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ABSTRACT 

 Since 1981, HIV/AIDS has affected over 70 million individuals worldwide.  Due to the 

incorporation of Combination Antiretroviral Therapy (cART), this deadly virus has now become 

a manageable chronic illness with a reduction in mortality and morbidity rates.  Combination 

therapy targets multiple stages of the HIV replication cycle including fusion, entry, reverse 

transcription, integration, and maturation.  The HIV-1 protease enzyme is responsible for cleavage 

and processing of viral polyproteins into mature enzymes and is a common therapeutic target for 

inhibition of HIV.  To date, there have been many protease inhibitors approved by the FDA and 

introduced into the market.  However, mutations within the protease enzyme has rendered some 

of these inhibitors ineffective.  This has led to an ever-growing need to develop novel protease 

inhibitors to combat drug resistance through mutations.  Described herein is the design, synthesis, 

and biological evaluation of HIV-1 protease inhibitors featuring a novel hexahydropyrrolofuran 

(HPF) bicyclic scaffold as a P2 ligand to target binding interactions with Asp29 and Asp30.  The 

HPF ligand provides a molecular handle that allows for further structure-activity discoveries 

within the enzyme.  The HIV-1 protease inhibitors discussed feature carbamate, carboxamide, and 

sulfonamide derivatives which displayed good to excellent activity. 
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 DESIGN AND SYNTHESIS OF HIV-1 PROTEASE 

INHIBITORS FEATURING A BICYCLIC 

HEXAHYDROPYRROLOFURAN SCAFFOLD 

1.1 The Human Immunodeficiency Virus and Acquired Immunodeficiency Syndrome 

The detection, isolation, and characterization of the first human retrovirus in 1980 was a 

significant discovery within the science community.  This virus, known as human T cell 

lymphotropic virus (HTLV), was disclosed through the work of Robert Gallo.1 HTLV was isolated 

from two separate patients; one with cutaneous T-cell lymphoma and the other with cutaneous T-

cell leukemia.2 While retrovirus infection had resulted in immune deficiencies in animals, it was 

uncertain how this newly identified retrovirus would impact the immune system of humans.  

Coincidentally, cases of a rare infection Pneumocystis carinii pneumonia (PCP) and an aggressive 

cancer named Kaposi’s Sarcoma began to arise in healthy individuals that eventually led to death 

from severe immune deficiency.3,4 Scientists were left to wonder if HTLV played a role in these 

immune deficiency cases.  The United States Centers for Disease Control and Prevention coined 

this phenomenon as acquired immune deficiency syndrome (AIDS).5 

  While the number of reported cases of AIDS continued to increase, the direct cause of this 

deadly disease was still unknown.  In 1983, Françoise Barré-Sinoussi and Luc Montagnier, from 

the Pasteur Institute in France, isolated a new retrovirus believed to belong to the HTLV family.  

The new isolate presented itself in a patient who showed signs and symptoms that often preceded 

AIDS.  Barré-Sinoussi and Montagnier collected these isolates from the lymph nodes of the patient 

and named this new retrovirus as lymphadenopathy-associated virus (LAV).6 However, the 

correlation between LAV and AIDS was still unknown.  A year later, Gallo identified a third 

subgroup of HTLV, labeled HTLV-III, and its prevalence in patients with immune deficiency 

disorders.  Utilizing the same characterization techniques for HTLV-I, it was determined that 

HTLV-III was the causative agent for AIDS.7 However, results corroborated that HTLV-III was 

the same virus as the previously reported LAV and was eventually renamed by the International 

Committee on the Taxonomy of Viruses to human immunodeficiency virus (HIV).8 In 2008, 

Francoise Barré-Sinoussi and Luc Montagnier received the Nobel Prize in Medicine for the 

isolation and identification of the HIV virus. 
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Since the beginning of the AIDS epidemic in 1981, approximately 70 million individuals 

have become infected with HIV while 32 million have died from AIDS-related illnesses.  Research 

efforts have provided treatment options for this deadly disease to assist in keeping viral levels low 

and improving the overall lifestyle of individuals affected.  While a strategy to fully combat this 

virus remains to be seen, today’s therapeutic options have made HIV a manageable disease in 

today’s society. 

1.2 Epidemiology of HIV 

HIV can be classified into two separate types; HIV-1 and HIV-2.  HIV-1 and HIV-2 have 

both been shown to cause AIDS and share similar intracellular mechanisms of replication and 

modes of transmission.  However, HIV-1 and HIV-2 are very different in terms of mortality and 

possess structural anomalies to one another.  For HIV-1, the progression to AIDS occurs much 

more rapidly than HIV-2; hence HIV-1 is a more appealing therapeutic target.9  Both HIV-1 and 

HIV-2 exhibit major differences within their nucleotide and amino acid sequences; with an 

estimated 55% genetic variance.10 The origins of HIV-1 and HIV-2 are a result of the 

recombination of various strains of zoonotic infectious diseases, particularly the simian 

immunodeficiency virus (SIV).  Recombination is the process in which two distinctly different 

viral genomes co-infect the same host cell and exchange genetic material during the replication 

process.11 Reports indicate the precursor for HIV-1 is SIVcpz and the precursor for HIV-2 is 

SIVsm.12,13 The recombination to produce SIVcpz and SIVsm can be explained through exposure 

of infected blood through hunting practices or injuries occurred by infected species.   

 Despite the early theories of initial cross-species transmission, HIV can be transmitted 

through numerous avenues.  These avenues include the human genital tract, intestinal tract, 

placenta, and the bloodstream.  HIV infection occurs when infected bodily fluid such as blood, 

semen, and even breast milk come into contact at the mucosal surfaces of these sites.14,15  Upon 

initial infection, HIV targets vital cells in the immune system with CD4 surface receptors including 

CD4+ T cells, macrophages, monocytes and dendritic cells.16 Once a cell is infected with HIV, the 

virus cannot be eradicated, instead the cell must die in order to prevent replication of HIV.  Both 

HIV-infected and uninfected CD4+ T cells die during infection through a variety of plausible 

mechanisms.17  The decline in the number of immune cells ultimately leads to immunosuppression 

and opportunistic infections. 
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1.3 The HIV Life Cycle 

HIV is a member of the Retroviridae family and of the lentivirus subgroup. A retrovirus is 

an RNA virus that possesses the reverse transcriptase (RT) enzyme.18  In the case of HIV, the RNA 

is reverse transcribed into its resultant complimentary DNA and further incorporated into the DNA 

of the host cell during the replication process. 

  A mature HIV-1 virion is a spherical particle that contains an array of outer-layer 

glycoproteins (gp120 and gp41) and measures roughly 100 nm in diameter.  Inside the core, HIV 

has two single-stranded RNA genomes that are responsible for encoding structural and regulatory 

proteins.  Each protein produced from this genome plays an integral role in the survival and 

replication of HIV.  The three major structural genes include gag, pol, and env.  The gag gene 

encodes the matrix (MA) proteins essential for virion assembly, the capsid (CA) proteins which 

form the hydrophobic core, and the nucleocapsid (NC) proteins which bind tightly to the single-

stranded RNA to protect the genome.  The pol sequence contains the genetic code for the protease 

(PR), reverse transcriptase (RT), and the integrase (IN) enzymes necessary for viral replication.  

The env gene encodes the membrane surface glycoprotein gp160 from which the two crucial 

glycoproteins gp120 and gp41 are derived during viral maturation.  The regulatory proteins 

encoded in the RNA genome include tat (transactivator protein) and rev (RNA splicing-regulator).  

These proteins are responsible for the initiation of HIV replication.19–21 

 The HIV life cycle is initiated when the envelop glycoprotein gp120 of the mature HIV 

particle attaches to the CD4 receptor of the host cell.  Upon attachment, gp120 undergoes a 

conformational change to expose the co-receptor binding site.  The type of host cell infected will 

determine the corresponding binding co-receptor; T-lymphocytes contain the CXCR4 receptor 

while monocytes contain the CCR5 receptor.22 Once the CD4 receptor and co-receptors are fully 

engaged with the virion, the hydrophobic fusion peptide located at gp41 is released and inserted 

into the membrane of the target cell, thus creating an entry point into the host cell.23 Once the viral 

capsid enters the cytoplasm of the cell, the uncoating process initiates to expose the viral RNA.  

The viral RNA is reverse transcribed into viral complimentary DNA by the reverse transcriptase 

(RT) enzyme.  The resulting DNA is then transported to the nucleus of the host cell where the viral 

DNA is integrated into the host DNA via the integrase (IN) enzyme.  Using the host cell machinery, 

transcription and translation proceeds to produce viral proteins as long polyprotein strands 

containing the same genetic material as a mature HIV virion.  These components gather around 
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the inner membrane and begin to bud from the host cell.  The protease (PR) enzyme cleaves the 

polyproteins into mature proteins. 

 

 

Figure 1.1 Representative Structure of HIV Virion 
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Figure 1.2 HIV Life Cycle 
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1.4 Therapeutic Treatment for HIV/AIDS 

When HIV/AIDS was first introduced, the ability to combat this deadly virus was essentially 

non-existent as there was a lack of effective antiviral drugs at the time.  In 1964, a drug by the 

name of zidovudine (ZDV), otherwise known as 3’-azido-3’-deoxythymidine (azidothymidine, 

AZT), was synthesized as a potential anti-cancer drug.24   Due to lack of anti-cancer activity, this 

drug candidate was placed on hold.  It wasn’t until 1987, when ZDV was approved by the U.S. 

Food and Drug Association (FDA) as a HIV-1 nucleoside reverse transcriptase inhibitor (NRTI), 

AIDS-infected patients were starting to improve in terms of their condition.  Unfortunately, viral 

resistance quickly emerged and the need for new therapeutic options became apparent.25  Soon 

after the approval of ZDV, three other NRTI’s were approved for the treatment of HIV; didanosine, 

zalcitabine, and stavudine.  These NRTI’s were initially used as monotherapy, but later reports 

indicated that combination antiretroviral therapy (cART) of two or more NRTI’s improved 

outcomes in comparison to monotherapy.26,27 

 The improved efficacy of cART is evident through the development of inhibitors targeting 

multiple stages of the HIV replication cycle.  Inhibitor classes include entry, fusion, reverse 

transcriptase (RT), integrase (IN), and protease inhibitors (PI).  The first protease inhibitor to be 

approved was Saquinavir in 1995.  The incorporation of  Saquinavir, in combination with a reverse 

transcriptase inhibitor, marked the beginning of highly active antiretroviral therapy (HAART).  

The advent of HAART has significantly improved treatment options for HIV/AIDS by suppressing 

viral replication, reducing HIV-1 viral loads, and increasing overall life expectancy.28  Scientific 

advancements in HAART have provided numerous FDA-approved drugs for the treatment of 

HIV/AIDS (Table 1.1). 

 While incorporation of cART has set the stage for treatment of HIV/AIDS, there remains 

a method to completely eradicate this deadly virus from an infected individual.  HAART has 

assisted in turning this deadly disease into a manageable illness, but the issue of drug resistance 

through mutations will continue to exist.  Therefore, there will continue to be an ever-growing 

need for the development of new and effective inhibitors, regardless of class.   
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Table 1.1 FDA Approved Treatments for HIV/AIDS 

Drug Class Generic Name Brand Name Approval Date 

Entry and 

Fusion 

Inhibitors 

Enfuvirtide Fuzeon March 13, 2003 

Maraviroc Selzentry August 6, 2007 

Ibalizumabuiyk Trogarzo March 6, 2018 

Reverse 

Transcriptase 

Inhibitors 

Zidovudine Retrovir March 19, 1987 

Didanosine Videx October 9, 1991 

Zalcitabine Hivid June 19, 1992 

Stavudine Zerit June 27, 1994 

Lamivudine Epivir November 17, 1995 

Abacavir Ziagen December 17, 1998 

Tenofovir Viread October 26, 2001 

Adefovir Hepsera September 20, 2002 

Emtricitabine Emtriva July 2, 2003 

Nevirapine Viramune June 21, 1996 

Delavirdine Rescriptor June 12, 1997 

Efavirenz Sustiva September 17, 1998 

Etravirine Intelence January 18, 2008 

Rilpivirine Edurant May 20, 2011 

Doravirine Pifeltro August 30, 2018 

Integrase 

Inhibitors 

Raltegravir Isentress October 12, 2007 

Dolutegravir Tivicay August 13, 2013 

Elvitegravir Vitekta September 24, 2014 

Protease 

Inhibitors 

Saquinavir Invirase December 6, 1995 

Ritonavir Norvir March 1, 1996 

Indinavir Crixivan March 13, 1996 

Nelfinavir Viracept March 14, 1997 

Amprenavir Agenerase April 15, 1999 

Lopinavir Kaletra September 15, 2000 

Atazanavir Reyataz June 20, 2003 

Fosamprenavir Lexiva October 20, 2003 

Tipranavir Aptivus June 22, 2005 

Darunavir Prezista June 23, 2006 

Pharmacokinetic 

Enhancers 
Cobicistat Tybost September 24, 2014 
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1.4.1 Entry and Fusion Inhibitors 

The process of entry into the host cell by a HIV virion traditionally involves three key 

stages: (i) attachment to the host cell mediated by CD4 receptor binding, (ii) co-receptor binding 

with either CCR5 or CXCR4, and (iii) fusion of the virion to the host cell membrane.29 The first 

stage of attachment involves the interaction of the gp120 and gp41 spikes located on the outer 

membrane of the HIV particle with the host cell’s CD4 receptor.  These spikes are composed of 

trimeric units of gp120 and gp41 to form a heterotrimeric unit.30 Once gp120 binds to the CD4 

cell, there is a conformational shift that exposes the co-receptor binding site and allows for 

interaction with the chemokine co-receptor of the host cell.  After complete attachment of gp120 

to CD4 and the chemokine receptor, gp41 undergoes a conformational change to expose, and 

release, the fusion peptide into the membrane to initiate the fusion process.31 Insertion of the 

hydrophobic fusion peptide into the host cell leads to the formation of a six-helix bundle, from the 

gp41 subunits, forming the heptad repeat (HR) regions HR1 and HR2.32 The result of the formation 

of this six-helix bundle is the fusion of the viral and cellular membranes where the viral capsid can 

be expelled into the host cell.  Each stage has been the target for the development of entry and 

fusion inhibitors. 

 The first FDA approved inhibitor of this class was Enfuvirtide in 2003 to be used as a 

fusion inhibitor (Figure 1.3).  Enfuvirtide is a 36-amino-acid synthetic peptide designed to mimic 

the HR2 region of gp41.31,33 Reports show that Enfuvirtide competitively binds to the HR1 domain 

of gp41 thus preventing the development of the six-helix bundle conformation that is essential to 

the fusion process.  Drawbacks of this inhibitor includes administration by injection, low genetic 

barrier for resistance, insomnia, depression, and weak pharmacokinetic properties.34 
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Figure 1.3 Structures of FDA Approved Entry and Fusion Inhibitors Enfuvirtide and Maraviroc 

The second FDA approved inhibitor of this class was Maraviroc in 2007 (Figure 1.3).  

Maraviroc is a selective CCR5 antagonist to prevent the HIV-1 entry process.  It is believed that 

Maraviroc selectively binds to the hydrophobic cavity formed by the transmembrane helices of the 

CCR5 receptor.35,36 This interaction prevents the CCR5 co-receptor from interaction with gp120 

and inhibits the entry and fusion process of HIV to the host cell.  However, this inhibitor is only 

effective with CCR5 receptors and does not affect the binding affinity in the presence of CXCR4 

co-receptors (Figure 1.4). 

 Overall, strategizing the inhibition of HIV attachment, entry, and fusion processes has 

numerous advantages.  Since the active site of this inhibitor class is mainly extracellular, these 

sites of inhibition are readily accessible and could limit cell toxicity profiles. 
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Figure 1.4 Mechanism of Action of CCR5 Antagonist Maraviroc 

1.4.2 Reverse Transcriptase Inhibitors 

Reverse transcriptase (RT) inhibitors are categorized into two different classes: Nucleoside 

Reverse Transcriptase Inhibitors (NRTI) and Non-nucleoside Reverse Transcriptase Inhibitors 

(NNRTI).  Each class of reverse transcriptase inhibitors has a distinct mechanism of action to 

prevent the synthesis of viral DNA from the viral single-stranded RNA.  Reverse transcriptase is 

a unique heterodimer consisting of two related subunits, p66 and p51 (Figure 1.5).  The larger p66 

subunit contains two significant domains, polymerase and ribonuclease H (RNase H).  These 

domains are responsible for the enzymatic activity of RT and are essential for copying the single-

stranded RNA into the double-stranded DNA.  Furthermore, the polymerase domain is composed 

of four subdomains labeled fingers, palm, thumb, and connection.  The p51 subunit is believed to 

provide structural support to the RT enzyme, but is not inert during the reverse transcription 

process.37,38 
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Figure 1.5 X-ray Crystal Structure of HIV-1 Reverse Transcriptase (PDB: 1REV) 

 

During the reverse transcription process, the viral RNA first binds to the polymerase active 

site where the polymerization reaction is initiated.  This binding results in a conformational shift 

of the p66 thumb from a closed to an open orientation.39 This conformation allows the first step of 

nucleotide incorporation to begin.  The incoming deoxyribonucleoside triphosphate (dNTP) binds 

at the nucleotide binding site to form a ternary complex.40 The p66 fingers subdomain then closes 

down on the dNTP to align the 3’-OH of the RNA, the α-phosphate of the dNTP, and the 

polymerase active site.39–41 The catalytic activity of the polymerase domain can be attributed to 

three main aspartic acid residues located in the palm subdomain of p66, Asp 110, Asp185, and 

Asp186.42,43 The carboxylate groups of the catalytic residues are responsible for coordinating with 

divalent metal ions (Mg2+ or Mn2+) to facilitate the attack of the 3’-OH on the α-phosphate of the 

incoming dNTP.39,44,45 Completion of the polymerization sequence produces a RNA-DNA double-

strand complex that is then processed further in the RNase H domain. 

The RNase H domain is responsible for the degradation of the RNA strand of the RNA-

DNA complex and removal of the primers engaged in initiating the reverse transcription process.  
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The catalytic residues in the active site of RNase H are Asp443, Glu478, Asp498, and Asp549.46,47 

In a similar mechanism to the active site of the polymerase domain, the catalytic residues of RNase 

H form a complex with two divalent metal ions along with the phosphate of the base pairs. The 

RNase H selectively cleaves the RNA sequence to produce a single strand of viral DNA.  The 

single-stranded viral DNA is then processed through the polymerase once more to undergo an 

additional polymerization sequence to produce the desired double-stranded viral DNA, also known 

as complimentary DNA (cDNA).  The catalytic activity induced by the polymerase and RNase H 

domains make these attractive targets for antiretroviral therapy. 

1.4.2.1 Nucleoside Reverse Transcriptase Inhibitors 

The first type of reverse transcriptase inhibitors are the NRTI’s (Figure 1.6).  This class of 

inhibitors are structurally designed to mimic the natural substrates of DNA synthesis.  During 

DNA synthesis, these inhibitors can be read as a naturally occurring triphosphate to be 

incorporated into the polymerization sequence.  However, in order for the NRTI’s to be effective 

reverse transcriptase inhibitors, they must be phosphorylated to the triphosphate.48,49 The 

triphosphate derivatives then act as competitive inhibitors with the naturally occurring 

deoxynucleotide triphosphates. The NRTI’s all lack the 3’-OH group which allow them to act as 

chain terminators once incorporated into the viral DNA.50 
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Figure 1.6 Structures of FDA Approved Nucleoside Reverse Transcriptase Inhibitors 

1.4.2.2 Non-Nucleoside Reverse Transcriptase Inhibitors 

The second type of reverse transcriptase inhibitors are the NNRTI’s (Figure 1.7).  NNRTI’s 

are not designed as analogs of nucleotides making them noncompetitive inhibitors.  These 

inhibitors have a unique hydrophobic binding site next to the polymerase active site known as the 

NNRTI-binding pocket (NNIBP).  Structural data suggests that NNRTI-binding changes the 

conformation of the catalytic residues that bind to the divalent metal ions leading to reduced 

activity of the polymerase and interference with viral DNA synthesis.51 In the absence of an 

inhibitor bound to RT, the NNIBP is nonexistent and is therefore created upon entry of the NNRTI.  

