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Abstract

HIV-1 integrase (IN) is a validated therapeutic target for the treatment of AIDS. However, the 

emergence of resistance to Raltegravir, the sole marketed FDA-approved IN inhibitor, emphasizes 

the need to develop second-generation inhibitors that retain efficacy against clinically-relevant IN 

mutants. We report herein bicyclic hydroxy-1H-pyrrolopyridine-triones as a new family of HIV-1 

integrase inhibitors that were efficiently prepared using a key “Pummerer cyclization 

deprotonation cycloaddition” cascade of imidosulfoxides. In in vitro HIV-1 integrase assays the 

analogues showed low micromolar inhibitory potencies with selectively for strand transfer 

reactions as compared with 3’-processing inhibition. A representative inhibitor (5e) retained most 

of its inhibitory potency against the three major raltegravir-resistance mutant IN enzymes, G140S/

Q148H, Y143R and N155H. In antiviral assays employing viral vectors coding these IN mutants, 

compound 5e was approximately 200-fold and 20-fold less affected than raltegravir against the 

G140S/Q148H and Y143R mutations, respectively. Against the N155H mutation 5e was 

approximately 10-fold less affected than raltegravir. Thus, our new compounds represent a novel 

structural class that may be further developed to overcome resistance to raltegravir, particularly in 

the case of the G140S/Q148H mutations.

Integrase (IN) catalyzes the incorporation of HIV-1 cDNA into host DNA in a process 

involving two sequential steps, 3’-processing (3’-P) and strand transfer (ST), (1, 2). In 2007 

Merck’s Isentress™ (MK-0518 or raltegravir) (1) (3–6) became the first marketed drug 

targeting HIV-1 IN (Figure 1). Raltegravir shares with many other potent IN inhibitors the 

ability to target ST reactions, at pharmacological concentrations where it does not affect the 

IN 3’-P step (6). Inhibitors of this class typically contain an array of heteroatoms that 

efficiently chelate the two divalent metal ions associated with three conserved acidic 

residues in the IN protein (Asp64, Asp116 and Glu152; the ‘DDE motif’) (7). The 

mechanism of ST inhibition has recently been clarified by X-ray co-crystal structures of 
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inhibitors bound to the IN of the prototype foamy virus (PFV) complexed with substrate 

DNA, which show that the inhibitors displace the processed dA of the 3’ end of the DNA, 

preventing ST and blocking integration of viral DNA (8, 9). This involves tight binding at 

the viral DNA-IN-Mg2+ interface (1, 2).

In response to the appearance of IN mutants that reduce IN sensitivity to raltegravir (10, 11), 

there is a strong need to develop “second-generation” ST inhibitors that are effective against 

raltegravir resistant mutants (7). For example, the bicyclic 2-pyridone-containing inhibitor 

MK-0536 (2) exhibits improved activity against raltegravir-resistant strains (12–14). 

Previously, we reported 4,5-dihydroxy-1H-isoindole-1,3(2H)-diones (3) as structurally 

simple, yet potent HIV-1 IN inhibitors (15, 16). However, the therapeutic utility of these 

compounds is limited by their cytotoxicity, which could potentially arise from the catechol 

functionality. More recently we prepared and tested tricyclic hydroxy-1H-pyrrolopyridine-

triones (4) as IN inhibitors. These compounds remove the catechol functionality by 

combining 3 with features of 2 (Figure 1) (17). However, although these compounds had the 

desired reduction in cytotoxicity, they suffered from a loss of IN inhibitory potency. It was 

unclear whether the observed potency reduction of inhibitor 4 is a feature inherent to their 

tricyclic scaffold and we wondered whether related bicylic structures might have improved 

potencies. Accordingly, the current study was undertaken with the objective of synthesizing 

and evaluating bicyclic hydroxy-1H-pyrrolopyridine-triones exemplified by 5 (Figure 1).

Methods and Materials

General synthetic
1H and 13C NMR data were obtained on a Varian 400 MHz spectrometer and are reported in 

ppm relative to TMS and referenced to the solvent in which the spectra were collected. 

Solvent was removed by rotary evaporation under reduced pressure and anhydrous solvents 

were obtained commercially and used without further drying. Purification by silica gel 

chromatography was performed using EtOAc–hexanes. Preparative high pressure liquid 

chromatography (HPLC) was conducted using a Waters Prep LC4000 system having 

photodiode array detection and Phenomenex C18 columns (250 mm × 21.2 mm, 10 μm 

particle size, 110 Å pore) at a flow rate of 10 mL/min. A binary solvent systems consisting 

of A = 0.1% aqueous TFA and B = 0.1% TFA in acetonitrile was employed with gradients as 

indicated. Products were obtained as amorphous solids following lyophilization. 

Electrospray ionization-mass spectra (ESI-MS) and atmospheric pressure chemical 

ionization-mass spectra (APCI-MS) were acquired using an Agilent LC/MSD system 

equipped with a multimode ion source. Matrix-assisted laser desorption/ionization (MALDI) 

mass spectra were acquired on a Shimadzu Biotech Axima-CFR time-of-flight instrument 

using α–cyano-4-hydroxycinnamic acid as matrix. High-resolution mass spectra (HRMS) 

were obtained from the UCR Mass Spectrometry Facility, University of California at 

Riverside.

2-(Ethylthio)-N-isopropylacetamide (6a): To 2-ethylthioacetic acid (40 mmol) in 

anhydrous dichloromethane (20 mL) was added DMF (0.1 mL) followed by oxalyl chloride 

(120 mmol), dropwise at 0 °C and the mixture was stirred at room temperature (2 h). The 
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mixture was concentrated under reduced pressure and then added dropwise to a solution of 

isopropylamine (40 mmol) in benzene (20 mL) with triethylamine (11 mL) at 0 °C and the 

resultant solution was allowed to come to ambient temperature with stirring (overnight). The 

mixture was partitioned between EtOAc and H2O and the organic phase was washed (brine) 

and dried (sodium sulfate) and take to dryness and the remaining residue was purified by 

silica gel column chromatography to provide 6a as a yellow solid (81% yield). 1H NMR 

(400 MHz, CDCl3) δ 6.69 (bs, 1H), 4.08 – 3.97 (m, 1H), 3.14 (s, 2H), 2.49 (q, J = 7.4 Hz, 

2H), 1.20 (t, J = 7.4 Hz, 3H), 1.12 (d, J = 6.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 
167.75, 41.54, 35.88, 26.96, 22.59 (2C), 14.40. APCI-MS m/z: 152.1 (M+H+), 323.1 (M2H
+).

