, 41.7 mmol, 1 equiv, 

containing 5.10 g of 123 based on the total mass and molar ratio of 123 and 124) were dissolved 

in dichloromethane (100.0 mL). N,N-Dimethylformamide (0.320 mL, 4.13 mmol, 0.0991 equiv) 

was added. The solution was magnetically stirred at 22 °C. The headspace of the flask was 

evacuated (briefly, until the solution began to bubble) and backfilled with argon 10 times using a 

Firestone valve and was then left under a balloon of nitrogen. Oxalyl chloride (10.0 mL, 117 mmol, 

2.80 equiv) was added slowly, resulting in bubbling but no exotherm. After 90 min, additional 

N,N-dimethylformamide (0.320 mL, 4.13 mmol, 0.0991 equiv) was added, resulting in bubbling. 

After a further 75 min, phenol (18.3 g, 195 mmol, 4.67 equiv) was added, followed by 4-

(dimethylamino)pyridine (292 mg, 2.39 mmol, 0.0572 equiv). Triethylamine (27.0 mL, 194 mmol, 

4.64 equiv) was then added slowly, resulting in the formation of copious white solid. (The solid 

clogged the nitrogen inlet needle in the septum of the flask. Consequently, the septum was replaced 
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with a Kimwipe tissue fastened over the neck of the flask; this did not protect the reaction mixture 

from atmospheric moisture but prevented solid from escaping from the flask.) The reaction mixture 

was allowed to stir for 15 h after the triethylamine addition, and then 1 M aqueous hydrochloric 

acid (100 mL) was added.  

The mixture was extracted with ethyl acetate (200 mL, then 2 × 100 mL, then 2 × 50 mL). 

The combined organic layers were washed with 5% w/v aqueous sodium bicarbonate (3 × 100 

mL), then with 0.1 M aqueous sodium hydroxide (2 × 100 mL), and finally with brine (50 mL). 

The organic solution was dried over sodium sulfate, filtered, and concentrated, affording a mixture 

of off-white solid and medium orangish brown oil. This crude product was dissolved by heating 

to reflux in a mixture of ethanol and methanol (50 mL of each solvent). The solution was allowed 

to cool to 22 °C and was cooled further in an ice/water bath. Crystals formed and were collected 

by vacuum filtration through filter paper in a Büchner funnel. The crystals were washed with 70 

mL of ice-cold 50:50 ethanol/methanol and were then dried under vacuum, affording 125 

contaminated with remaining phenol (total mass of the mixture = 8.15 g).  

A 500 mL round-bottomed flask containing phenol-contaminated 125 (7.93 g taken from 

the total mass of 8.15 g obtained) was charged with a stir bar and palladium on carbon (2.95 g, 

10% w/w Pd, 2.8 mmol, 0.10 equiv). Under an atmosphere of nitrogen, ethyl acetate (140 mL) and 

methanol (70 mL) were added by cannula. The resulting mixture was magnetically stirred.at 22 

°C, and aqueous formaldehyde solution (10.0 mL, 37% w/w, 134 mmol, 4.87 equiv) was added. 

The headspace of the flask was evacuated (briefly, until the solution began to bubble) and 

backfilled with nitrogen 6 times and was then flushed with hydrogen (from a balloon, 1 atm) 

through inlet and outlet needles. The outlet needle was removed, and the reaction mixture was left 

stirring under hydrogen. 
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HRMS (ESI/quadrupole-Orbitrap) m/z: [M + Na]+ Calcd for C19H20O5Na 351.1203; Found 

351.1196.
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HRMS (ESI/quadrupole-Orbitrap) m/z: [M + NH4]+ Calcd for C19H23NBrO5 424.0754; Found 

424.0755. 
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Benzyl ester 132, benzyl 2-(benzyloxy)-3-bromo-6-methylbenzoate. 