The binding mode of the NNRTI’s can be described as either “butterfly” or “horseshoe” with a 

central scaffold and two “wings” attached.52 Design of these inhibitors features π-electron systems 

that can interact with the aromatic amino acids within the NNIBP, specifically Tyr181, Tyr188, 

Trp229, and Tyr318.51,53 

The first generation of inhibitors were Nevirapine, Delavirdine, and Efavirenz.  This 

generation adopted the butterfly conformation.  However, this generation of inhibitors had a low 

genetic barrier and a single-point mutation led to resistance.  The resulting mutations from the 

error-prone reverse transcription process led to the development of second generation NNRTI’s to 
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overcome this genetic barrier and combat drug resistance.  The second generation of inhibitors 

consists of Etravirine, Rilpivirine, and Dapivirine.  Unlike the first generation, the second 

generation inhibitors adopt a horseshoe conformation and are better equipped to combat drug 

resistance caused by mutations. 

 

 

Figure 1.7 Structures of FDA Approved Non-Nucleoside Reverse Transcriptase Inhibitors 

1.4.3 Integrase Inhibitors 

Integrase inhibitors have been developed to terminate the process of viral DNA (cDNA) 

inserting into the host cell DNA and further inhibit the replication cycle.  The integrase enzyme is 

a 288-amino acid protein that contains three structural domains: (i) N-terminal domain (NTD), (ii) 

a highly conserved catalytic domain (CCD), and (iii) the C-terminal domain (CTD).  The N-

terminal domain contains a zinc-binding HHCC motif consisting of histidine and cysteine residues.  

This domain is responsible for the arrangement of the active form of the enzyme by promoting 

tetramer formation.54,55 The central catalytic domain active site is comprised of three amino acid 

residues; Asp64, Asp116, and Glu152 (Figure 1.8).  These particular amino acids bind to the 
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divalent metal ions (Mg2+ or Mn2+) during the nucleophilic substitution of the strand transfer (ST) 

reaction.56 

 

 

Figure 1.8 X-ray Crystal Structure of HIV-1 Integrase CCD (PDB: 1BIS)56 

 Integrase facilitates two catalytic steps during the process of integration.  The first catalytic 

step is a 3’-processing (3’-P) event that transpires in the cytoplasm.  The CAGT tetranucleotide at 

the 3’-end of the cDNA is hydrolyzed, by nucleophilic attack of a water molecule on the 

phosphodiester bond, resulting in the cleavage of the GT nucleotides and exposure of the CA 

nucleotides at the 5’-end.57 After hydrolysis, the IN remains bound to the cDNA forming a 

preintegration complex (PIC).  This complex is carried into the nucleus of the cell where it binds 

to the host DNA through the intermediacy of the host protein lens epithelium-derived growth 

factor/p75 (LEDGF/p75).  LEDGF/p75 acts as a bridge to tether HIV integrase to the cellular 

genome.58,59 Once bound to the host DNA, the second catalytic step is initiated; strand transfer.  

The strand transfer reaction is a phosphodiester transesterification reaction mediated by a divalent 

metal ion.  During this process, the 3’-OH groups perform a nucleophilic attack on the 

phosphodiester bond of the complementary strand thus making the 5’-end of the host DNA the 
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leaving group.  The resulting gaps in the DNA strands are repaired through the host cell’s DNA 

polymerases.60 

 The divalent metal ions are critical assets for catalytic activity.  They assist in stabilizing 

the enzyme-DNA complex and promote the charge flow from the viral 3’-OH group to the 3’-OH 

group of the host DNA.61,62 Without this stabilization effect, the integration process will not 

proceed.  This unique effect has brought about inspiration in the design of HIV integrase inhibitors.  

Since 2007, the FDA has approved three HIV integrase inhibitors.  Raltegravir (2007), 

Dolutegravir (2013), and Elvitegravir (2014) are classified as strand transfer inhibitors and share 

a common structural motif that explains the mechanism of action for each (Figure 1.9).  Structural 

similarities include the incorporation of a metal-chelating scaffold (orange), a hydrophobic region 

for enzyme binding (red), and a linker (black).  The metal-chelating groups are oxygenated 

moieties that coordinate to the divalent metal ions present and inhibit the binding of host DNA to 

the viral integrase (Figure 1.10).63–65 

 

 

Figure 1.9 Structures of FDA Approved Integrase Inhibitors 
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Figure 1.10 Schematic Binding Mode of Dolutegravir with Highlighted Mg2+ Interactions63 

1.5 HIV Protease 

After integration into the host cell DNA, HIV then exploits the cellular mechanisms to 

transcribe the viral DNA into mRNA.   Furthermore, the viral mRNA is translated to produce the 

gag and gag-pol polyproteins.  The viral RNA, gag, gag-pol polyprotein precursors and accessory 

proteins compile near the cell surface.  The mature protease, released via autoprocessing, is 

responsible for the proteolytic cleavage of the gag and gag-pol polyproteins to assemble the 

structural proteins and functional enzymes.66 These include the glycoproteins, matrix, capsid, 

reverse transcriptase, integrase, and protease for newly formed virions.  Inhibition or disruption of 

the viral PR activity results in defective viral particles, reduced infectivity, and is an attractive 

target for treatment of HIV and AIDS.67 

 X-ray structural studies of HIV PR provided more insight into the structure and catalytic 

activity of the enzyme.  The first crystal structure was obtained by Merck Laboratories in 1989 

and was subsequently followed with another crystal structure from the collaborative efforts of 

NCI-Frederick Cancer Research Facility and California Institute of Technology (Figure 1.11).68,69 

PR is a homodimer with two 99 amino acid subunits.  Each monomer contributes a glycine-rich β-

sheet region that acts as an entry point of the native substrate, or inhibitor, into the active site.  This 

is known as the flap region.  The flap region will have an open conformation in the absence of a 

substrate in the active site, but will undergo a conformational shift to fold down in the presence of 
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a substrate.  Additionally, the catalytic active site resides in the base of the cavity at the dimer 

interface.   

 

Figure 1.11 X-ray Crystal Structure of HIV-1 Protease (PDB: 4LL3) 

The active site consists of Asp25-Thr26-Gly27 and Asp25’-Thr26’-Gly27’ residues 

provided from each subunit.  The catalytic aspartic acid residues Asp25 and Asp25’ are important 

for the proteolytic activity of the enzyme.  In the presence of a substrate, Asp25 and Asp25’ 

activates a water molecule for nucleophilic addition to the carbonyl of the scissile bond.  The 

resulting tetrahedral intermediate further collapses to yield the corresponding carboxylic acid and 

amine (Figure 1.12).70 
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Figure 1.12 Proteolytic Mechanism of HIV-1 Protease 

 As mentioned previously, the peptide bond that undergoes proteolytic cleavage is denoted 

as the scissile bond.  From the scissile bond, each region of the native substrate, or inhibitor, can 

be categorized.  The subunits located to the left of the scissile bond are denoted as “P” subunits 

and are labeled as P1, P2, P3, and so forth.  On the right side of the scissile bond, the subunits are 

labeled as P1’, P2’, P3’ and so on.  These subunits lie within a certain subsite which is denoted as 

“S”.  For example, the P2 subunit would accommodate the S2 subsite and the P1’ subunit would be 

housed within the S1’ subsite.  The standard nomenclature is depicted below where the scissile 

bond is highlighted in red.28,70 
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Figure 1.13 Standard Nomenclature of Active Site of HIV-1 Protease 

1.6 HIV Protease Inhibitor Design Strategies 

The efficacy of a protease inhibitor is reliant on the structural design of the drug candidate.  

The structural features of the inhibitor should promote strong interactions with the enzyme to 

reduce the protease activity and assist in maintaining stability in physiological conditions.  

Experiments have confirmed the formation of the tetrahedral diol intermediate which rapidly 

breaks down to the corresponding amine and carboxylic acid.  Preventing the formation of the diol 

intermediate halts the progression of the proteolytic activity.  Therefore, incorporating a scaffold 

which mimics this transition state could prevent the hydrolysis from occurring.  

Initially, HIV PR inhibitors were designed after other aspartic acid protease inhibitors, such 

as renin.  These results promote the design and incorporation of a non-hydrolyzable isostere which 

mimics the tetrahedral transition state (Figure 1.14).71 The isostere cores such as 

hydroxyethylamine, hydroxyethylene, and silanediol each have an alcohol functional group which 

the catalytic aspartic acids will interact with via hydrogen bonding.  The reduced amide isostere 

lacks the carbonyl and will not undergo hydrolysis, thus preventing the proteolytic activity of the 

enzyme and maintaining the integrity of the ligand.  Strategic incorporation of these isosteres are 

observed in the first and second generations of HIV protease inhibitors. 
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Figure 1.14 Non-hydrolyzable Transition State Isosteres for HIV-1 Protease Inhibitors70 

1.6.1 First Generation HIV Protease Inhibitors 

1.6.1.1 Saquinavir 

Saquinavir (SQV) was the first FDA-approved HIV-1 protease inhibitor and marked the 

incorporation of highly active antiretroviral therapy (HAART).  Developed by Hoffman-La Roche 

in 1990, this protease inhibitor was officially approved for therapeutic use in 1995.  Hoffman-La 

Roche had comprised a team of scientists to develop protease inhibitors through rational design 

which originally began with transition-state peptidomimetics.  Based upon the observation that 

HIV PR tends to cleave Phe-Pro and Tyr-Pro peptide bonds, it was believed the incorporation of 

this dipeptide sequence within the inhibitor would promote selectivity for the viral enzyme (Figure 
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1.15).72  To accommodate these structural features, an acceptable transition-state isostere was 

investigated.  The transition-state isostere with the (R)-hydroxyethylamine isostere was 

incorporated into 1 and exhibited an IC50 value of 750 nM.  The stereochemistry of the central 

hydroxyl group was important for potency within the active site, as discovered through crystal 

structure analysis.73  Inhibitor 1 extended into the S3 subsite which initiated optimization efforts to 

reduce the overall size of the inhibitor while maintaining key binding interactions.  With the 

transition-state isostere intact, the overall size of the backbone of the inhibitor was reduced to 

occupy subsites S3 – S2’ and resulted in the identification of inhibitor 2 with an IC50 value of 18 

nM.  Further structural modifications led to the design of SQV which utilizes a (S,S,S)-decahydro-

isoquiniline-3-carbonyl (DIQ) moiety as a key P1’ subunit. 

 

 

Figure 1.15 Development of Saquinavir Based on Substrate Sequence74 
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 Saquinavir is a very potent HIV-1 protease inhibitor with a Ki value of 0.12 nM and an IC50 

value of 25 nM.  The potency of SQV can be explained through the crystal structure of the inhibitor 

bound to the active site of the enzyme (Figure 1.16).  SQV binds to the protease enzyme in an 

extended fashion where the central hydroxyl group interacts tightly with the catalytic Asp25 and 

Asp25’ residues.  The carbonyls of the tert-butyl amide and the central amide participate in water-

mediated hydrogen bonding with the Ile50 and Ile50’ residues of the flap region.  The carbonyl of 

the quinoline amide picks up an interaction with Asp29 and the terminal amide interacts with 

Asp29 and Asp30 in the S2 subsite. 

 

 

Figure 1.16 Crystal Structure of SQV-Bound HIV Protease73,75 

(Recreated based upon literature) 

1.6.1.2 Ritonavir 

Ritonavir, developed by Abbott Laboratories, was the second FDA-approved HIV-1 

protease inhibitor.  The design of this protease inhibitor was based upon the structural feature of 

the HIV protease enzyme.  Since the PR is a homodimer, it was theorized the active site should 
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exhibit C2 symmetry and the subsites S1 and S1’ should be indistinguishable.76  This led to the 

design and development of C2 symmetry-based inhibitors in which the transition state of the 

peptide hydrolysis is also considered.  The peptide bond, which would normally be proteolytically 

cleaved, was replaced with either a 1,2-diol or a central secondary alcohol, as shown in A-77003 

and A-80987 (Figure 1.17).77  The exploratory results of A-77003 were less than desirable as this 

inhibitor presented poor oral bioavailability, but promising enzymatic inhibition.78  Efforts 

focusing on improving oral bioavailability resulted in the identification of A-80987.  Unfortunately, 

A-80987 exhibited high metabolic clearance due to the presence of the pyridinyl substituents.  

Metabolic experiments determined the by-products observed were the resulting N-oxides of the 

pyridinyl amines.79  To effectively combat the metabolic issue, the pyridinyl groups were replaced 

with thiazole heterocycles.  Introduction of the thiazole groups not only enhanced metabolic 

stability, but enhanced potency, aqueous solubility, and pioneered the development of Ritonavir 

(Ki = 0.015 nM).  The large improvement of potency of Ritonavir, compared to A-80987, can be 

explained through XRC analysis.  The isopropyl substituent of the thiazole heterocycle presents 

an additional hydrophobic interaction with Pro81 and Val82.79 
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Figure 1.17 Development of Ritonavir from Lead Compound A-77003 

 

The discovery of Ritonavir led to a unique observation in terms of potential medical uses.  

Although a potent inhibitor for HIV PR, it was soon discovered that Ritonavir was also an inhibitor 

of a common metabolic enzyme, cytochrome P4503A4 (CYP450).  Metabolization of Ritonavir 

has been documented to occur through several possible sequences: demethylation of the nitrogen, 

oxidation and cleavage of the isopropyl thiazole moiety, and hydroxylation of the isospropyl side 

chain.80,81  Structural analysis indicates the nitrogen of the thiazole heterocycle binds to the heme 

center of the cytochrome enzyme resulting in affinity for the inhibitor.82  From these observations, 
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Ritonavir has been utilized as a pharmacokinetic booster to assist in maintaining higher levels of 

other protease inhibitors. 

1.6.1.3 Indinavir 

Indinavir was developed by Merck Laboratories using the transition-state mimetic concept 

established from the experience of renin inhibitors. From this concept, Merck identified a lead 

compound, L-682,679 (Figure 1.18).83  This inhibitor was extremely peptidic in nature and led to 

the incorporation of the hydroxyethylene isostere to improve metabolic stability.  Further structural 

modifications identified a 2-hydroxyindan P2’ ligand substitute for the C-terminal dipeptide unit 

of the lead compound L-682,679 and introduced inhibitor L-685,434.84  Regardless of potency, L-

685,434 was poorly soluble in aqueous media and lacked an ideal pharmacokinetic profile.  Using 

SQV as inspiration, researchers at Merck hypothesized that by incorporating a basic amine into 

the backbone of the inhibitor, the solubility and bioavailability of the inhibitor could be 

improved.85  Cyclic amines were investigated because of the limited conformational change that 

would occur within the active site of the enzyme.  Of the cyclic amine family units, the piperazine 

moiety was more potent than proline, DIQ, and piperidine analogs.  Conceivably, the attendance 

of two nitrogens in the piperazine ring, as shown in L-732,747, could significantly enhance 

solubility and provide an additional nitrogen as a molecular handle for further modification if 

necessary.  Optimization of the piperazine subunit in ligand L-732,747 led to the development of 

Indinavir which features a 3-pyridylmethyl unit as a P2 ligand and exhibits a Ki of 0.36 nM.86 
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Figure 1.18 Development of Indinavir from Lead Compound L-682,679 

1.6.1.4 Nelfinavir 

The approach to the identification and development of Nelfinavir was unique compared to 

previously approved protease inhibitors.  Rather than designing inhibitors based upon the 

transition-state, Agouron Pharmaceuticals and Eli Lilly decided to investigate potential inhibitors 

through iterative crystal structure analysis of the enzyme with previously developed 

peptidomimetic inhibitors (Figure 1.19).87  In conjunction with the crystal structures obtained, a 

program known as the Monte Carlo De Novo Ligand Generator assisted in identifying potential 

hydrophobic groups to incorporate into the correct subsites.88  Investigation into novel protease 

inhibitors were initiated by designing ligands to mimic the Phe-Pro substrate sequence, similar to 

SQV.  The proline sequence was replaced with substituted benzamide subunits to reduce the 

structural complexity while experimenting with various substitutions on the phenyl ring.  Based 

upon known HIV-1 protease – inhibitor crystal structures, placement of the tert-butyl amide on 

the ortho position should participate in hydrogen bonding with a water molecule residing in the 

flap region.89  Early SAR data of various substituted benzamide subunits identified compound 

LY289612 as the lead compound with an initial Ki value of 1.5 nM.   
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Structural analysis indicated the P3 quinoline and P1 phenyl groups were extremely close 

in nature.  Optimization efforts of LY289612 were focused on modifying the P1 subunit to occupy 

the S1 and S3 subsite while replacing the quinoline moiety with a smaller subunit.  Ultimately, the 

phenyl group was replaced with a thio-naphthyl group, where the sulfur enhanced the hydrophobic 

interaction within the S1 subsite, and the quinoline group was replaced with an acetamide subunit.  

These modifications are observed in LY297135 with an IC50 value of 1.1 nM.90   

Inhibitors LY289612 and LY297135 presented potent antiviral activity, but lacked proper 

bioavailability due to the highly peptidic nature of these inhibitors.  The P2 subunit was modified 

to incorporate a substituted phenol ring that would enhance solubility while maintaining potency 

within the enzyme and produced AG1254.91 In an effort to further improve the bioavailability 

properties, inspiration was drawn from SQV to include the hydroxyethylamine isostere and the 

DIQ moiety as a P1’ ligand.  Reducing the size of the naphthyl group to a thio-phenyl group 

substantially improved enzyme inhibitory activity and provided Nelfinavir.92 

 

 

Figure 1.19 Development of Nelfinavir from Lead Compound LY289612 
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1.6.1.5 Amprenavir 

Amprenavir was developed by Vertex Pharmaceuticals and approved by the FDA in 1999 

(Figure 1.20).  This protease inhibitor was the result of a structure-based design program that 

sought to apply structural information collected from previous angiotensin converting enzyme 

inhibitors and previous protease inhibitors thus far.  The structure-based design method seeks to 

incorporate molecular motifs in the inhibitor to interact with specific residues within the active site 

of the enzyme while maintaining an optimal pharmacological profile.  The goal was to promote 

interactions with the catalytic Asp residues, sustain water-mediated flap interactions, and maintain 

conformational stability within the protease.  The crystal structure of Amprenavir-bound HIV-1 

protease revealed the key interactions responsible for the biological profile.  The central hydroxyl 

group interacts with the catalytic Aps25 and Asp25’ residues thus positioning the 

tetrahydrofuranyl (THF) ring into the S2 subsite causing interactions between the oxygen and 

residues Asp29 and Asp30.  The novel aminobenzenesulfonamide moiety is positioned into the S2’ 

subsite where one oxygen of the sulfonyl participates in water-mediated hydrogen bonding with 

the flap region and the second oxygen fits into the hydrophobic pocket between Ile50 and Ile84.  

Furthermore, there are interactions observed between the amine and Asp30’.  Based upon these 

interactions, Amprenavir was shown to have a Ki of 0.6 nM.93 

 

 

Figure 1.20 Structure of Amprenavir 

 

The first generation protease inhibitors were highly peptidic in their chemical structure.  

This structural feature resulted in low half-life, high metabolic clearance, poor oral bioavailability, 

and undesirable side effects.  More importantly, drug-resistant strains of HIV began to emerge and 

rendered these therapies almost ineffective.  The focus was shifted to design protease inhibitors 
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that could tackle the problem of drug-resistant strains while improving overall efficacy.  Therefore, 

a second generation of protease inhibitors erupted. 

1.6.2 Second Generation HIV Protease Inhibitors 

1.6.2.1 Lopinavir 

Lopinavir was developed by Abbott Laboratories and was approved by the FDA in 2000.  