2-(Ethylthio)-N-(4-methoxybenzyl)acetamide (6b): According to procedure reported 

above, 6b was obtained from 4-methoxybenzylamine as a solid in 14% yield. 1H NMR (400 

MHz, CDCl3) δ 7.18 (d, J = 8.4 Hz, 2H), 7.08 (bs, 1H), 6.83 (d, J = 8.4 Hz, 2H), 4.37 (d, J = 

5.7 Hz, 2H), 3.76 (s, 3H), 3.23 (s, 2H), 2.50 (q, J = 7.4 Hz, 2H), 1.20 (t, J = 7.4 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ 168.59, 159.04, 130.00, 129.04 (2C), 114.07 (2C), 55.25, 43.24, 

35.80, 27.04, 14.31. ESI-MS m/z: 240.10 (M+H+), 262.10 (M+Na+).

General Procedure A for the Synthesis of Ethylthioacetyl-containing Amides 
(7): Acyl chloride (37 mmol) was added to amide 6 (20 mmol) in benzene (5 mL) and the 

resultant solution was stirred at reflux (6 h). In cases where significant starting material 

remained (TLC), triethylamine (74.4 mmol) was added carefully and the mixture was 

refluxed (overnight). The reaction mixture was cooled to room temperature and extracted 

(EtOAc, 300 mL) the organic phase was washed (brine), dried (Na2SO4), taken to dryness 

and the residue was purified by silica gel column chromatography.

2-(2-(Ethylthio)-N-isopropylacetamido)-2-oxoethyl acetate (7a): According to 

General Procedure A, 7a was obtained from 6a and 2-chloro-2-oxoethyl acetate in 36% 

yield. 1H NMR (400 MHz, CDCl3) δ 4.87 (s, 2H), 4.12–4.05 (m, 1H), 3.44 (s, 2H), 2.62 (q, 

J = 7.4 Hz, 2H), 2.15 – 2.06 (m, 3H), 1.43 (d, J = 6.8 Hz, 6H), 1.26 (t, J = 7.4 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 172.72, 171.19, 170.53, 65.53, 51.14, 36.35, 26.42, 20.50, 20.16 

(2C), 14.22. ESI MS m/z: 262.10 (M+H+).

N-(2-(Ethylthio)acetyl)-N-isopropyl-3-methylbutanamide (7b): According to 

General Procedure A, 7b was obtained from 6a and 3-methylbutanoyl chloride in 38% yield. 
1H NMR (400 MHz, CDCl3) δ 4.15 – 4.05 (m, 1H), 3.54 (s, 2H), 2.54 (q, J = 7.4 Hz, 2H), 

2.38 (d, J = 6.9 Hz, 2H), 2.17–2.07 (m, 1H), 1.36 (d, J = 6.8 Hz, 6H), 1.19 (t, J = 7.4 Hz, 

3H), 0.91 (d, J = 6.6 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 176.67, 173.73, 49.89, 46.55, 

38.01, 26.35, 25.48, 22.50 (2C), 20.46 (2C), 14.28. APCI-MS m/z: 246.1 (M+H+).

Methyl 4-(2-(ethylthio)-N-isopropylacetamido)-4-oxobutanoate (7c): According to 

General Procedure A, 7c was obtained from 6a and methyl 4-chloro-4-oxobutanoate in 30% 

yield. 1H NMR (400 MHz, CDCl3) δ 4.19–4.09 (m, 1H), 3.62 (s, 3H), 3.54 (s, 2H), 2.85 (t, 

J = 7.2 Hz, 2H), 2.61 (t, J = 6.5 Hz, 2H), 2.57–2.52 (m, 2H), 1.37 (d, J = 6.8 Hz, 6H), 1.20 
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(t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 175.58, 173.0, 172.93, 51.77, 50.08, 

37.87, 32.82, 29.02, 26.33, 22.56, 20.37, 14.28. APCI-MS m/z: 276.1 (M+H+).

2-(2-(Ethylthio)-N-(4-methoxybenzyl)acetamido)-2-oxoethyl acetate 
(7d): According to General Procedure A, 7d was obtained from 6b and 2-chloro-2-oxoethyl 

acetate in 70% yield. 1H NMR (400 MHz, CDCl3) δ 7.05 (d, J = 8.8, 1H), 6.83 (d, J = 8.7, 

1H), 5.08 (s, 1H), 4.97 (s, 1H), 3.74 (s, 2H), 3.37 (s, 1H), 2.58 (q, J = 7.4 Hz, 1H), 2.14 (s, 

2H), 1.21 (t, J = 7.4 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 172.08, 170.94, 170.57, 

159.12, 127.94, 127.47 (2C), 114.42 (2C), 65.46, 55.25, 46.30, 35.85, 26.21, 20.50, 14.08. 

ESI-MS m/z: 362.1 (M+Na+).

General Procedure B for the Synthesis of Ethanesulfinylacetyl-containing 
Substrates (8): Compound 7 (20 mmol) in MeOH (10 mL) was added dropwise to a 

solution of sodium periodate (26 mmol) in MeOH : H2O (20 mL, 1 : 1) and the mixture was 

stirred at room temperature (2 h), then extracted (CHCl3) and the organic extracts were dried 

(Na2SO4) and taken to dryness to afford crude 8 as a colorless oil. This was either used 

directly or purified by silica gel column chromatography.

N-(2-(Ethylsulfinyl)acetyl)-N-isopropyl-3-methylbutanamide (8a): According to 

General Procedure B, 8a was obtained from 7a as a colorless oil in 63% yield. 1H NMR 

(400 MHz, CDCl3) δ 4.16–4.06 (m, 1H), 4.09 (d, J = 14.8 Hz, 1H), 3.90 (d, J = 14.7 Hz, 

1H), 2.89–2.80 (m, 1H), 2.76–2.67 (m, 1H), 2.36 (d, J = 6.8 Hz, 2H), 2.15–2.05 (m, 1H), 

1.36 (d, J = 6.8 Hz, 3H), 1.35 (d, J = 6.8 Hz, 3H), 1.28 (t, J = 7.5 Hz, 3H), 0.91 (d, J = 6.6 

Hz, 3H), 0.91 (d, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 176.67, 168.87, 61.20, 

50.32, 46.23, 45.88, 25.32, 22.45 (2C), 20.52, 20.21, 6.54. ESI-MS m/z: 262.1 (M+H+), 

284.1 (M+Na+).