A solution of 2-hydroxy-6-methylbenzoic acid (1.00 g, 6.60 mmol, 1 equiv; Astatech, 95%) 

in dichloromethane (15.0 ml) was magnetically stirred at 0 °C. Not all of the starting material 

initially dissolved; it gradually dissolved during the following addition of NBS (N-

bromosuccinimide). Diisopropylamine (0.090 mL, 0.64 mmol, 0.097 equiv) and a solution of NBS 

(1.28 g, 7.20 mmol, 1.09 equiv) in dichloromethane (40.0 mL; an additional 10.0 mL was then 

used to transfer residue) were added to the stirring cooled solution of the carboxylic acid. The NBS 

solution was added at a fast dropwise rate over 35 min. The diisopropylamine was added between 

5 and 10 min after the beginning of the NBS addition (in general, the diisopropylamine should be 

added before the NBS). After 45 min following the NBS addition, the reaction mixture was 

allowed to warm to room temperature, and the flask was wrapped in aluminum foil to minimize 

light exposure. After a further 6.5 h, the reaction mixture was washed with 1 M aqueous 

hydrochloric acid (30 mL), and the resulting aqueous layer was extracted with ethyl acetate (3 × 

30 mL). The combined organic layers were washed with brine (30 mL), dried over sodium sulfate, 

filtered, and concentrated, affording beige solid. 1H NMR analysis showed a 9.7:1.0:2.1 ratio of 

ortho-, para-, and dibrominated products (76% ortho). 

The material was dissolved in dichloromethane and acetone and adsorbed onto Celite in 

vacuo. The product was partially purified by dry-column vacuum chromatography (9 cm tall, 3.3 

cm diameter column) with gradient elution from 95:5 to 50:50 hexanes/MTBE followed by 

isocratic elution at 50:50 hexanes/MTBE (for the gradient, eluent was added to the column in 20 
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Chapter 5 

Synthesis of C4-Modified Tetracyclines 
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Scheme 5.1. Michael-Claisen reactions of AB enones 7155 and 56156. 

 

Figure 5.2. C4-modified minocycline analogs synthesized by Sussman.156 

Notably, the C4 alcohol of Michael-Claisen product 59 underwent selective deprotection 

in good yield, affording intermediate 61 (Scheme 5.2).156 Subsequent functionalization and 

deprotection steps gave tetracycline 66.156 With this precedent, I envisioned that a deprotected C4 

alcohol could potentially serve as a versatile synthetic handle for further structural diversification 

at the C4 position.  
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reaction afforded product 137 in approximately the same yield as the cyclization using D-ring 

precursor 115 but did not occur as cleanly (more impurities in the product mixture from 116 were 

observed). Although the reaction of 116 could potentially have been further optimized, D-ring 

precursor 115 was chosen over 116 for larger-scale experiments for the sake of expediency. 

 

Scheme 5.4. Lithium-bromine exchange and Michael-Claisen cyclization of benzyl bromide 116 with enone 56. 

The brominated D-ring precursor 118 reacted with enone 56 to afford the corresponding 

cyclization product 141 in 52% yield (Scheme 5.5) under the conditions previously used with its 

non-brominated counterpart 115 (Scheme 5.3). In contrast, D-ring precursor 117 (Figure 5.3) did 

not react successfully under conditions previously used with the analogous benzyl-protected but 

nonbrominated D-ring precursor 114 (Scheme 5.3). (A highly complex product mixture was 

obtained, and no attempts were made to isolate any desired product possibly present.) Further work 

would be necessary to optimize the Michael-Claisen reaction of 117. Although brominated D-ring 

precursors 118 and 117 were not ultimately used for the synthesis of the fully deprotected 

tetracyclines reported in this chapter, these preliminary investigations provide a precedent for 

future efforts in this area and further highlight the variability in reaction outcome related to the 

structure of the D-ring precursor. 

 

Scheme 5.5. Michael-Claisen reaction of D-ring precursor 118 and the C4-oxygenated AB enone 56. 










































































































































































































































































































































































































































































































































