This protease inhibitor marked the introduction of the second generation of protease inhibitors to 

overcome the obstacles presented by the first generation.  One of the major obstacles observed 

with the first generation were mutations of the enzyme resulting in loss of activity.  Specifically, 

Lopinavir was developed to combat the mutation of Val82 that led to the resistance of Ritonavir 

(Figure 1.21).  The isopropyl side chain of the thiazole heterocycle exhibited hydrophobic 

interactions with Val82 where mutations caused disruption.94  Initial experiments with Val82A, 

Val82F, and V82T mutations proved the inhibitory profile of Ritonavir diminished substantially.95    

The key structural modifications of Lopinavir include the replacement of the isopropylthiazole 

group with a cyclic urea and the thiazole heterocycle was altered to a phenoxyacetyl group.  

Structural models indicated the cyclic urea interacts with Asp29 and Asp30 in the S2 subsite and 

the smaller nature of Lopinavir prevented hydrophobic interactions with Val82.  The reduced 

interaction with Val82 led to an increase in potency, with a Ki value of 1.3 pM, and the ability to 

overcome Val82 mutations. 

 



 

 

45 

 

Figure 1.21 Development of Lopinavir from Ritonavir 

1.6.2.2 Atazanavir 

The purpose behind the development of Atazanavir was to create a protease inhibitor with 

potent antiviral activity and better bioavailability compared to other PI’s at this time.  The strategy 

to accomplish this goal involved synthesizing a novel hydroxyethyl hydrazine dipeptide isostere 

to replace the traditional hydroxyethylene isostere.  In this model, the P1’ subunit would be 

attached to a nitrogen atom which eliminates a stereogenic center and allows for easy manipulation 

for SAR studies. Results from the initial screening of inhibitors featuring the hydrazine isostere 

identified CGP53820 as a very potent inhibitor with an IC50 value of 9 nM (Figure 1.22).96  

Structural analysis of CGP53820 indicated the desired interactions as the P1 phenyl and P1’ 

cyclohexyl subunits accommodate the S1 and S1’ subsites while the central hydroxyl moiety binds 

tightly to the catalytic Asp25 and Asp25’ residues.97 Further analysis indicated the S1 subsite could 

house larger P1 ligands, as compared to cylcohexyl, while the P3, P2, P2’, and P3’ ligands could be 

expanded in a parallel fashion.  However, the carbonyl of the acyl group was important for antiviral 
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activity which restricted the functional groups to either an amide or carbamate for SAR studies.98 

Expansion of the P1’ ligand from a cylcohexyl unit to a pyridylbenzyl group successfully occupied 

the S1’ – S3’ subsites and led to the development of Atazanavir.99  A crystal structure of Atazanavir-

bound HIV-1 protease confirms the extensive hydrogen bond network within the active site.100  

Atazanavir displayed potent antiviral activity with an EC50 range of 2.6 to 5.3 nM and EC90 range 

of 9 to 15 nM and superior bioavailability properties.101 

 

 

Figure 1.22 Conceptual Design of Atazanavir 

1.6.2.3 Tipranavir 

 Tipranavir, discovered by Pharmacia & Upjohn, is a non-peptidic protease inhibitor in 

which the traditional transition-state isostere is absent.  Instead, this protease inhibitor features a 

novel 5,6-dihydro-4-hydroxy-2-pyrone scaffold in which the hydroxyl moiety is the central 

subunit of the inhibitor.  The development of this inhibitor began through an initial fluorescence-

based screening of a molecular library that identified the phenprocoumon molecule as a potential 

small-molecule inhibitor for HIV-1 protease; initial Ki value of about 1 μM (Figure 1.23).102 Initial 

crystal structure analysis of phenprocoumon-bound HIV-1 protease revealed the ethyl chain lies 
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in the S1 subsite, the phenyl ring resides in the S2 subsite, and the fused benzene ring is not 

adequately housed within the S1’ subsite.  Expansion of the inhibitor to fill the active site from S2 

– S2’ resulted in the identification of PNU-96988 (Ki = 38 nM) where the ethyl subunits lie within 

S1 and S1’ while the phenyl rings reside in S2 and S2’, respectively.102  

While the pharmacokinetic profile of phenprocoumon and PNU-96988 was acceptable, the 

antiviral potency was modest with micromolar IC50 values.  Optimization efforts were then aimed 

at significantly enhancing potency through iterative structural analysis of inhibitor-bound HIV-1 

protease.  Investigation into this process led to the discovery that an improvement in potency could 

be obtained with the introduction of an amide or carbamate linkage, likely associated with the 

increase in hydrogen bond donors and acceptors within the inhibitor.  Further optimization results 

indicated an increase in potency with the presence of a sulfonamide group and expansion of the 

inhibitor ligand with the cyclooctane ring resulting in the development of PNU10317 (Ki = 0.8 nM, 

IC50 = 1.5 μM).103 Modifications to PNU-103017 included replacing the cyclooctane ring with two 

separate alkyl-based moieties and a 5-(trifluoromethyl-2-pyridyl) subunit to replace the 4-

cyanophenyl group and provided Tipranavir (Ki = 8 pM, IC50 = 100 nM).103,104   

 

 

Figure 1.23 Identification of Tipranavir from Phenprocoumon Lead Compound 
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1.6.2.4 Darunavir 

Darunavir (DRV) is the first FDA approved protease inhibitor to be used as a first-line 

treatment option for those affected by HIV.  The superb biological profile of DRV against wild-

type and multidrug-resistant HIV strains can be interpreted through the structural features and 

unique mechanism of action.  The development of DRV can be traced back to simple structural 

modifications of SQV (Figure 1.24).  SQV, a very potent inhibitor, suffered from complications 

with oral bioavailability due to the highly peptidic nature of this compound.  To improve upon 

these properties, the amide functionality was replaced by a configurationally restricted cyclic ether.  

Cyclic ethers are prominent in biologically active natural products and can serve as amide 

surrogates to reduce the peptidic nature, provide hydrogen bond accessibility, and improve 

pharmacokinetic properties.105   

Investigation into the biological properties of cyclic ether units was initiated by replacing 

the carbonyl that binds to Asp29 with a THF moiety to target interactions within the S2 subsite and 

provided inhibitor 3.  Results of the THF unit demonstrated a higher potency than SQV.106  To 

further study the influence of the cyclic ether, the P3 quinoline subunit of SQV was completely 

removed to provide inhibitor 4.  Interestingly enough, this inhibitor still exhibited potent activity 

and provided sufficient reasoning to explore the cyclic ether scaffold further.  The THF scaffold 

was then incorporated into a hydroxyethylene isostere, as presented in Indinavir, to produce 

inhibitor 5 and displayed a significant increase in potency from inhibitor 4.107  Based upon ligand-

enzyme structural analysis, the oxygen of the THF subunit consistently showed interactions with 

the Asp29 and Asp30 backbone residues.  However, details of these structural studies revealed the 

chemical space available within the S2 subsite.  Optimization efforts were then focused towards 

developing a cyclic ether in which the chemical space of the S2 subsite could effectively be filled 

while improving upon the backbone interactions displayed from inhibitor 5.   

From these efforts, a stereochemically defined bicyclic bis-tetrahydrofuranyl (bis-THF) P2 

ligand was generated.108  The utility of this novel P2 ligand was discovered upon incorporation 

with the hydroxyethylene isostere in 4 to provide inhibitor 6.  Inhibitor 6 presented higher potency, 

better oral bioavailability, and smaller molecular weight compared to the SQV counterpart.  

Structural analysis confirm both oxygens are participating in interactions with Asp29 and Asp30 

residues.109  Biological activity was dependent upon the placement, and presence, of the oxygen 

atoms as the removal of either oxygen resulted in a decrease in activity, as displayed by inhibitors 
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7 and 8.  These results confirm the bis-THF P2 ligand is a promising scaffold for future protease 

inhibitors. 

 

 

Figure 1.24 Development of bis-THF P2 Ligand105,110 

 

 After the discovery of the bis-THF ligand, attention was then turned to optimization 

efforts of the non-hydrolyzable transition-state isostere.  The choice of isostere was important as 

the purpose was to not only mimic the transition state of the proteolysis, but to improve upon the 

potency and bioavailability of previously approved protease inhibitors.  This could be 

accomplished by incorporating a bioisostere in which extensive hydrogen bonding with the 

backbone residues of the protease could occur. 

 The first isostere to be invoked was a (hydroxyethylamine)sulfonamide with a methoxy 

substitution at the para position, as shown in TMC-126 (Figure 1.25).  This inhibitor exhibited a 

remarkable enzyme inhibitory profile with a Ki of 14 pM and an IC90 of 1.4 nM.111  Insight into 

the biological activity profile can be explained from its crystal structure bound to HVI-1 protease 

(Figure 1.26).  The oxygens of the bis-THF P2 ligand are interacting with Asp29 and Asp30 
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while the central hydroxyl group is hydrogen bonding to the catalytic Asp25 and Asp25’ 

residues.  The carbonyl oxygen of the carbamate and an oxygen from the sulfonyl participate in 

water-mediated hydrogen bonding with Ile50 and Ile50’ of the flap region.  The methoxy 

substituent fills the S2’ subsite effectively and binds with Asp30’.  The phenyl P1 subunit and 

isopropyl P1’ subunit are housed within the S1 and S1’ subsites, respectively.112 

 

 

Figure 1.25 Structure of TMC-126 with bis-THF P2 Ligand 

 

 

Figure 1.26 Crystal Structure of TMC-126-Bound to HIV-1 Protease112 

(Recreated based upon literature) 
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 The second isostere to be studied was a similar (hydroxyethylamine)sulfonamide isostere 

as TMC-126, but the methoxy substituent was replaced with an amine to provide Darunavir 

(Figure 1.27).  In comparison to TMC-126, Darunavir exhibited a similar biological profile (Ki = 

16 pM, IC90 = 4.1 nM) while maintaining similar interactions within the active site.  Crystal 

structure of Darunavir-bound HIV-1 protease shows the bis-THF interactions with Asp29 and 

Asp30 while the hydroxyl group continues to interact with Asp25 and Asp25’ (Figure 1.28).  

Other backbone interactions include those with Gly27, Ile50, Ile50’, and the terminal amine 

interacts with Asp30’ similar to the methoxy subunit.28  

 

 

Figure 1.27 Structure of Darunavir with bis-THF P2 Ligand 
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Figure 1.28 Crystal Structure of Darunavir-Bound HIV-1 Protease113 

(Recreated based upon literature) 

 

While DRV is extremely potent, the mode of action and biological profile are just as 

intriguing.  It has been shown that DRV has two mechanisms of action: DRV inhibits the 

dimerization process of HIV-1 protease while also inhibiting dimeric, fully functional HIV-1 

protease activity.114  Further structural analysis of Darunavir with several mutant proteases 

revealed consistent hydrogen bond interactions with the backbone residues among the various 

mutant strains.  As determined from TMC-126 and DRV, these interactions are important for 

biological activity.  Therefore, targeting interactions between the inhibitor and the backbone 

residues has led to the development of the backbone binding concept.  

1.7 Combatting Drug Resistance 

While the evolution of the protease inhibitor class from SQV to DRV has certainly been 

remarkable, it is of interest to divulge the persistent problem of drug resistance.  Both first and 

second generation protease inhibitors currently have mutant variant HIV-1 strains in which these 

therapies are ineffective.  Introduction of mutant viral strains can be rationalized through the HIV 
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replication cycle.  HIV has a high viral replication rate of 108 – 109 virions per day and the reverse 

transcription process is extremely error prone due to the lack of a proofreading mechanism.70,115  

This leads to an error rate of about 1 in 10,000 bases and increases the probability of genetic 

mutants being introduced into the system.116 The resulting mutations can affect the ability of an 

inhibitor to effectively stop the viral replication. 

 Mutations of HIV-1 PR can be classified into primary and secondary subsets.  Primary 

mutations are observed within the active site of the enzyme, specifically with residues responsible 

for substrate binding.  While these mutations typically alter the enzyme-substrate binding capacity, 

the catalytic residues remain natural as mutations of the Asp25 and Asp25’ residues result in 

impaired proteolytic activity.117 Secondary mutations are observed away from the active site and 

do not affect the catalytic activity of the enzyme.   

The observation of these particular mutations has led to numerous design strategies to 

combat the problem of drug resistance through mutation.  In particular, when comparing the wild-

type HIV-1 PR crystal structure to that of various mutant strains there is a unique structural pattern 

observed.  The backbone conformation of the wild-type HIV-1 PR, along with the mutant variants, 

remains largely unchanged.118,119  It was hypothesized that by designing a protease inhibitor in 

which the interactions with the backbone residues are maximized, then the ability of the inhibitor 

to combat drug-resistant mutant strains may be promising.  This has led to the development of the 

“backbone binding” strategy as a means to design and develop effective protease inhibitors.110,113 

 Application of the backbone binding concept has led to the development of novel protease 

inhibitors demonstrating exceptional binding affinity for the HIV protease.  Examples of these 

inhibitors are shown below (Figure 1.29).28  From the inhibitors presented, there have been 

structural changes in different regions of the molecule.  Some variations include the size and 

atomic nature of the P2 ligand to investigate a fused bicyclic system with two oxygens in 

comparison to a single ring system with the same number of oxygens in similar locales.  Other 

modifications include variance in the aromatic substituent to provide an additional hydrogen bond 

interaction.  However, the backbone binding concept provides unique insight into how the newly 

designed inhibitor may bind within the active site.  A representative model for the binding mode 

of these inhibitors is demonstrated below (Figure 1.30).  The targeted key residues include Asp29, 

Asp30, Gly27, Gly48, Asp25, Ile50, Asp25’, Ile50’, Asp29’, and Asp30’.  On the basis of 

structural modification, the backbone binding concept allows us to design a diverse array of 
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inhibitors that target the conserved backbone residues of the active site to combat HIV/AIDS while 

overcoming drug-resistant mutations.   

 

 

Figure 1.29 HIV-1 Protease Inhibitors Developed from Backbone Binding Concept 
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Figure 1.30 Representative Binding Mode of HIV-1 Protease Inhibitors Modeled with Inhibitor 

1028 

(Recreated based upon literature) 

1.8 Design, Synthesis, and Biological Evaluation of HIV-1 Protease Inhibitors featuring a 

Novel Hexahydropyrrolofuran (HPF) Scaffold as the P2 Ligand 

1.8.1 Introduction 

Since the introduction of HAART to combat HIV/AIDS, the resultant combination therapy 

has dramatically improved the overall lifestyle of individuals affected.  In the presence of multiple 

treatment options and therapeutic targets, there still lacks a treatment to completely eradicate this 

virus.  The resulting HIV-1 mutant variants, from the replication process, possess the ability to 

overcome the most successful of HAART regimens.  This evolutionary feature leads to the ever-

growing issue of drug resistance.  The development of more effective HIV-1 protease inhibitors is 

required to appropriately combat drug resistance and improve HAART regimens. 
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1.8.2 Design of HIV-1 Protease Inhibitors with HPF P2 Ligand 

While DRV was an exceptionally potent inhibitor, there was a desire to improve upon the 

established biological profile.  Referring back to the outlined interactions between DRV and the 

backbone residues of the active site, the bis-THF P2 ligand partially fills the hydrophobic void at 

the S2 subsite.  In an effort to expand upon these interactions, an additional tetrahydrofuran ring 

was incorporated to better fill this particular hydrophobic pocket and produce a 5/5/5 tricyclic P2 

ligand.  This P2 ligand became known as tris-THF. Application of this P2 ligand led to the 

development of GRL-0519A, a very potent inhibitor with a Ki of 5.9 pM and an IC50 value of 1.8 

nM (Figure 1.31).120,121 Structural analysis of GRL-0519A confirms a similar network of hydrogen 

bonding within the active site relative to DRV (Figure 1.32). However, the oxygen of the third 

tetrahydrofuran ring of the P2 ligand displays water-mediated hydrogen bonding interactions with 

Arg8’ and exhibits a unique CH – O interaction with Gly48 located in the flap region of the 

protease.  

 

 

Figure 1.31 Structure of GRL-0519A Featuring tris-THF P2 Ligand 
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Figure 1.32 Crystal Structure of GRL-0519A-Bound HIV-1 Protease120 

(Recreated based upon literature) 

 

The molecular insight of tris-THF led to the development of other tricyclic P2 ligands of 

various ring combinations.  The 6/5/5 tricyclic inhibitors 13, 14, and 15 were prepared on the basis 

of the desired syn-anti-syn stereochemistry for inhibitory activity (Figure 1.33).122  Structural 

analysis of inhibitor 13 displays the cyclohexane ring’s ability to fill in the hydrophobic pocket 

(Figure 1.34).  In addition, the oxygen of the middle furan ring connects with the amide NH of the 

Asp29 residue.  The oxygen of the second tetrahydrofuran ring creates a water-mediated hydrogen 

bond with Gly27.  Overall, these interactions with the conserved backbone residues explain the 

potency of these particular fused ring systems and fill the S2 subsite effectively. 
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Figure 1.33 Fused Tricyclic HIV-1 Protease Inhibitors 

 

 

Figure 1.34 Crystal Structure of 13-bound HIV-1 Protease Inhibitors122 

(Recreated based upon literature) 
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In an effort to expound upon the observations presented by DRV, tris-THF, and 13, a new 

class of HIV-1 protease inhibitors was developed to accommodate features of the previously 

described potent inhibitors.  This novel 5/5 bicyclic scaffold has been termed 

hexahydropyrrolofuran (HPF) (Figure 1.35).  The purpose of this P2 ligand was to utilize the 

nitrogen as a molecular handle to induce additional hydrogen bond interactions with featured 

functional groups while simultaneously filling the hydrophobic pocket with various hydrocarbon 

substituents.  A brief overlay of the highlighted interactions of DRV with Asp29 and Asp30 

provide insight into the potential spatial orientation of the HPF P2 ligand.  If the carbonyl oxygen 

of the HPF scaffold continues to interact with the amide NH of Asp30, the corresponding nitrogen-

based functional group could interact with the amide NH of Asp29 resulting in the hydrophobic 

alkyl group occupying the S2 hydrophobic pocket, thus maintaining potency.  However, if a 

tetrahedral-based sulfonamide subunit is present, this may allow two potential hydrogen bond 

interactions causing the alkyl group to occupy the same hydrophobic pocket (Figure 1.36). 

 

 

Figure 1.35 Structure of Designed HIV-1 Protease Inhibitor Featuring HPF Scaffold 
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Figure 1.36 Proposed Hydrogen Bond Interactions of HPF P2 Ligand 

1.8.3 Synthetic Strategy 

The general strategy for the synthesis of the novel HPF scaffold as a P2 ligand is outlined 

in the scheme below (Scheme 1.1).  It was envisaged to synthesize an inhibitor, 16, through a late-

stage carbamate coupling with the desired hydroxyethylamine bioisostere 18 and the 

corresponding activated carbonate derived from the enantiopure alcohol 17.  The alcohol could be 
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furnished through an oxidative cleavage of the exo-olefin in 19 to the resulting ketone and further 

reduced.  The exo-olefin could be achieved through a radical-induced annulation, presumably 

through the radical intermediate 20.  The radical intermediate 20 could be readily prepared from a 

halogenated hemiaminal ether 21.  The propargyl ether substituent can be synthesized from the 

ene-carbamate 22. 

 

Scheme 1.1 Retrosynthetic Analysis for the Construction of HPF Core 
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1.8.4 Results 

1.8.4.1 Synthesis of HIV-1 Protease Inhibitors 

The forward synthetic plan was carried out to obtain the versatile ene-carbamate 22 

(Scheme 1.2).  This intermediate, along with cyclic derivatives of various sizes, has the capacity 

to provide a variety of fused bicyclic P2 ligands including 5/5, 5/6, and 6/6 fused ring systems.  

Beginning with 2-pyrrolidinone 23, Cbz protection was accomplished by treatment with n-BuLi 

and Cbz-Cl to afford the protected lactam 24.  Reduction of the lactam with DIBAL-H provided 

the lactamol intermediate 25.  Unfortunately, attempts to purify this intermediate were unfruitful 

and the crude product was moved forward.  The lactamol was added to a heated mixture of AcCl 

and DIPEA in toluene to furnish the desired ene-carbamate 22. 