2-(2-(Ethylsulfinyl)-N-isopropylacetamido)-2-oxoethyl acetate (8b): According to 

General Procedure B, 8b was obtained from 7b as a colorless oil in 74% yield. 1H NMR 

(400 MHz, CDCl3) δ 4.85 (dd, J = 17.8, 16.2 Hz, 2H), 4.13 – 4.06 (m, 1H), 3.99 (d, J = 

43.2, 14.6 Hz, 2H), 2.99 – 2.79 (m, 2H), 2.14 (s, 3H), 1.45 (dd, J = 6.8, 1.1 Hz, 6H), 1.36 (t, 

J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 170.81, 170.45, 168.49, 64.63, 58.86, 

50.91, 46.30, 20.42, 20.40, 20.23, 6.64. ESI-MS m/z: 278.10 (MH+); 300.10 (M+Na+).

Methyl 4-(2-(ethylsulfinyl)-N-isopropylacetamido)-4-oxobutanoate 
(8c): According to General Procedure B, 8c was obtained from 7c as a colorless oil in 61% 

yield. 1H NMR (400 MHz, CDCl3) δ 4.23–4.13 (m, 1H), 4.09 (d, J = 14.7 Hz, 1H), 3.95 (d, 

J = 14.7 Hz, 1H), 3.63 (s, 3H), 2.90 – 2.70 (m, 4H), 2.64–2.61 (m, 2H), 1.40 (d, J = 6.8 Hz, 

3H), 1.39 (d, J = 6.8 Hz, 3H), 1.29 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
175.78, 172.72, 168.63, 60.62, 51.90, 50.41, 46.12, 32.09, 28.82, 20.39, 20.20, 6.57. APCI-

MS m/z: 292.1 (M+H+).

2-(2-(Ethylsulfinyl)-N-(4-methoxybenzyl)acetamido)-2-oxoethyl acetate 
(8d): According to General Procedure B, 8d was obtained from 7d as a colorless oil in 53% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.06 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 4.98 

(d, J = 2.3 Hz, 2H), 5.03 – 4.85 (m, 4H), 3.93 (dd, J = 31.8, 14.7 Hz, 2H), 3.73 (s, 3H), 2.86 
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(dq, J = 13.2, 7.5 Hz, 1H), 2.73 (dq, J = 13.2, 7.4 Hz, 1H), 2.12 (s, 3H), 1.27 (t, J = 7.5 Hz, 

3H). 13C NMR (100 MHz, CDCl3) δ 170.53, 170.44, 168.56, 159.30, 127.61 (2C), 127.11, 

114.58 (2C), 64.85, 58.03, 55.26, 46.34, 46.25, 20.40, 6.43. ESI-MS m/z: 356.1 (M+H+), 

378.1 (M+Na+), 711.2 (M2H+), 733.2 (M2Na+).

General Procedure C for the [3+2] Cycloaddition-mediated Synthesis of 
Products 10: To a refluxing solution of acetic anhydride (15 mmol), and N-(3-chloro-4-

flourobenzyl)maleimide 9 (1.5 mmol) (17) and p-toluenesulfonic acid (2 mg) in toluene (20 

mL) was added dropwise, a solution of ethanesulfinylacetyl-containing substrate 8 (1.5 

mmol) in toluene (2 mL) and the mixture was stirred at reflux (1 h). The mixture was then 

concentrated and purified by silica gel column chromatography.

2-(3-Chloro-4-fluorobenzyl)-7-(ethylthio)-4,5-dimethyltetrahydro-1H-4,7-
epoxypyrrolo[3,4-c]pyridine-1,3,6(2H,3aH)-trione (10a): Reaction of N-acetyl-2-

ethanesulfinyl-N-methylacetamide [prepared from N-methylacetamide (6a)] (18) and N-(3-

chloro-4-flourobenzyl)maleimide (9) (17) according to General Procedure C, provided 10a 
in 37% yield. 1H NMR (400 MHz, CDCl3) δ 7.32 (dd, J = 6.9, 2.2 Hz, 1H), 7.16–7.12 (m, 

1H), 7.00 (t, J = 8.7 Hz, 1H), 4.53 (q, J = 14.5 Hz, 2H), 3.17 (dd, J = 16.4, 6.7 Hz, 2H), 2.78 

(s, 3H), 2.71 (q, J = 7.5 Hz, 2H), 1.71 (s, 3H), 1.20 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 172.37, 171.17, 169.50, 158.71 (d, J = 247.9 Hz), 131.98 (d, J = 4.6 Hz), 130.57, 

128.24 (d, J = 6.9 Hz), 121.09 (d, J = 18.3 Hz), 116.74 (d, J = 21.4 Hz), 94.92, 94.61, 53.35, 

49.97, 41.65, 25.76, 24.20, 15.29, 14.67. APCI-MS m/z: 413.0 (M+H+).

2-(3-Chloro-4-fluorobenzyl)-7-(ethylthio)-4-methyl-5-phenyltetrahydro-1H-4,7-
epoxypyrrolo[3,4-c]pyridine-1,3,6(2H,3aH)-trione (10b): Reaction of N-Icetyl-2-

ethanesulfinyl-N-phenylacetamide [prepared from N-phenylacetamide (6b)] (18) and N-(3-

chloro-4-flourobenzyl)maleimide (9) (17) according to General Procedure C, provided 10b 
in 41% yield. 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.30 (m, 5H), 7.20 – 7.17 (m, 1H), 7.14 

– 7.11 (m, 1H), 7.06 – 7.01 (m, 1H), 4.59 (q, J = 14.5 Hz, 2H), 3.56 (d, J = 6.7 Hz, 1H), 3.39 

(d, J = 6.7 Hz, 1H), 2.85 (q, J = 7.5 Hz, 2H), 1.76 (s, 3H), 1.29 (t, J = 7.5 Hz, 3H). 13C NMR 

(101 MHz, CDCl3) δ 172.26, 171.04, 168.26, 157.25 (d, J = 248.0 Hz, 1C), 133.74, 131.96 

(d, J = 4.6 Hz, 1C), 130.60, 129.70 (2C), 128.28 (d, J = 6.9 Hz, 1C), 128.11, 125.47 (2C), 

121.16 (d, J = 17.6 Hz, 1C), 116.74 (d, J = 20.4 Hz, 1C), 96.54, 94.73, 54.89, 49.71, 41.72, 

24.25, 16.57, 14.68. APCI-MS m/z: 475.0 (M+H+).

2-(3-Chloro-4-fluorobenzyl)-7-(ethylthio)-4-isobutyl-5-
isopropyltetrahydro-1H-4,7-epoxypyrrolo[3,4-c]pyridine-1,3,6(2H,3aH)-trione 
(10c): Reaction of 8a and N-(3-chloro-4-flourobenzyl)maleimide (9) (17) according to 

General Procedure C, provided 10c in 82% yield. 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J 
= 6.9, 2.2 Hz, 1H), 7.14–7.10 (m, 1H), 6.98 (t, J = 8.7 Hz, 1H), 4.53 (q, J = 14.6 Hz, 2H), 

3.49–3.39 (m, 1H), 3.23 (d, J = 6.6 Hz, 1H), 3.11 (d, J = 6.6 Hz, 1H), 2.75 – 2.65 (m, 2H), 

2.10–2.06 (m, 1H), 1.89–1.83 (m, 1H), 1.79–1.69 (m, 1H), 1.43 (d, J = 6.9 Hz, 3H), 1.22 (d, 

J = 6.6 Hz, 3H), 1.20 (t, J = 7.5 Hz, 3H), 0.94 (d, J = 6.7 Hz, 3H), 0.91 (d, J = 6.4 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 172.41, 171.19, 169.21, 157.63 (d, J = 248.7 Hz), 132.03 

(d, J = 3.8 Hz), 130.25, 128.06 (d, J = 7.6 Hz), 121.08 (d, J = 18.3 Hz), 116.67 (d, J = 21.3 

Zhao et al. Page 5

Chem Biol Drug Des. Author manuscript; available in PMC 2019 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hz), 98.48, 94.27, 56.28, 49.19, 46.25, 41.47, 36.47, 24.43, 24.08, 23.97, 22.95, 21.14, 

18.05, 14.78. ESI-MS m/z: 483.10 (M+H+).

(2-(3-Chloro-4-fluorobenzyl)-7-(ethylthio)-5-isopropyl-1,3,6-
trioxooctahydro-1H-4,7-epoxypyrrolo[3,4-c]pyridin-4-yl)methyl acetate 
(10d): Reaction of 8b and N-(3-chloro-4-flourobenzyl)maleimide (9) (17) according to 

General Procedure C, provided 10d in 64% yield. 1H NMR (400 MHz, CDCl3) δ 7.33 (dd, J 
= 6.9, 2.2 Hz, 1H), 7.17–7.14 (m, 1H), 7.02 (t, J = 8.7 Hz, 1H), 4.67 (d, J = 13.8 Hz, 1H), 

4.59 – 4.50 (m, 3H), 3.73–3.62 (m, 1H), 3.45 (d, J = 6.7 Hz, 1H), 3.22 (d, J = 6.7 Hz, 1H), 

2.82 – 2.69 (m, 2H), 2.08 (s, 3H), 1.40 (d, J = 6.9 Hz, 3H), 1.29 (d, J = 6.7 Hz, 3H), 1.22 (t, 

J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.49, 170.82, 169.41, 168.15, 157.80 (d, 

J = 248.7 Hz), 131.78 (d, J = 3.9 Hz), 130.72, 128.39 (d, J = 7.6 Hz), 121.18 (d, J = 17.6 

Hz), 116.78 (d, J = 21.4 Hz), 95.16, 94.96, 59.39, 54.75, 48.98, 46.51, 41.6, 24.0, 20.92, 

20.49, 18.77, 14.63. ESI-MS m/z: 499.20 (MH+), 521.20 (M+Na+).

Methyl 3-(2-(3-chloro-4-fluorobenzyl)-7-(ethylthio)-5-isopropyl-1,3,6-
trioxooctahydro-1H-4,7-epoxypyrrolo[3,4-c]pyridin-4-yl)propanoate 
(10e): Reaction of 8c and N-(3-chloro-4-flourobenzyl)maleimide (9) (17) according to 

General Procedure C, provided 10e in 69% yield. 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J 
= 6.9, 2.2 Hz, 1H), 7.14–7.10 (m, 1H), 6.98 (t, J = 8.7 Hz, 1H), 4.51 (q, J = 14.5 Hz, 2H), 

3.59 (s, 3H), 3.55 – 3.48 (m, 1H), 3.32 (d, J = 6.7 Hz, 1H), 3.16 (d, J = 6.7 Hz, 1H), 2.74 – 

2.60 (m, 2H), 2.56 – 2.37 (m, 3H), 2.33–2.26 (m, 1H), 1.40 (d, J = 6.9 Hz, 3H), 1.22 (d, J = 

6.6 Hz, 3H), 1.16 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 172.13 (2C), 171.03, 

169.04, 157.67 (d, J = 248.7 Hz), 131.93 (d, J = 3.9 Hz), 130.52, 128.30 (d, J = 7.6 Hz), 

121.02 (d, J = 18.3 Hz), 116.75 (d, J = 21.4 Hz), 97.21, 94.20, 55.37, 51.92, 49.66, 46.00, 

41.60, 27.91, 24.00, 23.38, 21.30, 18.29, 14.84. ESI-MS m/z: 513.10 (M+H+), 535.10 (M

+Na+).

(2-(3-Chloro-4-fluorobenzyl)-7-(ethylthio)-5-(4-methoxybenzyl)-1,3,6-
trioxooctahydro-1H-4,7-epoxypyrrolo[3,4-c]pyridin-4-yl)methyl acetate 
(10f): Reaction of 8d and N-(3-chloro-4-flourobenzyl)maleimide (9) (17) according to 

General Procedure C, provided 10f in 39% yield. 1H NMR (400 MHz, CDCl3) δ 7.31 (dd, J 
= 6.9, 2.2 Hz, 1H), 7.18 (d, J = 8.6 Hz, 2H), 7.14–7.11 (m, 1H), 7.00 (t, J = 8.7 Hz, 1H), 

6.81 (d, J = 8.7 Hz, 2H), 4.80(d, J = 15.1Hz, 1H), 4.67 (d, J = 13.7 Hz, 1H), 4.52 (d, J = 13.7 

Hz, 1H), 4.49 (s, 2H), 4.15 (d, J = 15.1 Hz, 2H), 3.77–3.71 (m, 4H), 3.06 (dd, J = 6.7, 0.7Hz, 

1H), 2.81 (q, J = 7.5 Hz, 2H), 2.76 (d, J = 6.7 Hz, 1H), 2.05 (s, 3H), 1.25 (t, J = 7.5 Hz, 3H). 
13C NMR (101 MHz, cdcl3) δ 171.40, 170.60, 169.48, 168.91, 159.66, 157.79 (d, J = 249.8 

Hz), 131.67 (d, J = 4.1 Hz), 130.79, 129.45 (2C), 128.43 (d, J = 7.4 Hz), 126.95, 121.16 (d, J 
= 17.8 Hz), 116.74 (d, J = 21.4 Hz), 114.57, 114.11, 95.31, 94.54, 59.00, 55.23, 53.98, 

49.07, 44.03, 41.74, 24.29, 20.51, 14.70. ESI-MS m/z: 577.1 (M+H+), 599.1 (M+Na+).