 

 

Scheme 1.2 Initial Synthesis of ene-carbamate 22 

While the reaction and purification proceeded smoothly, the resulting yields were 

inconsistent.  Therefore, an optimal method to obtain 22 was necessary.  These attempts are 

outlined in the table below (Table 1.2).  While the acetate is not a great leaving group, even at 

elevated temperatures, it was believed that introduction of a better leaving group could facilitate a 

more facile elimination and promote formation of the ene-carbamate.  Therefore, the lactamol was 

treated with TFAA at -78 oC followed by addition of 2,6-lutidine.  Interestingly, the result of these 

conditions were formation of an inseparable by-product and an elevated yield.  Investigating 

further, the lactamol was treated with 20 mol% of PPTS and refluxed with a Dean-Stark apparatus. 

These conditions were promising in terms of purification, but the yield was low.  Increasing 

equivalents of PPTS did not lead to an increase of the ene-carbamate.  Switching from PPTS to 

pTSA proved ineffective.  The lactam was treated with KHMDS to form the enol triflate and 

subsequently subjected to Pd-catalyzed Stille coupling conditions only to provide a complex 

mixture of products. 
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Table 1.2 Optimization for the Preparation of ene-carbamate 22 

 
Entry Conditions A Conditions B Result 

1 
DIBAL-H 

THF, -78 oC 

AcCl, DIPEA 

Toluene, 80 oC 
41% 

2 
DIBAL-H 

THF, -78 oC 

AcCl, DIPEA 

Toluene, 80 oC 
57% 

3 
DIBAL-H 

THF, -78 oC 

AcCl, DIPEA 

Toluene, 80 oC 
34% 

4 
DIBAL-H 

THF, -78 oC 

AcCl, DIPEA 

Toluene, 80 oC 
17% 

5 
DIBAL-H 

THF, -78 oC 

TFAA, 2,6-lutidine 

Toluene, -78 oC to RT 

74%, 

Inseparable mixture of 

by-pdts 

6 
DIBAL-H 

THF, -78 oC 

PPTS (0.2 mol %) 

Toluene, reflux 
22% 

7 
DIBAL-H 

THF, -78 oC 
PPTS (1 equiv.) 27% 

8 
DIBAL-H 

THF, -78 oC 
pTSA Complex mixture 

9 

KHMDS, N-Phenyl-

bis(trifluoromethanesulfonamide) 

THF, -78 oC 

Pd(PPh3)4, LiCl 

nBu3SnH 

THF, -78 oC to RT 

Complex mixture 

 

Based upon these results, it was necessary to seek an alternative synthetic strategy that 

would yield consistently high results.  Commercially available Z-Pro-OH 26 was converted into 

the corresponding hemiaminal methyl ether 27 through a decarboxylative etherification with 

PhI(OAc)2 followed by quenching with MeOH (Scheme 1.3).  Elimination of the methoxy 

substituent was facilitated by TMSOTf and DIPEA to afford ene-carbamate 22 in 90%.  This 

method has two distinct advantages: (i) the experiments provided consistently high yields on 

multigram scale and (ii) is more cost efficient than the previously attempted experiments. 
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Scheme 1.3 Alternative Synthesis of ene-carbamate 22 

 After optimizing the production of the ene-carbamate, attention was focused on the 

preparation of the fused bicyclic ring system.  Following Batey’s literature procedure, 

iodoetherification of the ene-carbamate with N-Iodosuccinimide and propargyl alcohol at -78 oC 

successfully installed the propargyl ether side chain to provide 28 (Scheme 1.4).  Free-radical 

annulation was induced with NaCNBH3, AIBN, and a catalytic amount of nBu3SnH and refluxed 

in THF to provide the exo-olefin intermediate 19 and construct the HFP core framework.123  

Treatment of the olefin with O3 in a DCM/MeOH solvent system at -78 oC afforded the crude 

ketone which was readily reduced with NaBH4, in MeOH, to the racemic secondary alcohol 17 in 

a diastereomeric ratio of 8:1 in 36% yield over 2 steps. 

 

 

Scheme 1.4 Preparation of Racemic Alcohol 17 

As evidenced by the structural studies of DRV and tris-THF, the active site of the HIV-1 

PR is stereospecific.  To achieve optimal enzyme inhibition, the correct stereochemical orientation 

of the fused ring system is crucial for the hydrogen bond network.  Since this is the first hemiaminal 
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ether scaffold to be tested against HIV-1 PR, the preferential orientation of the HPF scaffold 

relative to the active site is unknown.  Methods have been previously developed to enzymatically 

resolve racemic alcohols into corresponding enantiomers.  Employing similar conditions to resolve 

the bis-THF P2 ligand of DRV, the secondary alcohol was treated with Amano Lipase PS30 and 

Ac2O in THF.108  Although the acetate was achieved, roughly 30% of starting material was 

converted in the span of 2 days, based on recovered starting material.  Altering the solvent system 

to a vinyl acetate and THF mixture in a 9:1 ratio, with the same enzyme, resulted in complete 

resolution to provide the enantiopure alcohol (-)-17 in 47% yield (>95% ee) and acetate (+)-29 in 

46% yield (Scheme 1.5).  Identification of the absolute stereochemistry was accomplished by XRC 

of the analogous p-bromobenzoate ester (Figure 1.37).   As a control experiment, the racemic 

alcohol was introduced to the same conditions in the absence of the active enzyme which resulted 

in complete recovery of the racemic alcohol starting material.  Therefore, the resolution occurred 

enzymatically.  Furthermore, the enantiopure acetate underwent standard hydrolysis conditions 

with aqueous LiOH to produce the enantiomeric alcohol (+)-17.  The presence of enantiomers 

were confirmed through chiral HPLC and optical rotation.  Alcohol (-)-17 presented an optical 

rotation of [α]
20
𝐷

 -95.3 (c 0.513, CHCl3) and acetate (+)-29 displayed an optical rotation of [α]
20
𝐷

 

+121.2 (c 1.45, CHCl3).  Alcohol (+)-17 presented an optical rotation of [α]
20
𝐷

 +86.8 (c 0.35, CHCl3) 

and confirmed the success of the enzymatic resolution. 
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Scheme 1.5 Enzymatic Resolution of Racemic Alcohol 17 

 

 

 

Figure 1.37 X-ray Crystal Structure of 30 
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After completion of the enzymatic resolution, the stage was then set to synthesize the final 

inhibitor.  The enantiopure alcohols were converted into their respective nitrophenyl carbonates as 

a precursor for the carbamate coupling (Scheme 1.6).  This strategy has been applied extensively 

in literature for the preparation of other HIV-1 protease inhibitors.124,125 

 

 

Scheme 1.6 Preparation of Activated Carbonate Species (-)-31 and (+)-31 

After preparation of the activated carbonate species, a variety of hydroxyethylamine 

isosteres could be effectively coupled to produce the final inhibitor featuring a stable carbamate 

linkage.  For this particular project, the hydroxyethylamine isostere 18 incorporated a para-

methoxybenzenesulfonamide P2’ ligand.  This isostere could be prepared in 3 steps from 

commercially available starting material (Scheme 1.7).126  Epoxide 32 was treated with 

isobutylamine in IPA for 18 hours to acquire the hydroxyethylamine core 33.  The isobutyl group 

is designed to fit into the hydrophobic S1’ subsite.  Progressing further, the hydroxyethylamine 

isostere was completed with the addition of p-methoxybenzenesulfonyl chloride and subjected to 

acidic media to remove the Boc protecting group. 
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Scheme 1.7 Synthesis of Hydroxyethylamine Isostere Ligand 18 

The final inhibitors were furnished through upon treatment of the activated carbonate and 

the isostere with DIPEA in MeCN (Scheme 1.8).  The final inhibitors 16a and 16b were isolated 

in moderate yields of 76% and 69%, respectively. 

 

 

Scheme 1.8 Carbamate Coupling for Preparation of Final Inhibitors 16a and 16b 

 The Cbz-protected final inhibitors were used as initial substrates for biological evaluation 

to provide insight into the HPF scaffold as a P2 ligand.  In order to evaluate other nitrogen-based 

functional groups, a common intermediate needed to be identified for this divergent method.  

Based on the structural features of the final inhibitor, it was theorized the Cbz protecting group 
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could be removed under mild conditions, since strong acids or bases could decompose the 

substrate.  Exploration for the removal of this group was initiated with standard hydrogenolysis 

conditions (Table 1.3).  The first catalyst examined was Pd(OH)2/C under 1 atmosphere of 

hydrogen.  In the presence of MeOH, the carbamate linkage was cleaved and resulted in reisolation 

of the hydroxyethylamine isostere.  Utilizing EtOAc to weaken the catalytic system was 

ineffective.  The isostere was recovered and believed to result from the long reaction time and 

extended exposure to the palladium catalyst.  Focusing on the catalyst itself, attention was turned 

to Pd/C.  In the presence of MeOH, the isostere was collected, but the liberated free amine had 

been observed.  Additionally, the reaction proceeded in 2 hours and achieved 100% conversion.  

To inhibit the carbamate linkage from cleaving, the milder solvent system of EtOAc was tested.  

The isostere and liberated amine were both observed, but the reaction rate was slow as roughly 

20% of the starting material was converted.  Opting to investigate an alternative sequence, a 

transfer hydrogenation experiment was performed with Pd/C as the catalyst and cyclohexadiene 

as the hydrogen source.  This strategy provided similar results as the carbamate linkage was 

cleaved.  Therefore, Pd/C in MeOH would be used to synthesize the desired protease inhibitors. 

 

Table 1.3 Optimization of Cbz Deprotection 

 
 

Entry Conditions Result 

1 
Pd(OH)2/C (20 mol%), H2 (1 atm) 

MeOH, 1 Hour 
Carbamate Cleavage 

2 
Pd(OH)2/C (20 mol%), H2 (1 atm) 

EtOAc, 20 Hours 
Carbamate Cleavage 

3 
Pd/C (10 mol%), H2 (1 atm) 

MeOH, 2 Hours 

Liberated Amine Observed 

with Carbamate Cleavage; 

100% conv. 

4 
Pd/C (10 mol%), H2 (1 atm) 

EtOAc, 24 Hours 

Liberated Amine Observed 

with Carbamate Cleavage; 

~20% conv. 

5 
Pd/C, Cyclohexadiene 

EtOH, 24 Hours 
Carbamate Cleavage 
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Due to the sensitive nature of the liberated amine, the hemiaminal ether intermediate could 

not be isolated effectively and the crude material was carried forward.  Treatment of the crude 

amine with an acceptable electrophile led to the formation of the desired nitrogen-based functional 

group which included carbamates, carboxamides, and sulfonamides (Scheme 1.9).  During 

isolation of the final inhibitors, the hydroxyethylamine isostere was recovered, both as the free 

amine and the product of the resulting derivatization sequence.  The collected isosteres could be 

recycled and resubjected to the standard coupling conditions to conserve material. 
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Scheme 1.9 Hydrogenolysis of Cbz Protecting Group and Derivatization Sequence 
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Figure 1.38 HIV-1 Protease Inhibitors Featuring Carbamate Functionality 
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Figure 1.39 HIV-1 Protease Inhibitors Featuring Carboxamide Functionality 

 

 

 

 

 

 

Figure 1.40 HIV-1 Protease Inhibitors Featuring Sulfonamide Functionality 
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1.8.4.2 Biological Evaluation and Discussion 

Biological evaluation of the HPF scaffold as a P2 ligand for HIV-1 protease inhibitors was 

divided amongst three classes of compounds; carbamate, carboxamide, and sulfonamide.  The 

carbamate moiety contains two oxygen atoms that have the potential to interact with the desired 

backbone residues Asp29 and Asp30 while the alkyl group fills the hydrophobic pocket.  The Cbz-

protected inhibitor 16a was evaluated to obtain an initial enzyme inhibitory value and provide a 

gateway for the remainder of the structure-activity relationship (SAR) study (Table 1.4).  The Cbz 

inhibitor 16a presented an enzyme inhibition value of 15.6 nM.  While this initial result was 

promising, the specificity of the active site was probed further.  To better understand the orientation 

of the HPF core within the enzyme, the Cbz inhibitor 16b, containing the alternate stereochemistry 

across the ring junction, was evaluated and returned a Ki value of 81.4 nM.  The enzyme inhibition 

values, relative to the defined stereochemistry, were consistent with previously reported HIV-1 

protease inhibitors. 

Considering the large steric bias of the phenyl ring in inhibitor 16a, the alkyl group was 

reduced to better fill the void set by the hydrophobic pocket of S2.  Replacing the Cbz group with 

a Boc group for inhibitor 16c led to an increase in enzyme inhibition slightly (Ki = 7.0 nM).  

Diverting back to the Boc diastereomeric partner, inhibitor 16d produced a Ki value of 104.7 nM.  

This 14-fold decrease in activity confirmed the preferential orientation of the HPF scaffold within 

the active site of the enzyme to achieve maximal inhibition.  From the results of the Cbz and Boc 

groups, the carbamate functionality was then linearized by attaching an allyl carbamate group to 

prepare inhibitor 16e.  The resulting effect of linearization was a decrease in Ki from 7.0 nM to 3.1 

nM.  It is reasonable to suggest the increase in activity is caused by the flexible nature of the 

hydrocarbon chain.  Attempting to maintain the flexible feature of the carbamate group, the olefin 

was relocated to provide inhibitor 16f with isopropenyl chloroformate and resulted in a Ki of 0.15 

nM.  The increase in inhibition can be attributed to the smaller hydrocarbon chain length and 

suggests the depth of the S2 subsite may be limited.  Reducing the carbon chain to the simplest of 

form, inhibitor 16g was obtained from methyl chloroformate.  This was the smallest carbamate 

ligand evaluated and presented a Ki of 0.42 nM.  The slight decrease in inhibition suggests the 

presence of a hydrocarbon chain of reasonable size is important to maintain potency and fill the 

hydrophobic pocket. 
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Table 1.4 Biological Evaluation of Carbamate-based HIV-1 Protease Inhibitors 

Entry Inhibitor Ki (nM) IC50 

1 

 

15.6 ND 

2 

 

81.4 ND 

3 

 

7.0 >1000 nM 

4 

 

104.7 >1000 nM 

5 

 

3.1 777 nM 

6 

 

0.15 >1000 nM 

7 

 

0.42 267 nM 

 

 



 

 

76 

 While the protease inhibitors featuring the carbamate functionality were reasonably 

potent, it was believed that only one of the oxygens present in the carbamate connectivity was 

participating in hydrogen bonding with the conserved Asp29/30 residues.  To better rationalize 

this theory, one of the oxygens was removed to promote hydrogen bonding with the carbonyl 

more effectively, thus resulting in the rise of the carboxamide class of inhibitors (Table 1.5).  

The first inhibitor of the carboxamide class was the methacrylamide inhibitor 16h and presented 

a Ki value of 17.2 nM.  Comparing inhibitor 16h to that of the corresponding carbamate inhibitor 

16f, there is a 115-fold loss of enzyme inhibition.  This drastic loss in activity indicates the 

additional oxygen of the carbamate group is directly interacting within the active site.  

Understanding the size of the functional group has an effect on the inhibitory activity, smaller 

amide-based ligands were prepared.  Removal of a methylene unit to prepare the propionamide 

inhibitor 16i presented an increase in enzyme inhibition with a Ki value of 3.69 nM.  Exploring 

further, the acrylamide inhibitor 16j displayed similar activity relative to 16i.  The slight loss in 

activity could be explained through the sp2 character of the olefin.  The olefin has a shorter bond 

length and is less flexible than the propionamide inhibitor which indicates the acrylamide is not 

adequately housed in the S2 subsite.  The smallest functional group examined was the acetamide, 

featured in inhibitor 16k.  As expected, inhibitor 16k displays the best enzyme inhibition activity 

with a Ki of 2.14 nM.  Biological evaluation of this class presented protease inhibitors with 

moderate activity, however these particular inhibitors did not display promising IC50 results.  

Presumably, the inhibitors are not penetrating the cellular membrane and the activity may be 

attributed to a solubility issue as these molecules are extremely polar.  Therefore, a third class of 

inhibitors were designed to overcome this issue. 
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Table 1.5 Biological Evaluation of Amide-based HIV-1 Protease Inhibitors 

Entry Inhibitor Ki (nM) IC50 

1 

 

17.2 >1000 nM 

2 

 

3.69 

 
>1000 nM 

3 

 

3.76 

 
953 nM 

4 

 

2.14 >1000 nM 

 

 The carbamate and amide-based protease inhibitors explored were planar, rotameric, sp2-

hybrized ligands.  These geometrical attributes may result in a limited spatial orientation within 

the active site and potentially restricts the desired hydrogen bond interactions from occurring.  

To better understand the acceptable spatial geometry of the HPF scaffold, the sulfonamide-based 

inhibitor class was prepared (Table 1.6).  The sulfonamide functional group features sp3-

hybridization and leads to a tetrahedral orientation.  Additionally, the tetrahedral orientation 

could increase the interactions between Asp29 and Asp30 with the fully-exposed oxygens.  To 

further investigate, the propylsulfonamide inhibitor 16l was synthesized.  Considering the small, 
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flexible nature of the propyl chain, the initial Ki value of 0.57 nM was promising.  Shortening the 

carbon chain further, the methanesulfonamide moiety was prepared.  When inhibitor 16m was 

evaluated against HIV-1 protease, the result was a stellar enzyme inhibition value of 0.027 nM.  

In the absence of a crystal structure, the increase in activity suggests the tetrahedral spatial 

geometry is promoting additional hydrogen bond interactions with the conserved residues of the 

backbone. 

 

Table 1.6 Biological Evaluation of Sulfonamide-based HIV-1 Protease Inhibitors 

Entry Inhibitor Ki (nM) IC50 

1 

 

0.57 ND 

2 

 

0.027 ND 

 

Based upon the biological data collected from the HIV protease inhibitors, there are 

significant discrepancies between the observed enzyme inhibitory activity and the resulting IC50 

values.  To better understand this observation, further exploration into the chemical properties of 

the inhibitors was required.  One particular chemical property that can be investigated is the 

partition coefficient (logp) of the inhibitor.  The partition coefficient is a measure of a compound’s 

hydrophilicity, lipophilicity, and plays a crucial role as it relates to the compound’s ADMET 

(absorption, distribution, metabolism, excretion, and toxicity) profile.  It has been well established 

that a logp value below 5 indicates a molecule possesses drug-like properties and the capacity to 

be an effective drug molecule.  Molecules with a value higher than 5 indicate the compound is 

highly lipophilic and may not pass through the cell membrane effectively.  Therefore, the 

discrepancy between the Ki and IC50 values might be explained through analysis of the calculated 
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partition coefficient (clogp) to determine if the inhibitor possesses the ability to pass through the 

cellular membrane to become an effective HIV-1 protease inhibitor. 

 The clogp value was calculated for five different protease inhibitors and is outlined below 

(Table 1.7).  From the calculations, there is an observed trend between the relationship of the clogp 

value and the corresponding IC50 value for the carbamate class of compounds.  While the clogp 

value never exceeds 5, it appears the lower clogp value correlates to a lower IC50 value.  Initial 

analysis of the boc inhibitor 16c depicts the largest clogp value of 4.41 along with the highest IC50 

of the carbamate class at >1000 nM.  It is plausible to conclude the boc inhibitor is too lipophilic 

and results in a higher concentration of the inhibitor residing in the cellular membrane, rather than 

permeating into the cell to function appropriately, and leads to a larger IC50 value.  The allyl 

carbamate inhibitor 16e provided an IC50 value of 777 nM and a clogp value of 4.23.  With respect 

to the data recorded from inhibitor 16c, inhibitor 16e is not as lipophilic, however there may still 

remain a large concentration of the inhibitor in the cellular membrane.  Lastly, the calculated logp 

value of the methyl carbamate inhibitor 16g is 3.53 and correlates to an IC50 of 267 nM, the lowest 

in the carbamate class.  While the IC50 value is still within a large contrast to that of the Ki value, 

the methyl carbamate inhibitor may be more cell permeable than the other carbamate inhibitors, 

but the lipophilicity of the inhibitor should be reduced to determine the absolute relationship 

between the clogp and IC50 results. 