General Procedure D for Oxide Bridge Cleavage to Form Products (5): To a 

solution of the cycloadducts 10 (0.1 mmol) in anhydrous dichloromethane (4 mL) was added 

borontrifluoride etherate (50 μL, 0.4 mmol) at room temperature (19). The mixture was 

heated at reflux until the disappearance of starting material as indicated by TLC. The 
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reaction was then quenched by the addition of brine (15 mL), extracted with CHCl3 (3 × 40 

mL) and the combined organic phase was dried (Na2SO4), concentrated and purified by 

preparative HPLC.

2-(3-Chloro-4-fluorobenzyl)-7-hydroxy-4,5-dimethyl-1H-pyrrolo[3,4-
c]pyridine-1,3,6(2H,5H)-trione (5a): Treatment of cycloadduct 10a according to 

General Procedure D and purification by preparative HPLC (as indicated in the General 

Synthetic Procedures using a 00G-4435-E0 column with a linear gradient of 60% B to 90% 

B over 30 minutes; retention time = 18.2 minutes) afforded product 5a as a white solid. 1H 

NMR (400 MHz, DMSO-d6) δ 11.06 (s, 1H), 7.49 (dd, J = 7.2, 2.1 Hz, 1H), 7.37 (t, J = 9.0 

Hz, 1H), 7.30 – 7.26 (m, 1H), 4.67 (s, 2H), 3.51 (s, 3H), 2.68 (s, 3H). 13C NMR (101 MHz, 

DMSO-d6) δ 166.01, 164.19, 160.25, 156.38 (d, J = 246.2 Hz), 141.91, 140.16, 134.54 (d, J 
= 3.8 Hz), 129.51, 128.12 (d, J = 7.6 Hz), 119.27 (d, J = 17.7 Hz), 116.90 (d, J = 21.0 Hz), 

111.54, 104.20, 39.21, 31.21, 14.40. MALDI-MS m/z: 349.64 (M-H). HRMS calcd for 

C16H13N2O4FCl [M+H+]: 351.0542. Found: 351.0542.

2-(3-Chloro-4-fluorobenzyl)-7-hydroxy-4-methyl-5-phenyl-1H-pyrrolo[3,4-
c]pyridine-1,3,6(2H,5H)-trione (5b): Treatment of cycloadduct 10b according to 

General Procedure D and purification by preparative HPLC (as indicated in the General 

Synthetic Procedures using a 00G-4435-E0 column with a linear gradient of 50% B to 60% 

B over 30 minutes; retention time = 23.6 minutes) afforded product 5b as a white solid. 1H 

NMR (400 MHz, DMSO-d6) δ 11.28 (bs, 1H), 7.61–7.55 (m, 3H), 7.53 – 7.50 (m, 1H), 7.42 

– 7.35 (m, 3H), 7.32 – 7.29 (m, 1H), 4.71 (s, 2H), 2.20 (s, 3H). 13C NMR (101 MHz, 

DMSO-d6) δ 166.42, 164.67, 161.07, 156.95 (d, J = 244.9 Hz), 143.65, 139.98, 137.57, 

135.07 (d, J = 3.8 Hz), 130.15, 130.12 (d, J = 5.3 Hz), 130.09, 129.64, 128.72 (d, J = 7.5 

Hz), 128.51 (2C), 119.83 (d, J = 18.3 Hz), 117.48 (d, J = 21.4 Hz), 112.37, 105.13, 40.06, 

16.12. MALDI-MS m/z: 411.39 (M-H); HRMS calcd for C21H15N2O4FCl [MH+]: 

413.0699. Found: 413.0705.

2-(3-Chloro-4-fluorobenzyl)-7-hydroxy-4-isobutyl-5-isopropyl-1H-pyrrolo[3,4-
c]pyridine-1,3,6(2H,5H)-trione (5c): Treatment of cycloadduct 10c according to General 

Procedure D and purification by preparative HPLC (as indicated in the General Synthetic 

Procedures using a 00G-4435-E0 column with a linear gradient of 50% B to 60% B over 30 

minutes; retention time = 29.0 minutes) afforded product 5c as a white solid. 1H NMR (400 

MHz, DMSO-d6) δ 10.91 (bs, 1H), 7.43 (dd, J = 7.1, 2.2 Hz, 1H), 7.32 (t, J = 8.6 Hz, 1H), 

7.24 – 7.20 (m, 1H), 4.62 (s, 2H), 4.56–4.50 (m, 1H), 3.12 (bs, 2H), 1.85–1.78 (m, 1H), 1.48 

(d, J = 6.6 Hz, 6H), 0.88 (d, J = 5.7 Hz, 6H). 13C NMR (101 MHz, DMSO-d6) δ 166.69, 

164.49, 161.12, 156.88 (d, J = 246.2 Hz), 143.50, 142.57, 135.08 (d, J = 3.8 Hz), 129.97, 

128.56 (d, J = 7.5 Hz), 119.79 (d, J = 17.9 Hz), 117.41 (d, J = 21.1 Hz), 111.31, 106.29, 

51.35, 40.03, 35.04, 28.46(2C), 19.40(3C). MALDI-MS m/z: 419.50 (M-H). HRMS calcd 

for C21H23N2O4FCl [M+H+]: 421.1325. Found: 421.1335.

(2-(3-Chloro-4-fluorobenzyl)-7-hydroxy-5-isopropyl-1,3,6-trioxo-2,3,5,6-
tetrahydro-1H-pyrrolo[3,4-c]pyridin-4-yl)methyl acetate (5d): Treatment of 

cycloadduct 10d according to General Procedure D and purification by preparative HPLC 
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(as indicated in the General Synthetic Procedures using a 00G-4435-E0 column with a linear 

gradient of 30% B to 80% B over 30 minutes; retention time = 19.5 minutes) afforded 

product 5d as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 2.2, 7.0 Hz, 1H), 

7.30 – 7.26 (m, 1H), 7.03 (t, J = 8.7 Hz, 1H), 5.64 (s, 2H), 4.69 (s, 2H), 4.39–4.36 (m, 1H), 

2.09 (s, 3H), 1.58 (d, J = 6.8 Hz, 6H). ESI-MS m/z: 437.1 (MH+). HRMS calcd for 

C20H19N2O6FCl [M+H+]: 437.0910. Found: 437.0898.

Methyl 3-(2-(3-chloro-4-fluorobenzyl)-7-hydroxy-5-isopropyl-1,3,6-
trioxo-2,3,5,6-tetrahydro-1H-pyrrolo[3,4-c]pyridin-4-yl)propanoate 
(5e): Treatment of cycloadduct 10e according to General Procedure D and purification by 

preparative HPLC (as indicated in the General Synthetic Procedures using a 00G-4435-E0 

column with a linear gradient of 30% B to 70% B over 30 minutes; retention time = 28.3 

minutes) afforded product 5e as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.43 (dd, J = 

7.0, 2.1 Hz, 1H), 7.29 – 7.25 (m, 1H), 7.03 (t, J = 8.7 Hz, 1H), 4.68 (s, 2H), 4.50 (bs, 1H), 

3.70 (s, 3H), 3.53 (t, J = 8.0 Hz, 2H), 2.57 (t, J = 8.0 Hz, 2H),, 1.60 (d, J = 6.8 Hz, 6H). 13C 

NMR (101 MHz, CDCl3) δ 171.40, 165.70, 164.08, 161.00, 157.73 (d, J = 249.4 Hz), 

141.80, 140.92, 133.01 (d, J = 4.0 Hz), 131.09, 128.82 (d, J = 7.4 Hz), 121.09 (d, J = 17.9 

Hz), 116.65 (d, J = 21.2 Hz), 110.84, 106.50, 77.16, 52.20, 51.98, 40.62, 32.76, 23.04, 

19.12. MALDI-MS m/z: 449.35 (M-H). HRMS calcd for C21H21N2O6FCl [M+H+]: 

451.1067. Found: 451.1071.

(2-(3-Chloro-4-fluorobenzyl)-7-hydroxy-1,3,6-trioxo-2,3,5,6-tetrahydro-1H-
pyrrolo[3,4-c]pyridin-4-yl)methyl acetate (5f) and 2-(3-Chloro-4-fluorobenzyl)-7-
hydroxy-4-(hydroxymethyl)-1H-pyrrolo[3,4-c]pyridine-1,3,6(2H,5H)-trione 
(5g): Treatment of cycloadduct 10f according to General Procedure D and purification by 

preparative HPLC (as indicated in the General Synthetic Procedures using a 00G-4436-P0-

AX column with a linear gradient of 40% B to 60% B over 30 minutes; retention time = 19.3 

minutes for 5f and 13.8 minutes for 5g) afforded products 5f and 5g as a white solids: (5f): 
1H NMR (400 MHz, DMSO-d6) δ 12.55 (s, 1H), 11.54 (s, 1H), 7.46 (dd, J = 7.1, 2.1 Hz, 

1H), 7.36 – 7.29 (m, 1H), 7.26–7.22 (m, 1H), 5.14 (s, 5H), 4.61 (s, 5H), 2.02 (s, 7H). 13C 

NMR (100 MHz, DMSO-d6) δ 170.28, 165.38, 164.75, 160.83, 156.93 (d, J = 246.2 Hz), 

145.79, 134.87 (d, J = 3.9 Hz), 133.30, 130.13, 128.76 (d, J = 7.6 Hz), 119.80 (d, J = 17.8 

Hz), 117.41 (d, J = 21.0 Hz), 112.62, 106.97, 57.79, 39.94, 20.90. ESI-MS (+Ve) m/z: 395.0 

(M+H+); ESI-MS (-Ve) m/z: 393.0 (M-H). (5g): 1H NMR (400 MHz, DMSO-d6) δ 12.10 (s, 

1H), 11.26 (bs, 1H), 7.45 (dd, J = 7.1, 2.2 Hz, 1H), 7.33 (t, J = 8.6 Hz, 1H), 7.25 – 7.21 (m, 

1H), 5.38 (t, J = 5.8 Hz, 1H), 4.62 (d, J = 5.6 Hz, 2H), 4.61 (s, 2H). 13C NMR (101 MHz, 

DMSO-d6) δ 165.62, 164.94, 160.88, 156.91 (d, J = 246.3 Hz), 135.02 (d, J = 3.8 Hz), 

130.10, 128.71 (d, J = 7.5 Hz), 119.79 (d, J = 17.8 Hz), 117.41 (d, J = 21.0 Hz), 55.62, 

39.94. ESI-MS (+Ve) m/z: 353.0 (M+H+); ESI-MS (-Ve) m/z: 351.0 (M-H).

In Vitro Integrase Catalytic Assays

Expression and purification of the recombinant IN in Escherichia coli were performed as 

previously reported (10, 13, 20). Preparation of oligonucleotide substrates has been 

described (10). Integrase reactions were performed in 10 μL with 400 nM of recombinant 

IN, 20 nM of 5’-end [32P]-labeled oligonucleotide substrate and inhibitors at various 
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concentrations. Reactions containing 10% DMSO were used as controls. Reactions were 

incubated at 37 °C (60 minutes) in buffer containing 50 mM MOPS, pH 7.2, 7.5 mM MgCl2, 

and 14.3 mM 2-mercaptoethanol. Reactions were terminated by addition of 10 μL of loading 

dye (10 mM EDTA, 98% deionized formamide, 0.025% xylene cyanol and 0.025% 

bromophenol blue). Reactions were then subjected to electrophoresis in 20% 

polyacrylamide–7 M urea gels. Gels were dried and reaction products were visualized and 

quantified with a Typhoon 8600 (GE Healthcare, Little Chalfont, Buckinghamshire, UK). 

Densitometric analyses were performed using ImageQuant from Molecular Dynamics Inc. 

The concentrations at which enzyme activity was reduced by 50% (IC50) were determined 

using “Prism” software (GraphPad Software, San Diego, CA) for nonlinear regression to fit 

dose-response data to logistic curve models.

Cellular Cytotoxicity

The human osteosarcoma cell line, HOS, was obtained from Dr. Richard Schwartz 

(Michigan State University, East Lansing, MI) and grown in Dulbecco’s modified Eagle’s 

medium (Invitrogen, Carlsbad, CA) supplemented with 5% (v/v) fetal bovine serum, 5% 

newborn calf serum, and penicillin (50 units/mL) plus streptomycin (50 μg/mL; Quality 

Biological, Gaithersburg, MD). On the day prior to the screen, HOS cells were seeded in a 

96-well luminescence cell culture plate at a density of 4000 cells in 100 μL per well. On the 

day of the screen, cells were treated with compounds at the appropriate concentration range 

chosen and incubated at 37 °C for 48 hrs. Cytotoxicity was measured by monitoring ATP 

levels using a luciferase reporter assay. Cells were lysed in 50 μL cell lysis buffer 

(PerkinElmer, Waltham, MA) and shaken at 700 rpm at room temperature for 5 minutes. 

After the addition of 50 μL of ATPlite buffer (PerkinElmer) directly onto the lysed cells and 

shaking at 700 rpm at room temperature for 5 minutes, ATP levels were monitored by 

measuring luciferase activity using a microplate reader. Activity was normalized to 

cytotoxicity in the absence of target compounds. KaleidaGraph (Synergy Software, Reading, 

PA) was used to perform regression analysis on the data. CC50 values were determined from 

the fit model.