While this trend is observed in the carbamate class of compounds, this same trend is not 

presented for the amide class of compounds.  The acrylamide inhibitor 16j has a clogp value of 

3.63 and an IC50 of 953 nM while the acetamide inhibitor 16k was calculated at 2.95 with an IC50 

of >1000 nM.  The absence of a trend, as presented by the carbamates, indicates there may be 

alternative reasons as to the discrepancies in the enzyme inhibitory activity and the IC50 

concentrations.  The amide inhibitors may exhibit issues related to solubility or stability within the 

cellular environment.  However, further SAR analysis is required to determine the absolute 

relationship between the partition coefficient and the resulting IC50 values.  Chemical 

modifications would be necessary to reduce the clogp value to observe the resulting bioactivity of 

the inhibitor. 
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Table 1.7 Calculated logp Values of Selected Inhibitors 

Entry Inhibitor IC50 clogp* 

1 

 

>1000 nM 4.41 

2 

 

777 nM 4.23 

3 

 

267 nM 3.53 

4 

 

953 nM 3.63 

5 

 

>1000 nM 2.95 

*Calculated using ChemDraw version 17.0 

1.8.5 Conclusion 

The sustained development of potent HIV-1 protease inhibitors exemplifies the applicable 

nature of the “backbone binding” concept and led to the development of a new class of protease 

inhibitors.  The novel bicyclic hexahydropyrrolofuran scaffold incorporates a hemiaminal ether 

linkage.  Batey’s iodoetherification was utilized to install the ether side chain and an enzymatic 

resolution allowed for the separation of optically active enantiomers.  This P2 ligand was designed 

to expose a molecular handle to induce short-path hydrogen bonding while simultaneously filling 
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the hydrophobic pocket of the S2 subsite with various hydrocarbon systems.  Selected functional 

groups include carbamate, carboxamide, and sulfonamide.  Sulfonamide Inhibitor 16m was the 

most potent with a Ki of 0.027 nM.  These rudimentary results are leading further optimization 

efforts to improve biological efficacy of HIV-1 protease inhibitors featuring this novel scaffold. 
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1.8.6 Experimental 

All chemical and reagents were purchased from commercial suppliers and used without 

further purification unless otherwise noted. All reactions were performed in oven-dried round-

bottom flasks. The flasks were fitted with rubber septa and kept under a positive pressure of argon. 

Cannula were used in the transfer of moisture-sensitive liquids. Heated reactions were ran using 

an oil bath on a hot plate equipped with a temperature probe. TLC analysis was conducted using 

glass-backed thin-layer silica gel chromatography plates (60 Å, 250 μm thickness, F-254 indicator). 

Flash chromatography was done using a 230−400 mesh, a 60 Å pore diameter silica gel. Organic 

solutions were concentrated at 30−35 °C on rotary evaporators capable of achieving a minimum 

pressure of ∼25 Torr and further concentrated on a Hi-vacuum pump capable of achieving a 

minimum pressure of ∼4 Torr. 1H NMR spectra were recorded on 400 and 800 MHz 

spectrometers. 13C NMR spectra were recorded at 100 and 200 MHz on the respective NMRs. 

Chemical shifts are reported in parts per million and referenced to the deuterated residual solvent 

peak (CDCl3, 7.26 ppm for 1H and 77.16 ppm for 13C). NMR data are reported as δ value (chemical 

shift), J-value (Hz), and integration, where s = singlet, bs = broad singlet, d = doublet, t = triplet, 

q = quartet, p = quintet, m = multiplet, dd = doublet doublets, and so on. Optical rotations were 

recorded on a digital polarimeter. Low resolution mass spectra (LRMS) spectra were recorded 

using a quadrupole LCMS under positive electrospray ionization (ESI+). High-resolution mass 

spectrometry (HRMS) spectra were recorded at the Purdue University Department of Chemistry 

Mass Spectrometry Center. These experiments were performed under ESI+ and positive 

atmospheric pressure chemical ionization (APCI+) conditions using an Orbitrap XL Instrument. 

 

benzyl 2-methoxypyrrolidine-1-carboxylate 

 

 
 

To a solution of Z-Pro-OH (11.6110 g, 46.574 mmol) in DCM (300 mL) was added PhI(OAc)2 

(30.0901 g, 93.419 mmol) and I2 (6.1527 g, 24.241 mmol) sequentially.  After stirring for 6 

hours, anhydrous MeOH was added and allowed to stir for an additional 2 hours.  After this time, 

the reaction was quenched with saturated Na2S2O3.  The crude product was extracted with DCM 
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(x3), washed with brine, dried over anhydrous MgSO4, and concentrated under reduced pressure.  

Product was purified via silica gel chromatography (15% EtOAc/Hexanes) to provide 8.65 g 

(79%) of hemiaminal ether product as a clear oil. 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.27 (m, 

5H), 5.26 – 5.11 (m, 3H), 3.52 (ddd, J = 10.9, 8.7, 2.0 Hz, 1H), 3.39 (m, 3H), 3.26 (s, 1H), 2.11 – 

2.01 (m, 1H), 1.95 – 1.84 (m, 2H), 1.79 – 1.72 (m, 1H); 13C NMR (100 MHz, CDCl3)  (ppm):  

155.7, 154.8, 136.5, 128.3, 127.9, 127.7, 89.0, 88.4, 67.0, 66.7, 55.8, 55.3, 45.8, 45.6, 32.4, 31.8, 

22.5, 21.6; LRMS-ESI (+)  m/z: 258.1 [M + Na]+ 

 

benzyl 2,3-dihydro-1H-pyrrole-1-carboxylate 

 

 
 

To a solution of hemiaminal ether (8.65 g, 36.765 mmol) in DCM (180 mL) at 0 oC was added 

DIPEA (13 mL, 74.636 mmol) followed by TMSOTf (10 mL, 55.251 mmol).  After stirring for 1 

hour, the reaction was quenched with saturated NaHCO3.  The crude product was extracted with 

DCM (x3), washed with brine, dried over anhydrous MgSO4, and concentrated under reduced 

pressure.  Product was purified via silica gel chromatography (10% EtOAc/Hexanes) to afford 

6.83 g (91%) of enecarbamate product as a yellow oil. 1H NMR (400 MHz, CDCl3)  (ppm): 

7.39 – 7.30 (m, 5H), 6.65 – 6.54 (m, 2H), 5.18 (s, 2H), 5.09 – 5.02 (m, 1H), 3.78 (dt, J = 12.9, 

9.1 Hz, 2H), 2.69 – 2.60 (m, 2H);  13C NMR (100 MHz, CDCl3)  (ppm):  152.7, 151.9, 136.5, 

129.6, 128.9, 128.4, 127.9, 127.9, 127.8, 108.6, 108.5, 66.9, 66.76, 45.1, 44.9, 29.6, 28.5;  

LRMS-ESI (+)  m/z: 204.1 [M + H]+ 

 

benzyl 3-iodo-2-(prop-2-yn-1-yloxy)pyrrolidine-1-carboxylate 

 

 
 

To a light pink solution of N-iodosuccinimide (9.6853 g, 43.050 mmol) and propargyl alcohol (3 

mL, 51.534 mmol) in DCM (250 mL) at -78 oC was added a solution of enecarbamate (6.83 g, 

33.606 mmol) in DCM (50 mL) dropwise via addition funnel.  After 1 hour, the reaction was 

quenched with saturated Na2S2O3 and slowly warmed to room temperature.  Once at room 
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temperature, the crude product was extracted with DCM (x3), washed with brine, dried over 

anhydrous MgSO4, and concentrated under reduced pressure.  Product was purified via silica gel 

chromatography (10% EtOAc/Hexanes) to provide 11.06 g (85%) of iodoether product as a 

yellow oil.  1H NMR (400 MHz, CDCl3)  (ppm):  7.38 – 7.31 (m, 5H), 5.58 (d, J = 36.4 Hz, 

1H), 5.21 – 5.14 (m, 2H), 4.33 (d, J = 5.0 Hz, 2H), 4.12 (s, 1H), 3.76 – 3.66 (m, 1H), 3.56 – 3.51 

(m, 1H), 2.58 – 2.51 (m, 1H), 2.42 (d, J = 35.9 Hz, 1H), 2.16 – 2.09 (m, 1H);  13C NMR (100 

MHz, CDCl3)  (ppm):  155.5, 154.5, 136.1, 135.9, 128.4, 128.0, 127.6, 95.1, 94.4, 79.6, 79.2, 

74.3, 67.5, 67.2, 56.5, 55.8, 44.8, 44.7, 33.6, 32.7, 26.6, 25.9; LRMS-ESI (+)  m/z: 408.0 [M + 

Na]+ 

 

benzyl 3-methylenehexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 

 

 
 

A solution of NaCNBH3 (1.8333 g, 29.174 mmol), nBu3SnH (300 L, 1.132 mmol), and AIBN 

(374.1 mg, 2.278 mmol) was dissolved in THF (100 mL) and heated to reflux.  Upon refluxing 

for approximately 45 minutes, a solution of iodoether (8.4640 g, 21.973 mmol) in THF (75 mL) 

was added dropwise.  After refluxing the solution for 18 hours, the reaction was cooled to room 

temperature and concentrated under reduced pressure.  The crude product was purified via silica 

gel chromatography (20% EtOAc/Hexanes) to provide 4.08 g (71%) of the exo-olefin product as 

a yellow oil.  1H NMR (400 MHz, CDCl3)  (ppm):  7.39 – 7.30 (m, 5H), 5.89 (dd, J = 21.0, 5.9 

Hz, 1H), 5.32 – 5.03 (m, 4H), 4.42 (dt, J = 5.2, 2.4 Hz, 2H), 3.70 – 3.63 (m, 1H), 3.40 – 3.31 (m, 

2H), 2.13 – 2.04 (m, 1H), 1.93 – 1.89 (m, 1H);  13C NMR (100 MHz, CDCl3)  (ppm):  154.3, 

149.6, 136.6, 128.4, 128.3, 127.9, 127.7, 127.6, 105.6, 92.9, 92.3, 71.1, 66.8, 47.4, 46.5, 45.5, 

45.3, 31.0, 30.6; LRMS-ESI (+)  m/z: 260.1 [M + H]+ 

 

 

benzyl 3-hydroxyhexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 
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To a solution of exo-olefin (7.5000g, 28.923 mmol) in MeOH:DCM (1:1) at -78 oC was bubbled 

ozone (O3) gas through solution.  Mixture was kept at this temperature until a faint blue color 

appeared.  Upon observation of this color, oxygen (O2) was bubbled through solution to remove 

excess ozone present and was further quenched with dimethyl sulfide (40 mL, 20 equiv.) and 

slowly warmed to room temperature.  The quenching process continued overnight where volatiles 

were then removed under reduced pressure and the crude mixture was used for the NaBH4 

reduction in the next step.  To a solution of crude ketone in MeOH at 0 oC was added NaBH4 

(1.3203g, 34.901 mmol) in one portion slowly.  After 2 hours, reaction was quenched with 

saturated NH4Cl and slowly warmed to room temperature.  The crude product was extracted with 

ethyl acetate (3x), washed with brine, dried over anhydrous Na2SO4, and concentrated under 

reduced pressure.  Product was purified via silica gel chromatography (50% EtOAc/Hexanes) to 

provide 2.64 g (36% over 2 steps) as a colorless oil.  1H NMR (400 MHz, CDCl3)  (ppm):  7.36 

– 7.30 (m, 5H), 5.76 – 5.72 (m, 1H), 5.29 – 5.09 (m, 2H), 4.39 (d, J = 7.0 Hz, 1H), 3.93 (dd, J = 

9.4, 5.9 Hz, 1H), 3.62 (dd, J = 9.4, 6.3 Hz, 2H), 3.49 – 3.45 (m, 1H), 2.86 (brs, 1H), 2.55 (brs, 1H), 

2.26 – 2.20 (m, 1H), 1.86 – 1.80 (m, 1H);  13C NMR (100 MHz, CDCl3)  (ppm):  154.5, 136.7, 

128.5, 128.0, 127.9, 92.7, 92.1, 72.9, 71.3, 67.1, 47.7, 47.5, 46.8, 45.9, 23.3, 22.8;  LRMS-ESI (+)  

m/z: 264.1 [M + H]+; HRMS (ESI) m/z: [M + Na]+ calcd C14H17NO4Na 286.1050; found 286.1053.   

 

benzyl (3R,3aS,6aR)-3-hydroxyhexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 

 

 

 

To a solution of racemic alcohol (2.64 g, 10.027 mmol) in a 9:1 solution of vinyl acetate (90 mL) 

and THF (10 mL) was added Amano Lipase PS 30 (1.3695 g, 50 wt. %) and stirred for 24 hours.  

Upon completion of the enzymatic resolution (as determined by NMR), the mixture was filtered 



 

 

86 

through celite and concentrated under reduced pressure.  The product was purified via silica gel 

chromatography (30% EtOAc/Hexanes) to provide 1.2544 g (47%) of enantiopure alcohol as a 

colorless oil.  1H NMR (400 MHz, CDCl3)  (ppm):  7.38 – 7.28 (m, 5H), 5.77 – 5.72 (m, 1H), 

5.28 – 5.09 (m, 2H), 4.42 – 4.36 (m, 1H), 3.93 (dd, J = 9.4, 5.9 Hz, 1H), 3.62 (dd, J = 9.4, 6.3 Hz, 

2H), 3.49 – 3.43 (m, 1H), 3.11 (brs, 1H), 2.83 (brs, 1H), 2.26 – 2.20 (m, 1H), 1.87 – 1.78 (m, 1H);  

13C NMR (100 MHz, CDCl3)  (ppm):  154.3, 136.5, 128.3, 127.8, 127.7, 92.5, 91.9, 72.7, 71.0, 

66.9, 47.5, 47.2, 46.6, 45.6, 23.1, 22.5; LRMS-ESI (+)  m/z: 264.1 [M + H]+; [α]
20
𝐷

 -95.3 (c 0.513, 

CHCl3). 

 

benzyl (3S,3aR,6aS)-3-acetoxyhexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 

 

 

 

To a solution of racemic alcohol (2.64 g, 10.027 mmol) in a 9:1 solution of vinyl acetate (90 mL) 

and THF (10 mL) was added Amano Lipase PS 30 (1.3695 g, 50 wt. %) and stirred for 24 hours.  

Upon completion of the enzymatic resolution, the mixture was filtered through celite and 

concentrated under reduced pressure.  The product was purified via silica gel chromatography (30% 

EtOAc/Hexanes) to provide 1.4547 g (47%) of enantiopure acetate as a colorless oil.  1H NMR 

(400 MHz, CDCl3)  (ppm):  7.36 – 7.26 (m, 5H), 5.81 – 5.76 (m, 1H), 5.27 – 5.09 (m, 3H), 4.04 

(dd, J = 10.0, 5.9 Hz, 1H), 3.77 (dd, J = 10.0, 5.6 Hz, 1H), 3.69 – 3.63 (m, 1H), 3.47 (ddd, J = 

10.7, 8.9, 7.1 Hz, 1H), 3.06 (brs, 1H), 2.08 (s, 3H), 1.99 – 1.81 (m, 2H);  13C NMR (100 MHz, 

CDCl3)  (ppm):  170.2, 154.5, 154.1, 136.4, 128.3, 127.9, 127.7, 92.3, 91.6, 73.2, 70.6, 67.0, 47.2, 

46.9, 45.0, 44.1, 24.0, 23.4, 20.7;  LRMS-ESI (+)  m/z: 306.1 [M + H]+; HRMS (ESI) m/z: [M + 

Na]+ calcd C16H19NO5Na 328.1155; found 328.1159;  [α]
20
𝐷

 +121.2 (c 1.45, CHCl3). 
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benzyl (3S,3aR,6aS)-3-hydroxyhexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 

 

 

 

To a solution of enantiopure acetate (1.4547 g, 4.764 mmol) in THF (40 mL) was added aq. LiOH 

solution (20 mL, 0.2M) and stirred vigorously for 3 hours.  After that time, the crude product was 

extracted with EtOAc (x3), washed with brine, dried over anhydrous Na2SO4, and concentrated 

under reduced pressure to provide 1.2539 g (99%) of enantiopure alcohol as a colorless oil without 

further purification.  1H NMR (400 MHz, CDCl3)  (ppm):  7.35 – 7.28 (m, 5H), 5.74 – 5.71 (m, 

1H), 5.26 – 5.07 (m, 2H), 4.39 – 4.33 (m, 1H), 3.91 (dd, J = 9.3, 5.9 Hz, 1H), 3.59 (dd, J = 9.3, 

6.5 Hz, 2H), 3.48 – 3.42 (m, 1H), 3.08 (brs, 1H), 2.83 (brs, 1H), 2.26 – 2.19 (m, 1H), 1.85 – 1.75 

(m, 1H);  13C NMR (100 MHz, CDCl3)  (ppm):  154.8, 154.4, 136.4, 128.3, 127.8, 127.6, 92.5, 

91.9, 72.6, 70.8, 66.9, 47.5, 47.2, 46.5, 45.5, 23.1, 22.5; LRMS-ESI (+)  m/z: 264.1 [M + H]+;  

[α]
20
𝐷

 +86.8 (c 0.35, CHCl3). 

 

benzyl (3R,3aS,6aR)-3-(((4-nitrophenoxy)carbonyl)oxy)hexahydro-6H-furo[2,3-b]pyrrole-6-

carboxylate 

 

 

 

To a solution of enantiopure alcohol (1.009 g, 3.836 mmol) in DCM (40 mL) at 0 oC was added 

pyridine (620 L, 7.672 mmol) and p-Nitrophenyl chloroformate (1.1782 g, 5.844 mmol) 

sequentially.  Solution remained at 0 oC for 1 hour and then slowly warmed to room temperature 

with the flask covered by aluminum foil.  After stirring for 16 hours, reaction was concentrated 

under reduced pressure and purified via silica gel chromatography (40% EtOAc/Hexanes) to 

provide 1.2678 g (77%) of desired carbonate as an amorphous, white solid.  1H NMR (400 MHz, 
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CDCl3)  (ppm):  8.30 – 8.26 (m, 1H), 7.40 – 7.30 (m, 7H), 5.90 – 5.82 (m, 1H), 5.31 – 5.12 (m, 

3H), 4.14 (dd, J = 10.4, 5.6 Hz, 1H), 4.00 – 3.96 (m, 1H), 3.76 – 3.70 (m, 1H), 3.61 – 3.52 (m, 

1H), 3.20 (brs, 1H), 2.16 – 2.11 (m, 1H), 2.04 – 1.96 (m, 1H);  13C NMR (100 MHz, CDCl3)  

(ppm):  155.0, 152.0, 145.4, 136.3, 128.4, 128.0, 127.8, 125.3, 121.5, 92.4, 91.7, 78.1, 77.9, 70.4, 

67.1, 47.2, 46.9, 45.2, 44.3, 24.0, 23.4; LRMS-ESI (+)  m/z: 429.1 [M + H]+;  [α]
20
𝐷

 -79.3 (c 0.99, 

CHCl3). 

 

benzyl (3S,3aR,6aS)-3-(((4-nitrophenoxy)carbonyl)oxy)hexahydro-6H-furo[2,3-b]pyrrole-6-

carboxylate 

 

 

 

To a solution of enantiopure alcohol (0.920 g, 3.494 mmol) in DCM (40 mL) at 0 oC was added 

pyridine (565 μL, 6.988 mmol) and p-Nitrophenyl chloroformate (1.1623 g, 5.765 mmol) 

sequentially.  Solution remained at 0 oC for 1 hour and then slowly warmed to room temperature 

with the flask covered by aluminum foil.  After stirring for 16 hours, reaction was concentrated 

under reduced pressure and purified via silica gel chromatography (40% EtOAc/Hexanes) to 

provide 939.8 mg (63%) of desired carbonate as an amorphous, white solid.  1H NMR (400 MHz, 

CDCl3)  (ppm):  8.30 – 8.26 (m, 2H), 7.40 – 7.30 (m, 7H), 5.89 – 5.82 (m, 1H), 5.31 – 5.12 (m, 

3H), 4.14 (dd, J = 10.4, 5.6 Hz, 1H), 4.00 – 3.96 (m, 1H), 3.76 – 3.70 (m, 1H), 3.59 – 3.52 (m, 

1H), 3.19 (brs, 1H), 2.17 – 2.10 (m, 1H), 2.04 – 1.96 (m, 1H);  13C NMR (100 MHz, CDCl3)  

(ppm):  155.0, 152.0, 145.4, 136.4, 128.4, 128.0, 127.8, 125.3, 121.5, 92.4, 91.7, 78.1, 77.9, 70.4, 

67.1, 47.2, 46.9, 45.3, 44.2, 24.0, 23.4; LRMS-ESI (+)  m/z: 429.1 [M + H]+;  [α]
20
𝐷

 +93.9 (c 1.21, 

CHCl3). 
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benzyl (3R,3aS,6aR)-3-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)-

1-phenylbutan-2-yl)carbamoyl)oxy)hexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 

 

 

 

To a solution of p-Nitrocarbonate (577.3 mg, 1.348 mmol) in MeCN (15 mL) was added the 

corresponding isostere (552.8 mg, 1.360 mmol) followed by DIPEA (1 mL, 5.741 mmol) and 

stirred until the reaction was completed based on TLC.  After completion, the reaction mixture 

was concentrated under reduced pressure and purified via silica gel chromatography (40% 

EtOAc/Hexanes) to afford 710.1 mg (76%) of Cbz-protected inhibitor as a white solid.  1H NMR 

(400 MHz, CDCl3)  (ppm):  7.71 (d, J = 8.8 Hz, 2H), 7.37 – 7.19 (m, 10H), 6.98 (d, J = 8.9 Hz, 

2H), 5.73 – 5.68 (m, 1H), 5.25 – 4.97 (m, 4H), 3.92 – 3.84 (m, 6H), 3.71 – 3.67 (m, 2H), 3.56 – 

3.46 (m, 1H), 3.21 – 3.07 (m, 3H), 3.01 – 2.94 (m, 3H), 2.79 (dd, J = 13.4, 6.7 Hz, 2H), 1.86 – 

1.78 (m, 1H), 1.69 – 1.54 (m, 2H), 0.90 (dd, J = 19.6, 6.6 Hz, 6H).  13C NMR (200 MHz, CDCl3) 

 (ppm):  163.0, 155.4, 154.6, 154.2, 137.5, 136.5, 136.3, 129.6, 129.4, 129.2, 128.5, 128.4, 128.0, 

127.9, 127.7, 126.5, 126.0, 115.5, 114.3, 92.4, 91.7, 73.9, 73.7, 72.7, 70.9, 70.8, 67.0, 60.3, 58.7, 

55.5, 55.1, 53.6, 47.3, 47.0, 45.6, 44.7, 35.6, 27.2, 23.7, 23.1, 20.9, 20.1, 19.8, 14.1;  LRMS-ESI 

(+)  m/z: 696.3 [M + H]+; HRMS (ESI) m/z: [M + Na]+ calcd C36H45N3O9SNa 718.2769; found 

718.2762.   
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benzyl (3S,3aR,6aS)-3-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)-

1-phenylbutan-2-yl)carbamoyl)oxy)hexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 

 

 
 

To a solution of p-Nitrocarbonate (600 mg, 1.401 mmol) in MeCN (14 mL) was added the 

corresponding isostere (573.8 mg, 1.411 mmol) followed by DIPEA (1 mL, 5.741 mmol) and 

stirred until the reaction was completed based on TLC.  After completion, the reaction mixture 

was concentrated under reduced pressure and purified via silica gel chromatography (40% 

EtOAc/Hexanes) to afford 669.5 mg (69%) of Cbz-protected inhibitor as a white solid.  1H NMR 

(400 MHz, CDCl3)  (ppm):  7.70 (d, J = 8.7 Hz, 2H), 7.37 – 7.20 (m, 10H), 6.98 (d, J = 8.8 Hz, 

2H), 5.78 – 5.73 (m, 1H), 5.30 – 4.94 (m, 4H), 3.95 – 3.78 (m, 7H), 3.65 – 3.58 (m, 2H), 3.39 (m, 

1H), 3.13 (dd, J = 15.1, 8.6 Hz, 1H), 3.02 – 2.89 (m, 5H), 2.77 (dd, J = 13.4, 6.6 Hz, 1H), 1.91 – 

1.77 (m, 3H), 0.88 (dd, J = 20.1, 6.6 Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  163.0, 155.6, 

154.6, 154.2, 137.4, 136.5, 136.3, 129.7, 129.4, 129.3, 128.5, 128.4, 128.0, 127.9, 127.8, 126.6, 

126.0, 115.5, 114.3, 92.3, 91.6, 73.7, 73.6, 72.4, 70.7, 67.0, 58.7, 55.5, 55.2, 55.5, 53.3, 47.2, 46.9, 

45.3, 44.4, 35.2, 35.1, 27.2, 23.9, 23.3, 20.0, 19.8, 14.1;  LRMS-ESI (+)  m/z: 696.3 [M + H]+; 

HRMS (ESI) m/z: [M + Na]+ calcd C36H45N3O9SNa 718.2769; found 718.2772.   

 

General Procedure for Carbamation and Acylation Reactions 

 

To a solution of Cbz-protected inhibitor (1 equiv.) in MeOH (0.05 M solution) was added 10% 

Pd/C (5 mol %) and stirred under H2 atmosphere.  Upon completion, the mixture was filtered 

through celite and concentrated under reduced pressure to provide the crude amine.  The crude 

amine was then dissolved in DCM (0.05 M solution) along with triethylamine (1.5 equiv.) and 

cooled to 0 oC.  The corresponding electrophile (0.8 – 1.0 equiv.) was then added at this 

temperature and slowly warmed to room temperature.  Upon completion of the reaction, the crude 
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mixture was concentrated down and purified directly via silica gel chromatography to provide the 

resulting carbamate, carboxamide, or sulfonamide inhibitor. 

 

tert-butyl-(3R,3aS,6aR)-3-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-

methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamoyl)oxy)hexahydro-6H-furo[2,3-

b]pyrrole-6-carboxylate 

 

 

 

1H NMR (400 MHz, CDCl3)  (ppm):  7.71 (d, J = 8.9 Hz, 2H), 7.28 – 7.20 (m, 5H), 6.98 (d, J = 

8.9 Hz, 2H), 5.68 – 5.59 (m, 1H), 5.01 (brs, 1H), 4.88 (d, J = 8.9 Hz, 1H), 3.90 – 3.83 (m, 6H), 

3.75 – 3.66 (m, 2H), 3.50 – 3.39 (m, 2H), 3.19 – 3.05 (m, 3H), 3.01 – 2.87 (m, 3H), 2.78 (dd, J = 

13.4, 6.6 Hz, 2H), 1.88 – 1.76 (m, 1H), 1.47 (s, 9H), 1.37 – 1.28 (m, 1H), 0.90 (dd, J = 21.6, 6.6 

Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  163.2, 155.7, 154.2, 153.9, 137.7, 129.8, 129.6, 

129.5, 128.7, 126.7, 114.5, 92.2, 80.3, 74.2, 74.0, 72.9, 70.8, 70.6, 59.0, 55.7, 55.2, 53.9, 53.5, 

47.3, 46.9, 45.7, 44.9, 35.9, 34.8, 31.7, 29.8, 28.5, 27.4, 25.4, 23.8, 23.3, 22.79, 20.8, 20.3, 20.0, 

14.2;  LRMS-ESI (+)  m/z: 684.2 [M + Na]+; HRMS (ESI) m/z: [M + Na]+ calcd C33H47N3O9SNa 

684.2925; found 684.2929.   
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tert-butyl-(3S,3aR,6aS)-3-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-

methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamoyl)oxy)hexahydro-6H-furo[2,3-

b]pyrrole-6-carboxylate 

 

 

 

1H NMR (800 MHz, CDCl3)  (ppm):  7.71 (d, J = 8.5 Hz, 2H), 7.30 – 7.22 (m, 5H), 6.98 (d, J = 

8.5 Hz, 2H), 5.68 (d, J = 67.4 Hz, 1H), 5.08 – 5.02 (m, 2H), 3.91 – 3.85 (m, 7H), 3.59 – 3.49 (m, 

2H), 3.31 (brs, 1H), 3.14 – 3.11 (m, 1H), 3.01 – 2.94 (m, 4H), 2.90 – 2.87 (m, 1H), 2.80 (dd, J = 

13.4, 6.8 Hz, 1H), 1.88 – 1.76 (m, 3H), 1.48 (s, 9H), 0.89 (dd, J = 34.1, 6.7 Hz, 7H).  13C NMR 

(200 MHz, CDCl3)  (ppm):  163.1, 155.8, 154.1, 153.8, 137.6, 129.9, 129.55, 129.51, 128.6, 

126.7, 114.4, 92.1, 92.0, 80.3, 74.0, 73.8, 72.6, 70.7, 70.5, 68.0, 58.8, 55.7, 55.3, 53.6, 47.2, 46.8, 

45.3, 44.5, 35.3, 29.7, 28.4, 28.3, 27.3, 24.0, 23.4, 20.2, 19.9, 14.2; LRMS-ESI (+)  m/z: 84.3 [M 

+ Na]+; HRMS (ESI) m/z: [M + Na]+ calcd C33H47N3O9SNa 684.2925; found 684.2920.   

 

allyl (3R,3aS,6aR)-3-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)-1-

phenylbutan-2-yl)carbamoyl)oxy)hexahydro-6H-furo[2,3-b]pyrrole-6-carboxylate 
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1H NMR (400 MHz, CDCl3)  (ppm):  7.71 (d, J = 8.9 Hz, 2H), 7.30 – 7.20 (m, 5H), 6.98 (d, J = 

8.9 Hz, 2H), 5.99 – 5.89 (m, 1H), 5.72 – 5.68 (m, 1H), 5.32 (d, J = 17.1 Hz, 1H), 5.21 (d, J = 

10.5 Hz, 1H), 5.03 (q, J = 6.0 Hz, 1H), 4.90 (d, J = 9.0 Hz, 1H), 4.62 (m, 2H), 3.95 – 3.84 (m, 

6H), 3.73 – 3.65 (m, 2H), 3.54 – 3.51 (m, 1H), 3.20 – 3.06 (m, 3H), 3.02 – 2.95 (m, 3H), 2.79 

(dd, J = 13.4, 6.6 Hz, 2H), 1.88 – 1.77 (m, 1H), 1.45 – 1.38 (m, 1H), 0.90 (dd, J = 21.8, 6.6 Hz, 

6H).  13C NMR (200 MHz, CDCl3)  (ppm):  163.2, 155.6, 154.6, 154.2, 137.7, 132.8, 129.8, 

129.6, 129.4, 128.6, 126.7, 117.8, 114.5, 92.6, 91.9, 73.9, 72.9, 71.0, 66.2, 58.9, 55.7, 55.2, 53.8, 

47.5, 47.1, 45.8, 44.8, 35.8, 34.7, 31.7, 29.8, 29.1, 27.4, 25.4, 23.9, 23.3, 22.77, 22.74, 20.8, 20.2, 

20.0, 14.2, 11.5;  LRMS-ESI (+)  m/z: 668.2 [M + Na]+; HRMS (ESI) m/z: [M + Na]+ calcd 

C32H43N3O9SNa 668.2612; found 668.2608.   

 

prop-1-en-2-yl (3R,3aS,6aR)-3-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-

methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamoyl)oxy)hexahydro-6H-furo[2,3-

b]pyrrole-6-carboxylate 

 

 

 

1H NMR (800 MHz, CDCl3)  (ppm):  7.71 (d, J = 8.6 Hz, 2H), 7.29 – 7.19 (m, 5H), 6.98 (d, J = 

8.4 Hz, 2H), 5.72 – 5.66 (m, 1H), 5.06 – 4.99 (m, 2H), 4.73 – 4.65 (m, 2H), 3.94 – 3.87 (m, 7H), 

3.74 – 3.67 (m, 2H), 3.55 – 3.42 (m, 1H), 3.27 – 3.15 (m, 2H), 3.09 (dd, J = 14.4, 4.7 Hz, 1H), 

3.01 – 2.96 (m, 3H), 2.82 – 2.75 (m, 2H), 1.95 (s, 3H), 1.85 – 1.80 (m, 1H), 1.70 (brs, 1H), 1.44 

– 1.35 (m, 1H), 0.90 (dd, J = 38.1, 6.5 Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  163.2, 

155.6, 153.1, 152.7, 152.3, 137.7, 129.8, 129.6, 129.6, 129.5, 128.7, 128.6, 126.7, 114.5, 101.9, 

92.5, 92.1, 74.0, 73.9, 72.9, 71.2, 71.1, 67.2, 58.9, 55.7, 55.2, 53.8, 47.5, 47.4, 46.0, 44.9, 35.8, 

34.7, 31.7, 29.8, 29.1, 27.4, 25.4, 23.9, 23.3, 22.7, 20.8, 20.2, 20.1, 20.0, 19.9, 14.2, 11.5;  

LRMS-ESI (+)  m/z: 668.2 [M + Na]+; HRMS (ESI) m/z: [M + Na]+ calcd C32H43N3O9SNa 

668.2612; found 668.2609.   
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methyl-(3R,3aS,6aR)-3-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-

methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamoyl)oxy)hexahydro-6H-furo[2,3-

b]pyrrole-6-carboxylate 

 

 

 

1H NMR (800 MHz, CDCl3)  (ppm):  7.73 (d, J = 8.4 Hz, 2H), 7.30 – 7.21 (m, 5H), 7.00 (d, J = 

8.4 Hz, 2H), 5.74 – 5.64 (m, 1H), 5.05 (q, J = 6.0 Hz, 1H), 4.96 (d, J = 9.2 Hz, 1H), 3.95 – 3.87 

(m, 6H), 3.76 – 3.68 (m, 5H), 3.56 – 3.45 (m, 1H), 3.21 – 3.17 (m, 2H), 3.10 (dd, J = 14.2, 4.5 

Hz, 1H), 3.01 – 2.96 (m, 3H), 2.82 – 2.78 (m, 2H), 1.86 – 2.83 (m, 1H), 1.44 – 1.25 (m, 2H), 

0.92 (dd, J = 41.4, 6.3 Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  163.2, 155.6, 155.0, 

137.7, 129.8, 129.6, 129.5, 128.7, 126.7, 114.5, 92.6, 91.9, 74.1, 73.9, 72.9, 71.0, 58.9, 55.7, 

55.2, 53.8, 53.0, 52.7, 47.5, 47.1, 45.9, 44.8, 35.8, 34.8, 34.6, 31.7, 29.8, 29.1, 27.4, 25.4, 23.9, 

23.3, 22.7, 20.8, 20.2, 20.0, 18.8, 14.2, 11.5;  LRMS-ESI (+)  m/z: 642.2 [M + Na]+; HRMS 

(ESI) m/z: [M + Na]+ calcd C30H41N3O9SNa 642.2456; found 642.2450.   

 

(3R,3aS,6aR)-6-methacryloylhexahydro-2H-furo[2,3-b]pyrrol-3-yl ((2S,3R)-3-hydroxy-4-

((N-isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate 

 

 
 

1H NMR (800 MHz, CDCl3)  (ppm):  7.73 (d, J = 8.8 Hz, 2H), 7.32 – 7.18 (m, 5H), 7.00 (d, J = 

8.5 Hz, 2H), 5.61 (brs, 0.7H), 5.40-5.31 (m, 2H), 5.09 – 5.04 (m, 2H), 3.93 – 3.75 (m, 7H), 3.69 

(brs, 1H), 3.19 – 3.17 (m, 2H), 3.10 (dd, J = 14.2, 4.6 Hz, 1H), 3.02 – 2.96 (m, 3H), 2.83 – 2.79 
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(m, 2H), 1.98 (s, 3H), 1.86 – 1.83 (m, 1H), 1.42 (brs, 1H), 1.32 – 1.29 (m, 1H), 0.92 (dd, J = 

38.6, 6.7 Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  171.8, 163.2, 155.6, 140.4, 137.7, 

129.8, 129.6, 129.5, 128.7, 126.7, 117.9, 114.5, 93.2, 74.2, 72.9, 71.0, 58.9, 55.8, 55.3, 53.8, 

46.2, 46.0, 35.8, 34.8, 31.7, 29.8, 29.2, 27.4, 25.4, 23.1, 22.7, 20.8, 20.6, 20.3, 20.1, 20.0, 14.2, 

11.5;  LRMS-ESI (+)  m/z: 630.3 [M + H]+; HRMS (ESI) m/z: [M + Na]+ calcd C32H43N3O8SNa 

652.2663; found 652.2667.   

 

(3R,3aS,6aR)-6-propionylhexahydro-2H-furo[2,3-b]pyrrol-3-yl ((2S,3R)-3-hydroxy-4-((N-

isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate 

 

 
 

1H NMR (800 MHz, CDCl3)  (ppm):  7.74 (d, J = 8.8 Hz, 2H), 7.32 – 7.20 (m, 5H), 7.00 (d, J = 

8.4 Hz, 2H), 5.90 (d, 0.17H, J = 6.4 Hz),  5.61 (d, J = 6.3 Hz, 0.8H), 5.10 – 5.05 (m, 1H), 4.99 – 

4.97 (m, 1H), 3.97 – 3.87 (m, 6H), 3.71 – 3.65 (m, 2H), 3.21 – 3.15 (m, 2H), 3.10 (dd, J = 14.1, 

4.7 Hz, 1H), 3.03 – 2.93 (m, 3H), 2.84 – 2.77 (m, 2H), 2.55 – 2.51 (m, 0.8H), 2.41 – 2.36 (m, 

0.9H), 1.87 – 1.82 (m, 1H), 1.66 – 1.50 (m, 2H), 1.37 – 1.33 (m, 1H), 1.16 (t, J = 7.4 Hz, 3H), 

0.92 (dd, J = 44.6, 6.8 Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  174.0, 163.2, 155.5, 

137.6, 129.9, 129.6, 129.54, 129.5, 128.7, 128.6, 126.7, 114.56, 114.54, 92.1, 91.1, 74.4, 73.8, 

73.0, 72.9, 71.3, 71.0, 59.0, 55.8, 55.3, 55.2, 53.8, 47.5, 46.7, 46.4, 44.4, 35.8, 29.8, 28.4, 27.4, 

27.2, 24.2, 22.5, 20.3, 20.0, 14.27, 9.2, 8.8;  LRMS-ESI (+)  m/z: 640.3 [M + Na]+; HRMS (ESI) 

m/z: [M + Na]+ calcd C31H44N3O8SNa 618.2844; found 618.2853.   
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(3R,3aS,6aR)-6-acryloylhexahydro-2H-furo[2,3-b]pyrrol-3-yl ((2S,3R)-3-hydroxy-4-((N-

isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate 

 

 
 

1H NMR (800 MHz, CDCl3)  (ppm):  7.73 (d, J = 8.5 Hz, 2H), 7.31 – 7.21 (m, 5H), 7.00 (d, J = 

8.5 Hz, 2H), 6.64 (dd, J = 16.9, 10.4 Hz, 1H), 6.41 (d, J = 16.5 Hz, 1H), 5.72 – 5.70 (m, 2H), 

5.13 – 5.03 (m, 2H), 4.00 – 3.97 (m, 1H), 3.93 – 3.87 (m, 5H), 3.75 – 3.68 (m, 2H), 3.27 (q, J = 

10.9, 9.9 Hz, 1H), 3.19 (dd, J = 15.2, 9.0 Hz, 1H), 3.10 (dd, J = 14.2, 4.4 Hz, 1H), 3.04 – 2.99 

(m, 3H), 2.83 – 2.77 (m, 2H), 1.88 – 1.83 (m, 1H), 1.59 – 1.53 (m, 1H), 1.40 – 1.37 (m, 1H), 

0.96 – 0.88 (m, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  165.5, 163.2, 155.5, 137.7, 129.9, 

129.6, 129.5, 128.7, 128.6, 128.3, 126.7, 114.5, 92.0, 73.8, 72.9, 71.3, 58.9, 55.7, 55.3, 53.8, 

46.9, 46.4, 35.8, 34.8, 31.7, 29.8, 27.4, 25.4, 24.2, 22.7, 22.5, 20.8, 20.3, 20.0, 14.2, 11.5;  

LRMS-ESI (+)  m/z: 616.2 [M + H]+; HRMS (ESI) m/z: [M + Na]+ calcd C31H41N3O8SNa 

638.2507; found 638.2502.   