Vector Constructs

pNLNgoMIVR−ΔEnv.LUC has been described previously (15). The integrase codon reading 

frame was removed from pNLNgoMIVR−ΔEnv.LUC (between KpnI and SalI sites) and 

placed between the KpnI and SalI sites of pBluescript II KS+. Using this construct as the 

wild-type template, the following HIV-1 integrase-resistant mutants were prepared via the 

QuikChange II XL (Stratagene, La Jolla, CA) site-directed mutagenesis protocol: Y143R, 

N155H, and G140S/Q148H. The following sense with cognate antisense (not shown) 

oligonucleotides (Integrated DNA Technologies, Coralville, IA) were used in the 

mutagenesis: Y143R, 5’-

GCAGGAATTTGGCATTCCCCGCAATCCCCAAAGTCAAGGA-3’; N155H, 5’-

CCAAAGTCAAGGAGTAATAGAATCTATGCATAAAGAATTAAAGAAAATTATAGGAC

A-3’; G140S, 5’-GGGGATCAAGCAGGAATTTAGCATTCCCTACAATC-3’; Q148H, 5’-

CATTCCCTACAATCCCCAAAGTCATGGAGTAATAGAATCTA-3’. The double mutation 

G140S/Q148H was constructed by using the previously generated Q148H mutant and the 

appropriate oligonucleotides for the second mutation, G140S. The DNA sequence of each 
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construct was verified independently by DNA sequence determination. The mutant integrase 

coding sequences from pBluescript II KS+ were then subcloned into pNLNgoMIVR
−ΔEnv.LUC (between the KpnI and SalI sites) to produce the full-length mutant HIV-1 

integrase constructs. These DNA sequences were additionally checked independently by 

DNA sequence determination.

Results and Discussion

Chemistry

Synthesis of the target analogues 5 (Scheme 1) relied on the “Pummerer cyclization 

deprotonation cycloaddition” cascade of imidosulfoxides (18, 21), similar to what we had 

previously employed for the preparation of tricyclic hydroxy-1H-pyrrolopyridine-triones (4, 

Figure 1) (17). A distinguishing feature in the current approach was the use of open-chain 

amide starting materials (6) rather than cyclic lactams. This allowed the synthesis of bicyclic 

rather than tricyclic products. Acylation of the open-chain amides gave the ethylthio-

containing imides (7), which were oxidized to provide the corresponding imidosulfoxides (8, 
Scheme 1). Treatment of the latter compounds with acetic anhydride in the presence of N-

(3-chloro-4-fluorobenzyl)maleimide (9) and a catalytic quantity of p-toluenesulfonic acid, 

gave the intermediate oxide-bridged cycloadducts (10). Refluxing 10 with boron trifluoride 

diethyl etherate in dichloromethane, yielded the corresponding bicyclic products, thereby 

completing a facile four-step synthesis of 5 (Scheme 1).

Evaluation of Integrase Inhibitory Potencies

Analogues 5 were evaluated in biochemical IN assays that measure inhibitory potencies 

(IC50 values) against both the 3’-P and ST reactions (Table 1) (15). The potencies of the new 

compounds were similar to what we found for the original tricyclic series 4 (for example, 4a 
IC50 = 9 μM, Table 1) (15): All new compounds had IC50 values for the ST reactions in the 

low micromolar range (6 μM – 22 μM) with good selectively for ST reactions relative to the 

3’-P reactions (IC50 > 111 μM). In general, we observed few differences in ST inhibitory 

potencies, in spite of the fact that the R1 and R2 groups varied considerably in size and 

composition.

Evaluation against Raltegravir Resistant IN Mutants in in vitro Assays

Mutant forms of IN that show reduced sensitivity to raltegravir in in vitro assays have been 

identified in patient viruses that have develop resistance to raltegravir (22). In order to test 

the susceptibility of the bicyclic hydroxy-1H-pyrrolopyridine-triones to some of the known 

resistance mutants, in vitro assays were performed against a panel of enzymes that included 

the wild-type (WT) IN and the three key mutant forms G140S/Q148H, Y143R and N155H 

(Table 2) (13, 22). Assays were run using pre-cleaved (3’-processed) DNA with Mg2+ as the 

metal cofactor. Although none of the new compounds was as potent against WT IN as 

raltegravir, the inhibitory potency of 5e was less susceptible than raltegravir to the effects of 

these mutations. For example, while raltegravir was approximately 26-fold less potent 

against the Y143R mutant than WT, inhibitor 5e showed a smaller loss of potency (2-fold) 

(Table 2). Although interpreting this data should be done based on the understanding that the 

binding of 5e is suboptimal, the reduced sensitivity to the effects of the Y143R mutation are 
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consistent with the X-ray crystal structure of the homologous prototype foamy virus (PFV) 

integrase in complex with raltegravir (Figure 2A) (8, 23, 24). Most structurally important 

features of the IN active site are shared by the PFV IN (25). These data show that Y212 

(equivalent to Y143 in HIV-1 IN) interacts with an oxadiazole ring in raltegravir, which is in 

a position equivalent to the R2-group in 5e. In contrast to the oxadiazole ring in raltegravir, 

the 3-(methyl propanoate) R2-group in 5e with the Y143 residue in a way that contributes 

significantly to overall binding affinity of 5e, and for this reason, mutations at Y143 have a 

minimal impact on the potency of this compound.

The G140S/Q148H double mutant caused approximately a 100–fold reduction in the 

potency of raltegravir. In contrast 5e was only 12–fold less potent (Table 3). The Q148 

residue in HIV-1 IN corresponds to S217 in PFV IN, where it is situated on a 310 helix with 

its side chain directed between the catalytically essential residues D185 and E221 (Figure 

2A) (23, 25). Binding of inhibitors to PFV IN bearing the S217H mutation, requires 

energetically unfavorable movement of the protein backbone to accommodate the His side 

chain. Similar steric considerations may contribute to a loss of potency by ST inhibitors 

against the Q148H mutation in HIV-1 IN. Overlaying 5a, a bicyclic hydroxy-1H-

pyrrolopyridine-trione inhibitor, onto PFV-bound raltegravir shows that there would be 

differences in the interactions of the critical halobenzyl rings with the region proximal to 

S217 of PFV IN and Q148 of HIV IN. These differences in the interactions of the two 

compounds arise from variations in torsion angles associated with the respective 

benzylamide carbonyl groups, and which can be attributed to conformational rigidy in the 

bicyclic hydroxy-1H-pyrrolopyridine-trione nucleus not found in raltegravir (Figure 2B). In 

addition, the metal-dependency data (Table 2) suggets that there are subtle differences in the 

way raltegravir and 5e interact with the catalytic divalent ions. It is possible that the G140S/

Q148H mutant alters inhibitor – metal binding, and that such alteration is less deleterious for 

5e.

Modeling studies on IN have also suggested that introduction of conformational rigidity into 

an inhibitor may lessen deleterious effects of the G140S/Q148H mutations (26). As 

indicated above, this is supported by our current work, where conformational restriction was 

a key design feature in our original 4,5-dihydroxy-1H-isoindole-1,3(2H)-diones (3) (15, 16) 

that was carried over into the hydroxy-1H-pyrrolopyridine-triones (4 and 5) (17). Inhibitor 

5e was also approximately 2–fold less sensitive to the effects of the N155H mutation than 

raltegravir (7–fold loss versus 4–fold loss, respectively) (Table 3). As with the G140S/

Q148H mutation, this difference in sensitivity may be related to interactions of raltegravir 

and 5e with the metal ions at the active site. This idea is supported by observations that the 

resistance to raltegravir imparted by the N155H mutation arises from perturbations related to 

the divalent metal ions and to direct raltegravir – enzyme contacts (27). N224 in PFV 

integrase (which corresponds to N155 in HIV-1 IN) lies in an α-helix proximal to the 

divalent metal ions (Figure 2A). The histidine imidazole ring of the N224H mutant shifts the 

catalytic D128 and E221 carboxylates. It also causes movement of the DNA backbone by 

interacting with the phosphate group of the 3’-adenosine. Disrupting of these His-phosphate 

interactions incurred by inhibitor binding may be energetically unfavorable (23).
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Evaluation against HIV-1 Vectors for Raltegravir Resistant IN Mutants in Cellular Assays

To complement the biochemical data, HIV-1 vectors replicating the resistant IN mutants 

G140S/Q148H, Y143R and N155H were expressed in cultured cells and the cytoprotecive 

effects of raltegravir (1), MK-0536 (2) and 5e were evaluated (Table 4). A key rationale in 

the design of both 4 and 5 was to reduce cytotoxicity by removing the catechol functionality. 

This was accomplished by introducing a nitrogen into the parent 4,5-dihydroxy-1H-

isoindole-1,3(2H)-diones (3). As shown in Table 4, the cytotoxicity of 5e (CC50 = 392 μM) 

is approximately 70–fold lower than the related catechol-containing analogue 3 (CC50 = 5.4 

μM). Consistent with the in vitro data for the raltegravir-resistant IN mutants (Table 2), 

Raltegravir showed a greater than 400 – fold loss of antiviral efficacy against the vector 

carrying the G140S/Q148H double mutant as compared to the WT (Table 3). The second-

generation IN inhibitor MK-0536 (2) showed a 5–fold loss of antiviral efficacy for this 

double mutant. In contrast, inhibitor 5e displayed only a 2–fold loss of potency against the 

G140S/Q148H mutant vector, thereby making it approximately 200–fold and 3–fold less 

susceptible, respectively, to the effects of this double mutant. Similarly, consistent with the 

in vitro data shown in Table 3, analogue 5e had loss of potency approximately 20–fold lower 

than raltegravir against vectors that individually carry the Y143R (approximately 40–fold 

loss for raltegravir and 2–fold loss for 5e) and 13–fold lower for N155H mutations (38–fold 

loss for Raltegravir and 3–fold loss for 5e).

Conclusions

We previously incorporated a 2(1H)-pyridone functionality into the catechol-based 1H-

isoindole-1,3(2H)-dione-based analogues (3), which resulted in tricyclic hydroxy-

pyrrolopyridine trione inhibitors (4) that exhibited significantly lower cytotoxicity than the 

parent compounds. In the current work we have applied “Pummerer cyclization 

deprotonation cycloaddition” cascades of imidosulfoxides to prepare bicyclic variants (5). 

These newly developed analogues maintain good selectivity for ST reactions as compared to 

the 3’-P reactions and exhibit reduced cytotoxicities relative to the parent catechol-

containing compounds (3). In in vivo antiviral assays a representative member of the new 

series had a much smaller reduction in potency than raltegravir when challenged with 

vectors carrying the G140S/Q148H, Y143R and N155H mutations. Although the second-

generation inhibitor, MK-0536 is more effective against these mutations, the new compound 

showed a smaller loss of potency when challenged with vectors carrying the G140S/Q148H 

mutations. Although the potency of the new compounds needs to be improved, we have 

made progress on the problem of toxicity and the fact that the hydroxy-pyrrolopyridine-

trione nucleus can be used to create compounds that are relatively insensitive to important 

IN mutations may facilitate the development of second-generation inhibitors.
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Figure 1. 
Conceptual approach to targets 5.

Zhao et al. Page 15

Chem Biol Drug Des. Author manuscript; available in PMC 2019 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Structural comparison of raltegravir with inhibitor 5a. (A) Crystal structure of raltegravir 

(carbons in cyan) bound to PFV integrase showing the catalytic Mg2+ ions and residues 

S217, Y212 and N224 corresponding to HIV-1 IN residues Q148, Y143 and N155 [taken 

from PDB 3OYA (23)]. Inhibitor 5a (carbons in yellow) is overlaid onto raltegravir. (B) 

Superposition of raltegravir from Panel A onto inhibitor 5a comparing key angles and 

distances. Graphics were generated using ICM Chemist Pro software (24).
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Scheme 1. 
Synthesis of target bicycles 5.
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Table 1.

Integrase inhibitory potencies of synthetic analogues.
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Table 2.

Inhibitory potencies in vitro using wild-type (WT) and mutant integrase enzymes.
a

No. ST IC50 (μM, WT) Mutants
b

G140S/Q148H Y143R N155H

1 0.067 105x 26x 7x

5e 7.1 ± 0.6 12x 2x 4x

a
Data was obtained as described in Experimental Section.

b
Fold-loss of potency relative to virus containing WT enzyme.
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Table 3.

Antiviral potencies in cells infected with HIV-1 containing wild-type (WT) or mutant integrase enzymes.
a

No. CC50 (μM) EC50 (μM, WT) Mutants
b

G140S/Q148H Y143R N155H

1 >100 0.004 ± 0.002 475x 41x 38x

2 >100 0.017 ± 0.004 5x 0.4x 1x

3 5.4 ± 1.3 1.7 ± 0.5 5x 1x 3x

5e 392 ± 66 9.2 ± 1.9 2x 2x 3x

a
Data was obtained as described in the Experimental Section.

b
Fold-loss of potency relative to virus containing WT enzyme.
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