 

(3R,3aS,6aR)-6-acetylhexahydro-2H-furo[2,3-b]pyrrol-3-yl ((2S,3R)-3-hydroxy-4-((N-

isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate 

 

 
 

1H NMR (800 MHz, CDCl3)  (ppm):  7.73 (d, J = 8.9 Hz, 2H), 7.30 – 7.20 (m, 5H), 7.00 (d, J = 

9.0 Hz, 2H), 5.58 (d, J = 6.3 Hz, 0.8H), 5.09 – 5.00 (m, 2H), 3.99 – 3.89 (m, 6H), 3.71 – 3.63 (m, 

2H), 3.20 – 3.15 (m, 2H), 3.11 – 3.09 (m, 1H), 3.02 – 2.99 (m, 3H), 2.80 (m, 2H), 2.16 (s, 

2.35H), 2.07 (s, 0.49H), 1.87 – 1.82 (m, 1H), 1.56 – 1.51 (m, 1H), 1.35 – 1.32 (m, 1H), 0.92 (dd, 
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J = 41.8, 6.5 Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  170.6, 170.2, 163.28, 163.24, 

137.7, 129.9, 129.6, 129.53, 129.50, 128.7, 128.6, 126.7, 114.55, 114.52, 92.8, 90.9, 74.3, 73.7, 

73.0, 72.9, 71.5, 71.1, 59.0, 58.9, 55.7, 55.3, 55.2, 53.8, 48.5, 46.7, 46.3, 44.7, 35.8, 34.8, 31.7, 

29.8, 27.4, 25.4, 24.2, 23.0, 22.7, 22.6, 21.9, 20.3, 20.06, 20.03, 14.26;  LRMS-ESI (+)  m/z: 

604.3 [M + H]+; HRMS (ESI) m/z: [M + Na]+ calcd C30H41N3O8SNa 626.2507; found 626.2503.   

 

(3R,3aS,6aR)-6-(propylsulfonyl)hexahydro-2H-furo[2,3-b]pyrrol-3-yl ((2S,3R)-3-hydroxy-

4-((N-isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate 

 

 
 

1H NMR (800 MHz, CDCl3)  (ppm):  7.74 (d, J = 8.8 Hz, 2H), 7.31 – 7.22 (m, 5H), 7.01 (d, J = 

8.8 Hz, 2H), 5.67 (d, J = 6.2 Hz, 1H), 5.05 (dt, J = 8.1, 5.3 Hz, 1H), 5.00 (d, J = 8.9 Hz, 1H), 

3.94 – 3.90 (m, 6H), 3.74 (dd, J = 10.0, 4.9 Hz, 1H), 3.67 (brs, 1H), 3.54 (td, J = 8.9, 2.4 Hz, 

1H), 3.20 (dd, J = 15.1, 8.6 Hz, 1H), 3.13 – 3.10 (m, 1H), 3.09 – 3.06 (m, 3H), 3.04 – 3.00 (m, 

3H), 2.84 – 2.80 (m, 2H), 1.95 – 1.90 (m, 1H), 1.89 – 1.83 (m, 2H), 1.69 – 1.64 (m, 1H), 1.38 – 

1.33 (m, 1H), 1.08 (t, J = 7.4 Hz, 3H), 0.93 (dd, J = 6.3 Hz, 6H).  13C NMR (200 MHz, CDCl3)  

(ppm):  163.3, 155.4, 137.7, 129.8, 129.6, 129.4, 128.7, 128.6, 126.8, 114.5, 93.6, 73.8, 73.0, 

71.2, 67.1, 59.0, 55.8, 55.6, 55.2, 53.8, 48.8, 46.2, 35.5, 31.7, 29.8, 27.4, 24.9, 22.8, 20.3, 20.0, 

16.9, 14.2, 13.2;  LRMS-ESI (+)  m/z: 690.2 [M + Na]+; HRMS (ESI) m/z: [M + Na]+ calcd 

C31H45N3O9S2Na 690.2489; found 690.2484.   
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(3R,3aS,6aR)-6-(methylsulfonyl)hexahydro-2H-furo[2,3-b]pyrrol-3-yl ((2S,3R)-3-hydroxy-

4-((N-isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate 

 

 
 

1H NMR (800 MHz, CDCl3)  (ppm):  7.73 (d, J = 8.9 Hz, 2H), 7.31 – 7.22 (m, 5H), 7.01 (d, J = 

8.4 Hz, 2H), 5.63 (d, J = 6.2 Hz, 1H), 5.06 (d, J = 6.7 Hz, 1H), 5.00 (d, J = 8.9 Hz, 1H), 3.94 – 

3.89 (m, 6H), 3.75 (dd, J = 10.2, 4.5 Hz, 1H), 3.67 (brs, 1H), 3.49 (t, J = 8.6 Hz, 1H), 3.22 – 3.19 

(m, 1H), 3.10 – 2.99 (m, 8H), 2.83 – 2.80 (m, 2H), 1.89 – 1.84 (m, 1H), 1.72 – 1.67 (m, 1H), 1.35 

(dd, J = 13.2, 5.9 Hz, 1H), 0.93 (dd, J = 42.2, 6.6 Hz, 6H).  13C NMR (200 MHz, CDCl3)  (ppm):  

163.3, 155.4, 137.7, 129.8, 129.6, 129.4, 128.7, 126.8, 114.5, 94.0, 73.8, 73.0, 71.5, 59.0, 55.8, 

55.2, 53.8, 48.5, 46.2, 40.3, 35.5, 29.8, 27.4, 24.6, 20.3, 20.0, 14.2; LRMS-ESI (+)  m/z: 662.2 [M 

+ Na]+; HRMS (ESI) m/z: [M + Na]+ calcd C29H41N3O9SNa 662.2176; found 662.2183.   
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 SYNTHESIS OF CALLYSPONGIOLIDE FRAGMENTS 

2.1 Introduction 

Natural products (NPs) have vastly contributed to the success of research and development 

programs in the pharmaceutical industry to treat various diseases and illnesses.127  The biological 

activity of these natural products can be attributed to their chemical architecture.  In some cases, 

natural products do not exhibit potent cytotoxicity or prove to be unstable in physiological 

conditions.  However, their core scaffold makes for a positive starting point to investigate 

structural motifs responsible for biological activity.  Simple structural modifications can lead to 

an increase in solubility, a decrease in toxicity, and improve binding affinity to the respective 

target.128  This has led researchers to synthesize natural product derivatives and has resulted in 

numerous FDA-approved drugs; i.e. Amoxicillin.  In 1928, Alexander Fleming discovered a novel 

antibiotic from a penicillium mould, known as Penicillin G.129  Upon further investigation, 

Penicillin G was shown to have a narrow spectrum of activity with poor oral absorption.  Synthetic 

modifications led to the first aminopenicillin derivative, Ampicillin.  This modification improved 

oral absorption, increased half-life, and broadened the spectrum of treatable bacterial infections 

compared to that of Penicillin G.  Further structural alterations led to the discovery of Amoxicillin, 

a more commonly used antibiotic to date.  Amoxicillin is superior to Ampicillin in terms of oral 

absorption and is effective against similar strains of bacteria.130   

 

 

Figure 2.1 Synthetic Modifications of Penicillin G 

 

 While derivatization of natural products has significantly enhanced strategies to combat 

diseases, one of the more desirable ailments to cure has been cancer.  Of the current anticancer 

drugs, over 60% of them have been derived from natural sources and present issues such as poor 
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solubility and toxicity.131 However, most of these anticancer agents have been isolated from plant-

based sources.  Another media that possesses the capacity to discover novel anticancer agents is 

the ocean.  The isolation of cytotoxic marine natural products has been heavily documented, but 

the ocean has not been explored nearly as extensively.  Marine natural products are produced under 

anaerobic conditions which leads to unique molecular scaffolds that have the potential to exhibit 

biological activity.127  Examples of potent marine natural products include cytarabine and 

laulimalide.  As scientists continue to design therapeutic treatments, there will remain a reliance 

on natural products as a guideline to develop drug candidates with high efficacy and low toxicity 

issues. 

 

 

Figure 2.2 Anticancer Marine Natural Products 

2.2 Isolation and Biological Activity of Callyspongiolide 

The isolation and characterization of the natural product Callyspongiolide was first reported 

in 2014 by Proksch and co-workers.132 This marine natural product was isolated from the marine 

sponge Callyspongia sp. and was collected off the coast of Indonesia.  Callyspongiolide was the 

first macrolide to be acquired from a sponge belonging to the genus Callyspongia.  Initial 

biological evaluation revealed growth inhibitory activity of the murine lymphoma cell line 

L5178Y.  Structural determination of Callyspongiolide was accomplished using HRMS in 

combination with 1D and 2D NMR experiments.  However, Proksch and co-workers were unable 

to unambiguously assign the C-21 stereochemistry of the natural product. 

 Further biological evaluation of Callyspongiolide exposed potent cytotoxicity against the 

growth of L5178Y mouse lymphoma cells with an IC50 value of 320 nM.  In addition, 
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Callyspongiolide exhibited inhibitory activity against human Jurkat J16 T (IC50 = 70 nM) and 

Ramos B lymphocytes (IC50 = 60 nM). 

 

 

Figure 2.3 Reported Isolated Structure of Callyspongiolide 

2.3 Mechanism of Action 

Callyspongiolide is a very potent natural product with promising ability as an anticancer 

agent.  However, the direct mechanism of action of Callyspongiolide is unknown.  While this 

property is still to be determined, a plausible mechanism of action can be proposed based upon 

natural products with similar scaffolds.  One anticancer natural product that can be compared to 

Callyspongiolide is Laulimalide.  Laulimalide is an 18-membered cis-macrolactone whereas 

Callyspongiolide is a 14-membered cis-macrolactone.  The potent activity of Laulimalide can be 

explained as this natural product is a microtubule stabilizing agent.133  During the continuous 

process of microtubule assembly and disassembly, Laulimalide binds to the -tubulin of the 

tubulin dimer, prevents the disassembly process and further leads to mitotic arrest.134  Therefore, 

it is possible Callyspongiolide exhibits a similar mechanism of action, but further experimentation 

is necessary to divulge the complete process. 

2.4 First Reported Total Synthesis of Callyspongiolide 

The first total synthesis of Callyspongiolide, along with 3 stereoisomers, was reported by 

Xu and Ye.135 Their retrosynthetic analysis for the construction of this complex natural product is 

shown below.  A late-stage Sonogashira coupling was envisioned to furnish the natural product 

from vinyl iodide 37 and the enyne 38 fragment.  The macrocyclic core of 37 would come from 

an intramolecular Yamaguchi esterification from the carboxylic acid precursor 39.  A Kocienski-

Julia olefination between silyl ether 40 and sulfone 41 would provide the desired trans-alkene in 
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39.  Sulfone 41 could be prepared from aldehyde 42 and silyl ether 40 could be furnished from a 

Krische allylation sequence involving mono-protected alcohol 43. 

 

 

Scheme 2.1 Ye’s Retrosynthetic Analysis of Callyspongiolide 
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Following a diastereoselective Krische allylation, resulting in the desired stereochemistry of 

the resulting alcohol at C-7, the terminal olefin was oxidized under hydroboration conditions with 

9-BBN providing 45 (Scheme 2.2).  The alcohol was oxidized to the aldehyde and further treated 

with n-BuLi followed by Evans’ chiral auxiliary to afford 46.  Use of this auxiliary permitted the 

induction of the desired stereochemistry at C-9 from the resulting methylation with NaHMDS and 

MeI.  Removal of the auxiliary with LiBH4 afforded primary alcohol 40. 

 

 

Scheme 2.2 Synthetic Route to Di-silyl ether 40 

 

To prepare the vinyl iodide side chain, aldehyde 47 was treated with Ti(OiPr)4, (S)-BINOL, 

Et2Zn, and TMS-acetylene resulting in the propargylic alcohol 48 (Scheme 2.3).  Due to the 

chirality of the BINOL ligand, the resulting stereochemistry was set at C-13.  Progressing further, 

the secondary alcohol was protected as a PMB ether and the silyl group was removed under the 

mild conditions of K2CO3 in MeOH providing alkyne 49.  The terminal alkyne underwent 

hydrostannylation with Pd(PPh3)4 and Bu3SnH where the resulting stannane was treated with 

iodine affording the vinyl iodide intermediate 50. 



 

 

104 

 

Scheme 2.3 Synthesis of Vinyl Iodide 50 

 

Synthesis of the enyne side chain 38 was accomplished from aldehyde 44 (Scheme 2.4).  

After silyl protection with TBSCl, a Kiyooka aldol reaction with methyl trimethylsilyl ketene 53 

and oxazaborolidine (prepared in situ) provided the -hydroxy methyl ester 51.  Incorporation of 

the enantiomeric valine unit provided the enantiomer of 51 to allow structural determination of the 

natural product at this carbon center. 
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Scheme 2.4 Synthesis Towards Enyne 38 

 

 From the chemistry design outlined above, Ye and co-workers were able to synthesize four 

potential stereoisomers of Callyspongiolide (Figure 2.4).  Synthesis and characterization of each 

isomer allowed for full structural assignment of the natural product, including the unambiguous 

assignment of the C-21 carbon center that was elusive during the isolation of this molecule.  Based 

upon their collected 1H NMR, 13C NMR, and optical rotation, Ye and coworkers concluded 36c is 

the naturally occurring Callyspongiolide natural product (Table 2.1).  
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Figure 2.4 Potential Callyspongiolide Structural Assignment 

 

 Table 2.1 Optical Rotation Reported by Ye  

Stereoisomer [α]
𝟐𝟎
𝑫

 (c 0.1, MeOH) 

Isolated Natural Product -12.5 

36a +66.0 

36b +12.0 

36c -13.0 

36d -62.9 

 

2.5 Total Synthesis Reported by Ghosh Group 

The second total synthesis of Callyspongiolide, and identification of the correct C-21 epimer, 

was accomplished by Ghosh.136  The retrosynthetic analysis is presented below.  Similar to the Ye 

synthesis, a Sonogashira coupling between vinyl iodide 54 and enyne 55 could furnish 

Callyspongiolide.  The macrocyclic core of vinyl iodide 54 could be constructed through a 

macrocyclization/reduction sequence.  Acid 56 could be obtained through ring-opening of lactone 

57.  The olefin in 57 can be achieved from a Julia-Kocienski olefination from the corresponding 

aldehyde of allyl alcohol 58 and the sulfone prepared from diol 59.  The enyne coupling partner 

would be furnished through a Wittig olefination to install the terminal alkyne with the aldehyde 

derived from alkene 60.  A chiral reduction utilizing a CBS catalyst could afford either of the 

desired C-21 epimers from the ketone precursor. 
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Scheme 2.5 Ghosh’s Retrosynthetic Analysis of Callyspongiolide 
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The Ghosh synthesis utilizes several key transformations to install the appropriate 

stereochemistry at C-5, C-7, C-9, and C-21.  These transformations are independent of the Ye 

synthesis and are highlighted below (Scheme 2.6).  Aldehyde 60 underwent Brown allylation with 

(-)-Ipc2Ballyl to provide allyl alcohol 61 with the desired stereochemistry at C-7.  Allyl alcohol 61 

was then converted to an acrylate ester with acryloyl chloride and subsequently treated with 

Grubbs II catalyst to facilitate a ring-closing metathesis to produce lactone 62.  A stereoselective 

methyl 1,4-addition was accomplished with Me2CuLi2I to afford lactone 64 with the desired C-5 

stereochemistry. 

 

 

Scheme 2.6 Synthesis of Lactone 64 

 

 To identify the correct stereochemistry at C-21, Ghosh utilized a chiral reduction method 

with Corey’s CBS-catalyst (Scheme 2.7).  Alteration of this catalyst would provide the desired 

enantiomer to be processed further in the synthetic scheme.  Starting with aldehyde 44, reverse 

prenylation with 3-methyl-2-butenylmagnesium chloride proceeded smoothly to provide racemic 
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alcohol 65.  The alcohol was oxidized with PCC and the resulting ketone was subsequently reduced 

with the desired Me-CBS catalyst.  The (S) catalyst provided (S)-66 and the (R)-Me-CBS catalyst 

produced (R)-66. 

 

 

Scheme 2.7 Chiral Reduction Method to Acquire C-21 Epimers (S)-66 and (R)-66 

 

 The synthetic design outlined above provided an efficient avenue to prepare 

Callyspongiolide isomers 36a and 36b (Figure 2.5).  While the reported structure of 

Callyspongiolide included the assigned stereochemistry of the macrocyclic core, investigation into 

the stereochemistry at C-21 was important to identify the conformation of the natural product.  

However, upon further investigation into the synthetic 1H NMR, 13C NMR, and optical rotation 

values, the absolute stereochemistry of the natural product was difficult to deduce.  Anomalies 

between the synthetic data and the literature reported values led to the belief the reported structure 

from the isolation was incorrect (Table 2.2).  To confirm this theory, the stereochemistry of the 

macrocyclic core was investigated and resulted in the synthesis of two additional Callyspongiolide 

isomers. 
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Figure 2.5 Synthetic Callyspongiolide Isomers Completed by Ghosh 

 

Table 2.2 Optical Rotation Reported by Ghosh 

Stereoisomer [α]
𝟐𝟎
𝑫

 (c 0.1, MeOH) 

Isolated Natural Product -12.5 

36a +159 

36b +24.5 

 

2.6 Synthesis of Callyspongiolide Fragments 

The retrosynthetic analysis of Callyspongiolide can be seen below, with specified synthetic 

targets bolded (Scheme 2.8).  We envisioned a convergent synthesis with a late-stage Sonogashira 

coupling between alcohol precursor 67 and enyne 55 to furnish the natural product.  Alcohol 67 

would be prepared from a Julia – Kocienski olefination with aldehyde 69 and the sulfone 

originating from diol 70.  Diol 70 can be achieved from commercially available 1,4-butynediol.  

Enyne 55 could be synthesized from aldehyde 44 using similar transformations outlined from the 

first synthesis of Callyspongiolide by Ghosh.136,137 
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Scheme 2.8 Retrosynthetic Analysis with Synthesized Fragments Highlighted 

 

The synthesis of the macrolactone 67 coupling partner was the starting point for the 

construction of the remaining Callyspongiolide isomers.  Beginning with 1,4-butynediol 70, LAH 

reduction in THF provided the desired trans-alkene in 86% yield.  The resulting diol underwent 

mono-protection with PMB-Br to provide PMB-ether 71 in 29% yield. To establish the correct 

stereochemistry at C-13, allylic alcohol 71 underwent enantioselective Sharpless epoxidation with 

D-(-)-DET and Ti(OiPr)4 to afford enantiopure epoxide 72 in 78% yield.  Under the conditions 

described by Crimmins and co-workers, treatment of the epoxide with Me2CuLi2I resulted in regio- 
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and diastereoselective methyl cuprate addition.138  The 1,2-diol by-product was oxidatively 

cleaved with NaIO4 to provide the desired diol 69 in 66% yield over two steps. 

   

 

Scheme 2.9 Synthesis of Diol 69 

 

After successful construction of the macrolactone 67, the focus shifted to the synthesis of 

enyne 55 to perform the Sonogashira coupling (Scheme 2.10).  Beginning from commercially 

available aldehyde 44, the alcohol was protected as a silyl ether with TBSCl.  Reverse prenylation 

with 3-methyl-2-butenylmagnesium chloride successfully afforded racemic alcohol 65 in 98% 

yield over two steps.  Oxidation of the secondary alcohol to the ketone was accomplished with 

pyridinium chlorochromate (PCC).  The desired stereochemistry at C-21 could be set under chiral 

reduction conditions.  Enantioselective Corey-Bakshi-Shibata reduction using (S)-Me-CBS 

catalyst provided alcohol (S)-66 in 36% yield.  Alternatively, alcohol (R)-66 was obtained with 

(R)-Me-CBS catalyst.  Protection of the secondary alcohol was successful with TESOTf and 

DIPEA.  Using Nicolaou’s conditions, the terminal olefin underwent oxidative cleavage to furnish 

the aldehyde precursor.139  Wittig olefination was accomplished through treatment of the aldehyde 

with LHMDS followed by phosphonium bromide 74 providing TMS-protected enyne.  Finally, a 

global deprotection of the silyl ethers with standard TBAF conditions produced the Sonogashira 

coupling component enyne (S)-55 in 40% yield over 3 steps. 
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Scheme 2.10 Synthesis of Enyne (S)-55 

 

 To achieve the corresponding C-21 enantiomer, a similar process was followed (Scheme 

2.11)  After PCC oxidation of racemic alcohol 65, the (R)-Me-CBS catalyst was used to achieve 

(R)-66 in an enantioselective fashion.  The same protocols to prepare (S)-55 was followed for the 

preparation of (R)-55. 
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Scheme 2.11 Synthesis of Enyne (R)-55 

 

 The synthesis of the remaining Callyspongiolide isomers 36c and 36d was successful in 

assigning complete stereochemistry of the natural product.  Based upon the collected data, we were 

able to deduce the natural product of Callyspongiolide is 36c. 

 

 

Figure 2.6 Callyspongiolide Isomers Generated From Second Synthesis 
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Table 2.3 Optical Rotation of Callyspongiolide Isomers From Second Synthesis 

Stereoisomer [α]
𝟐𝟎
𝑫

 (c 0.1, MeOH) 

Isolated Natural Product -12.5 

36c -25.5 

36d -182 

 

2.7 Conclusion 

In conclusion, Callyspongiolide is a very potent cytotoxic macrolide with useful potential as 

an anti-cancer agent.  After isolation, the stereochemistry at C-21 could not be determined.  The 

first total synthesis by the Ghosh group accomplished a novel protocol for developing the natural 

product core.  Unfortunately, the synthesis of the first two isomers were unable to provide a 

conclusion into the structure of the natural product and led to the synthesis of two additional 

stereoisomers.  Upon synthetic completion of all possible stereoisomers, we were able to 

unambiguously determine the stereochemistry and label Callyspongiolide 36c as the natural 

product.    
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2.8 Experimental 

 

 

A yellow solution of 2-butyne-1,4-diol (16.1308 g, 187 mmol) in THF (600 mL) was added 

dropwise to a grey suspension of LAH (8.5773 g, 224 mmol, 1.2 equiv) in THF (150 mL) at 0 °C 

and the flask was warmed to rt. After 2 hrs, the flask was cooled to 0 °C, reaction quenched with 

sat. NH4Cl, and flask warmed to rt. The crude mixture was filtered through celite and washed 

thoroughly with EA. The crude product was purified via Kugelrohr distillation (bp ~200 °C, 

~10mm Hg) to give diol which was used directly in the next step. To a grey suspension of NaH 

(60% oil, 3.63 g, 90.78 mmol, 1.2 equiv) in DMF (250 mL) at 0 oC was added diol (9.9977 g, 

113.47 mmol, 1.5 equiv) in DMF (50 mL).  After stirring for 30 mins, TBAI (2.79 g, 7.565 

mmol, 0.1 equiv.) and PMB-Br (10.62 mL, 75.65 mmol, 1.0 equiv.) were added.  Solution was 

warmed to rt and stirred overnight.  After 12 hrs, the reaction was quenched with H2O. The crude 

product was then extracted with EA (x3), washed in brine, and dried over Na2SO4. The crude 

product was purified by column chromatography (40% EA/HX) to give 5.0976 g of allylic 

alcohol (29% yield over 2-steps) as a light-yellow oil. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.32 

– 7.23 (m, 3H), 6.94 – 6.82 (m, 2H), 5.96 – 5.79 (m, 2H), 4.46 (s, 2H), 4.17 (t, J = 4.9 Hz, 2H), 

4.03 – 4.00 (m, 2H), 3.81 (s, 3H). 

 

 

To a white slurry of flame-dried, powdered 4 ÅMS (7.82 g) in DCM (115 mL) at 20 °C was 

added Ti(OiPr)4 (745 L, 2.51 mmol, 0.1 equiv) and D-(-)-DET (650 L, 3.77 mmol, 0.15 equiv) 

sequentially. After stirring 20 min, tBuOOH (5-6M decane, 12.5 mL, 62.83 mmol, 2.5 equiv) was 

added slowly and left stirring 30 min. A clear solution of allylic alcohol (5.0976 g, 25.13 mmol, 

1.0 equiv.) in DCM (15 mL) was then added slowly via cannula and the resulting tan mixture 

placed in a 20 °C chiller. After 16 hrs, the reaction was quenched with a solution of NaOH in 

brine (2.6 g in 26 mL) and stirred for 1 hr at rt. The crude mixture was filtered through celite and 

thoroughly washed with DCM. The crude product was purified by column chromatography (40% 

EA/HX) to give 4.4126 g of epoxy alcohol (78% yield) as a white solid. 1H NMR (400 MHz, 
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CDCl3) δ (ppm): 7.29 – 7.24 (m, 1H), 6.91 – 6.86 (m, 1H), 4.56 – 4.46 (m, 1H), 3.81 (s, 2H), 3.74 

(dd, J = 11.5, 3.1 Hz, 1H), 3.65 (dd, J = 12.7, 4.1 Hz, 1H), 3.50 (dd, J = 11.5, 5.5 Hz, 1H), 1.76 – 

1.54 (m, 1H). 

 

MeLi (3.1M DEM, 62.3 mL, 192.8 mmol, 6.0 equiv) was added slowly to a tan suspension of CuI 

(8.3432 g, 43.8 mmol, 2.2 equiv) in Et2O (70 mL) at 0 °C. After stirring 30 mins, the flask was 

cooled to 50 °C and a clear solution of epoxy alcohol (4.4126 g, 19.7 mmol, 1.0 equiv.) in THF 

(30 mL) was added dropwise via cannula.  The flask was slowly warmed to rt. After 4 hrs, the 

reaction mixture was filtered through celite, thoroughly washed with Et2O, and concentrated. The 

crude product was dissolved in EA, washed with NH4OH (x2), and back-extracted with EA (x5). 

The organic layers were combined and dried over Na2SO4 and concentrated in vacuo to give a 

mixture of diols which was used directly in the next step. To a light-yellow, biphasic mixture of 

diols (4.7339 g, 19.7 mmol, 1.0 equiv.) in Et2O/H2O (2:1, 40 mL) at 0 °C was added NaIO4 (2.1124 

g, 9.87 mmol, 0.5 equiv) in one portion. The flask was warmed to rt after 1 hr and left stirring 

overnight. After 12 hrs, the layers were separated and aqueous phase extracted with EA (x3), 

washed in brine, and dried over Na2SO4. The crude product was purified by column 

chromatography (50% EA/HX) to give 3.1243 g of diol (66% yield over 2-steps) as a clear oil. Rf 

= 0.39 (75% EA/HX); 1H NMR (400 MHz, CDCl3) δ (ppm): 7.29 – 7.23 (m, 3H), 6.91 – 6.87 (m, 

2H), 4.54 – 4.45 (m, 2H), 3.81 (s, 3H), 3.73 (td, J = 7.7, 3.1 Hz, 1H), 3.66 (d, J = 5.5 Hz, 2H), 3.58 

(dd, J = 9.5, 3.1 Hz, 1H), 3.42 (dd, J = 9.5, 7.5 Hz, 1H), 2.36 (brs, 2H), 1.85 – 1.76 (m, 1H), 0.86 

(d, J = 7.0 Hz, 3H); [α]
24
𝐷

 +9.3 (c 1.82, CH2Cl2). 

 

To a grey mixture of phenol (2.0044 g, 9.97 mmol) in DCM (50 mL) at 0 °C was added DIPEA 

(3.5 mL, 19.9 mmol, 2.0 equiv) and TBSCl (1.9431 g, 12.94 mmol, 1.3 equiv) sequentially. After 
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6 hrs, the yellow solution was quenched with sat. NH4Cl. The crude product was extracted with 

EA (x3), washed with brine, and dried over Na2SO4. The crude product was passed through a short 

plug of silica gel and used directly in the next step. To a clear solution of aldehyde (3.0526 g, 9.68 

mmol) in THF (50 mL) at 0 °C was added a grey solution of 3-methyl-2-butenylmagnesium 

chloride (1M THF, 15 mL, 15.0 mmol, 1.5 equiv) slowly. After 45 mins, the reaction was quenched 

with sat. NH4Cl. The crude product was extracted with EA (x3), washed in brine, and dried over 

Na2SO4. Purification by flash chromatography (3% EA/HX) gave 3.8306 g of alcohol (98% yield 

over 2-steps) as a clear oil. 1H NMR (500 MHz, CDCl3) δ (ppm): 7.17 – 7.13 (m, 1H), 7.08 (dd, J 

= 7.8, 1.6 Hz, 1H), 6.81 (dd, J = 7.9, 1.6 Hz, 1H), 6.03 (dd, J = 17.5, 10.8 Hz, 1H), 5.16 – 5.12 (m, 

2H), 5.07 (dd, J = 17.6, 1.3 Hz, 1H), 1.99 (brs, 1H), 1.12 (s, 3H), 1.05 (s, 9H), 1.03 (s, 3H), 0.25 

(s, 3H), 0.23 (s, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm): 152.3, 144.9, 142.4, 127.0, 122.2, 

119.1, 118.2, 114.0, 78.0, 43.6, 26.0, 24.8, 21.5, 18.6, 4.0, 4.1. 

 

To a faint-yellow solution of ketone (50.1 mg, 0.131 mmol) and (S)-Me-CBS (36.5 mg, 0.131 

mmol, 1.0 equiv) in PhMe (2 mL) at 0 °C was added BMS (40 μL, 0.275 mmol, 2.0 equiv) 

dropwise. After 2 h, the reaction was quenched with MeOH dropwise, flask warmed to room 

temperature, and concentrated via rotary evaporation. Purification by flash chromatography (3% 

EA/HX) gave 18.1764 mg of alcohol (36% yield) as a clear oil. [α]D
20 46.7 (c 2.10, CHCl3); 

Chiral HPLC: Chiralpak IC-3 semi-prep, 5% IPA/HX, flow = 6 mL/min, T = 25 °C, UV = 254 

nm. 

 

To a clear solution of alcohol (1.8 g, 4.67 mmol, 1.0 equiv.) in DCM (40 mL) at 0 °C was added 

Et3N (2 mL, 14.48 mmol, 3.1 equiv) and TESOTf (2 mL, 8.406 mmol, 1.8 equiv) sequentially. 
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After 30 min, the reaction was quenched with sat. NaHCO3 and flask warmed to room temperature. 

The crude product was extracted with DCM (x3), washed in brine, and dried over MgSO4. 

Purification by flash chromatography (2% EA/HX) gave 1.7092 g of TES ether (73% yield) as a 

clear oil. Rf = 0.68 (5% EA/HX); 1H NMR (500 MHz, CDCl3) δ (ppm): 7.12 – 7.06 (m, 2H), 6.81 

– 6.75 (m, 1H), 6.08 (dd, J = 17.6, 10.8 Hz, 1H), 5.06 (s, 1H), 4.94 (dd, J = 10.8, 1.6 Hz, 1H), 4.84 

(dd, J = 17.6, 1.6 Hz, 1H), 1.08 (s, 3H), 1.05 (s, 9H), 1.01 (s, 3H), 0.83 (t, J = 8.0 Hz, 9H), 0.54 – 

0.39 (m, 6H), 0.23 (s, 3H), 0.22 (s, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm): 151.8, 145.1, 143.9, 

126.5, 123.5, 119.0, 117.9, 112.1, 79.1, 43.8, 26.1, 24.3, 22.6, 18.6, 6.9, 4.9, 4.0, 4.1. [α]D
20 

18.6 (c 1.03, CHCl3). 

 

To a yellow solution of propargyl alcohol (5.0 mL, 85.9 mmol) in THF (100 mL) at 78 °C was 

added n-BuLi (1.6M HX, 113 mL, 181 mmol, 2.1 equiv) slowly. After 2 hr, TMSCl (23.0 mL, 

181 mmol, 2.1 equiv) was added dropwise and the flask warmed to rt after 5 min. Following 30 

min, the reaction was quenched slowly with 2M HCl and left stirring 1 hr. The crude product 

was then extracted with Et2O (x3), washed in brine, and dried over MgSO4 to give a yellow 

liquid that was used directly in the next step. PBr3 (3.3 mL, 35.1 mmol, 0.4 equiv) was added 

slowly to a yellow solution of alcohol (11.0154 g, 85.9 mmol) in Et2O (100 mL) at 0 °C. After 2 

hr, the reaction was carefully quenched with sat. NaHCO3 and flask warmed to rt. The crude 

product was then extracted with Et2O (x3), washed in brine, and dried over MgSO4. The crude 

product was passed through a short plug of silica gel and used directly in the next step. To a clear 

solution of bromide (16.4170 g, 85.9 mmol) in PhMe (45 mL) was added PPh3 (25.0289 g, 95.4 

mmol, 1.1 equiv) slowly in 5 portions. After 12 hr, the mixture was filtered and washed 

thoroughly with cold HX to give 11.0040 g of phosphonium bromide (28% yield over 3-steps) as 

a tan solid. Rf = 0.18 (100% PN); 1H NMR (400 MHz, CDCl3) δ (ppm): 7.95 – 7.86 (m, 7H), 

7.83 – 7.76 (m, 4H), 7.71 – 7.64 (m, 6H), 5.20 (d, J = 15.2 Hz, 2H), -0.05 (s, 9H). 
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To a clear solution of olefin (972.1 mg, 1.95 mmol) in acetone/H2O (9:1, 20 mL) was added 2,6-

lutidine (500 L, 4.29 mmol, 2.2 equiv), NMO (481.3 mg, 4.12 mmol, 2.1 equiv), and OsO4 (4% 

H2O, 2.5 mL, 0.39 mmol, 0.2 equiv) sequentially. The yellow solution was left stirring overnight 

while covered with aluminum foil. After 12 h, PhI(OAc)2 (1.0014 g, 3.11 mmol, 1.6 equiv) was 

added and reaction left stirring additional 30 min. The reaction was quenched with Na2S2O3 and 

left vigorously stirring 15 min. The crude product was extracted with EA (x3), washed in brine, 

and dried over Na2SO4. The crude product was passed through a short plug of silica gel and used 

directly in the next step. To a cream-colored suspension of phosphonium bromide (3.2807 g, 7.228 

mmol, 4.0 equiv) in THF (45 mL) at 78 °C was added LHMDS (1M THF, 7.1 mL, 7.047 mmol, 

4.0 equiv) slowly. After 10 min, the flask was warmed to –40 °C for an additional 30 min, then 

recooled to 78 °C. A clear solution of aldehyde (906.5 mg, 1.807 mmol, 1.0 equiv.) in THF (15 

mL) was then added slowly via cannula. The flask was then slowly warmed to room temperature 

and left stirring overnight. After 12 h, the reaction was quenched with sat. NH4Cl. The crude 

product was extracted with EA (x3), washed in brine, and dried over Na2SO4. The crude product 

was passed through a short plug of silica gel and used directly in the next step. To a clear solution 

of tri-silyl ether (657.1 mg, 1.133 mmol) in THF (12 mL) was added TBAF (1M THF, 5 mL, 4.532 

mmol, 4.0 equiv) slowly. After 20 h, the reaction was quenched with sat. NH4Cl. The crude product 

was extracted with EA (x3), washed in brine, and dried over Na2SO4. Purification by flash 

chromatography (15% EA/HX) gave 228.1 mg of enyne (40% yield over 3-steps) as a clear oil. 

[α]D
20 98.5 (c 0.33, CHCl3). 

 

To a clear solution of alcohol (1.8 g, 4.67 mmol, 1.0 equiv.) in DCM (40 mL) at 0 °C was added 

Et3N (2 mL, 14.48 mmol, 3.1 equiv) and TESOTf (2 mL, 8.406 mmol, 1.8 equiv) sequentially. 



 

 

121 

After 30 min, the reaction was quenched with sat. NaHCO3 and flask warmed to room temperature. 

The crude product was extracted with DCM (x3), washed in brine, and dried over MgSO4. 

Purification by flash chromatography (2% EA/HX) gave 1.9093 g of TES ether (82% yield) as a 

clear oil. Rf = 0.68 (5% EA/HX); 1H NMR (500 MHz, CDCl3) δ (ppm): 7.12 – 7.06 (m, 2H), 6.81 

– 6.75 (m, 1H), 6.08 (dd, J = 17.6, 10.8 Hz, 1H), 5.06 (s, 1H), 4.94 (dd, J = 10.8, 1.6 Hz, 1H), 4.84 

(dd, J = 17.6, 1.6 Hz, 1H), 1.08 (s, 3H), 1.05 (s, 9H), 1.01 (s, 3H), 0.83 (t, J = 8.0 Hz, 9H), 0.54 – 

0.39 (m, 6H), 0.23 (s, 3H), 0.22 (s, 3H); 13C NMR (125 MHz, CDCl3) δ (ppm): 151.8, 145.1, 143.9, 

126.5, 123.5, 119.0, 117.9, 112.1, 79.1, 43.8, 26.1, 24.3, 22.6, 18.6, 6.9, 4.9, 4.0, 4.1.  

 

To a clear solution of olefin (975 mg, 1.95 mmol) in acetone/H2O (9:1, 20 mL) was added 2,6-

lutidine (500 L, 4.29 mmol, 2.2 equiv), NMO (485.4 mg, 4.14 mmol, 2.1 equiv), and OsO4 (4% 

H2O, 2.5 mL, 0.39 mmol, 0.2 equiv) sequentially. The yellow solution was left stirring overnight 

while covered with aluminum foil. After 12 h, PhI(OAc)2 (1.0068 g, 3.13 mmol, 1.6 equiv) was 

added and reaction left stirring additional 30 min. The reaction was quenched with Na2S2O3 and 

left vigorously stirring 15 min. The crude product was extracted with EA (x3), washed in brine, 

and dried over Na2SO4. The crude product was passed through a short plug of silica gel and used 

directly in the next step. To a cream-colored suspension of phosphonium bromide (3.2180 g, 7.044 

mmol, 4.0 equiv) in THF (45 mL) at 78 °C was added LHMDS (1M THF, 7.0 mL, 7.047 mmol, 

4.0 equiv) slowly. After 10 min, the flask was warmed to –40 °C for an additional 30 min, then 

recooled to 78 °C. A clear solution of aldehyde (883.6 mg, 1.761 mmol, 1.0 equiv.) in THF (15 

mL) was then added slowly via cannula. The flask was then slowly warmed to room temperature 

and left stirring overnight. After 12 h, the reaction was quenched with sat. NH4Cl. The crude 

product was extracted with EA (x3), washed in brine, and dried over Na2SO4. The crude product 

was passed through a short plug of silica gel and used directly in the next step. To a clear solution 

of tri-silyl ether (394.8 mg, 0.681 mmol) in THF (7 mL) was added TBAF (1M THF, 3 mL, 3.0 

mmol, 4.0 equiv) slowly. After 20 h, the reaction was quenched with sat. NH4Cl. The crude product 

was extracted with EA (x3), washed in brine, and dried over Na2SO4. Purification by flash 

chromatography (15% EA/HX) gave 207.2 mg of enyne (36% yield over 3-steps) as a clear oil.  
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APPENDIX A:  NMR SPECTRA 
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APPENDIX B:  HPLC ANALYSIS OF LIPASE RESOLUTION 
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