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Abstract 

MEDICINAL CHEMISTRY APPROACHES TO ACUTE KIDNEY INJURY 

Keith Long PharmD 

University of Pittsburgh, 2022 

 Acute kidney injury (AKI) is a serious condition that negatively contributes to the morbidity and 

mortality of hospitalized patients. Unfortunately, despite the tremendous need, no specific treatment 

exists to treat AKI, and there are no clinically validated therapeutic targets. The work described 

contributes to closing this gap by developing tools to improve interpretation of data in zebrafish assays, 

to validate a target for AKI using phenotypic screens in zebrafish, to identify drug discovery starting 

points, and to rationally optimize those starting points. In interpreting results from embryonic zebrafish 

assays, negative results can be due to no specific biological activity and/or the compound not accessing 

its target. Using a collection of compounds that are biologically active in zebrafish, a set of predicted 

chemical property parameters was developed that can improve SAR data interpretation. To validate a 

therapeutic target for AKI, we evaluated multiple selective inhibitors of HDAC 8 from varied scaffolds in 

a series of increasingly stringent AKI assays. PCI-34051 was particularly effective in multiple models thus 

validating HDAC 8 as a target for AKI and providing a starting point for AKI drug discovery. Lead 

optimization on PCI-34051 focused on the hydroxamic acid zinc binding group (ZBG). Novel analogs to 

PCI-34051 were designed using known ZBG from the literature, synthesized, and tested. The approaches 

outlined in this work provide foundational knowledge for the discovery of a small molecule therapy for 

AKI. 
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1.0 Introduction 

1.1 Anatomy of the Kidney 
The kidneys, a pair of organs located just below the ribcage, filter the blood of endogenous and 

exogenous wastes1. Kidneys are able to 

filter a cup of blood roughly every two 

minutes and create urine with excess 

water2. They have additional minor 

roles in the production of some 

hormones1, 2 as well as in the 

metabolism of drugs3. The functional 

unit of the kidney in which the filtration 

and creation of urine takes place is 

called the nephron1, 2 (Figure 1). The 

filtration of the blood begins in the glomerulus. The filtrate then passes through to the collecting duct 

where it then travels to the ureter. When the kidneys are damaged, filtration of blood is prevented, and 

a condition called acute kidney injury (AKI) can result. 

1.2 Acute Kidney Injury and its Consequences 
AKI can be simply defined as a sudden loss of kidney function, but that simple definition hides 

the fact that the condition has multiple different etiologies. Furthermore, multiple biological pathways 

contribute to not only the development, but also the recovery from AKI4. To standardize a specific 

definition of observable AKI, biomarkers like serum creatinine (sCr), glomerular filtration rate (GFR), and 

urine output (UO) are utilized to reflect injury and its severity4. Several groups have defined specific 

biomarker value cutoffs as a tool for diagnosis4, however applying strict definitions may have the 

consequence of potentially underreporting the true impact of kidney damage4.  

Figure 1 Simple structure of the kidney 
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The causes of kidney damage can be classified into three categories: pre-renal, intra-renal, and 

post-renal. Pre-renal AKI is characterized by a lack of blood flow to the kidney, which causes hypoxia and 

ischemia leading to impaired function4. Some causes of pre-renal AKI are hypovolemia from traumatic 

injury, surgery, reduced cardiac output, sepsis, and blood clots4. Intra-renal AKI  is direct damage to the 

kidney from an exogenous or endogenous chemicals or through physical trauma4. There are multiple 

classes of drugs that are considered nephrotoxic4, 5 and can cause intra-renal AKI including: antibiotics, 

like vancomycin or aminoglycosides; chemotherapy agents, like cisplatin; and contrast dyes utilized in CT 

scans4, 5. Post-renal AKI occurs when a blockage of the ureter, such as kidney stones or swelling of the 

prostate, prevents the flow of urine, and causes a building up of pressure thus damaging kidney cells4. 

Regardless of the classification or cause of AKI, the consequences are dire. 

With impaired kidney function, buildup of both toxins and water in the body occurs. The buildup 

of water leads to edema which can cause painful swelling in limbs or deadly swelling in the case of 

pulmonary or cardiac edema. The link between AKI and pulmonary and cardiac edema is reflected in the 

fact that patients with AKI are twice as likely to require mechanical ventilation than patients without 

AKI,6 and cardiac edema patients with heart failure have a higher chance of mortality with more 

instances of, and higher severity of, AKI7. Without the kidneys’ processing of both endogenous and 

exogenous toxins, organ failure, outside of the kidneys themselves, can occur4. Hyperkalemia, which can 

lead to deadly cardiac arrhythmias, and metabolic acidosis both can occur when the kidneys are unable 

to excrete potassium and acid metabolites respectively. Damaged kidneys can also affect drug levels, 

leading to vastly increased drug and metabolite exposures which can increase the likelihood of patients 

experiencing drug related adverse events. 

AKI has a particularly high impact on hospitalized patients. It is estimated that between 5 and 

10% of hospitalized patients will experience AKI8-11, and those patients have a greater likelihood of 

mortality8, 9, 12, morbidity9, and extended length of stay8, 10. In addition to acute effects, a meta-analysis 
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found that AKI is an independent risk factor for the development of chronic kidney disease (CKD)12, and 

the authors suggest that despite functional recovery of the kidney, fibrotic tissue from the acute 

damage may occur, and over time, that abundance of fibrosis can lead to chronic disease. CKD can then 

lead to end stage renal disease (ESRD) which requires dialysis and/or transplantation to treat/cure.  

The impact of AKI also occurs on the societal level:  it is estimated that each case of AKI costs 

between $2,000 (for mild cases) and $33,000 (for severe cases)8, 10. One study estimated the total 

annual cost of AKI in the US to be in the billions of dollars, accounting for roughly 5% of all hospital 

costs8.  

1.3 Existing Treatments for AKI 
Given the above, there is an urgent need for therapies that could directly treat the underlying 

cause and/or reverse AKI.  An active therapy would result in not only immediate short term benefits 

(shorter hospital stays and increased survival), but also, given the link between AKI and CKD/ESRD12, 

long term impacts on the health of the patient. Unfortunately, there are no specific therapies to treat 

AKI, and only supportive therapy exists. 

Depending on the specific circumstances, AKI treatment can consist of removing nephrotoxic 

agents, adjusting doses of renally cleared medications, and removing or resolving any obstructions in 

the ureter or vessels9. The removal of nephrotoxic agents is more complicated than just stopping 

therapy as many of the nephrotoxic agents are lifesaving such as chemotherapy or antibiotics. Fluid 

replacement is the most effective treatment in pre-renal cases of AKI related to hypovolemia. If none of 

these are applicable, kidney biomarkers like serum creatinine (sCr) and blood urea nitrogen (BUN) are 

monitored to see if they recover back to baseline. If the kidneys do not recover on their own, patients 

may need the drastic intervention of dialysis to remove wastes and toxins. 

While there is no approved active therapy to accelerate kidney function recovery after AKI, this 

is an active area of research. Table 1 lists some recent therapeutic strategies that are directed to specific 
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biological targets. Rows highlighted in red show targets with clinical trials. Additional rows presented 

include targets with pre-clinical studies supporting a therapeutic strategy to treat AKI. Additional 

approaches include administration of general antioxidants as cell damage is associated with oxidative 

stress. Arguably the most valuable therapy would be one that is effective in all etiologies of AKI through 

the targeted recovery of kidney cells/nephrons while preventing the development of scar tissue in the 

kidney.  

Table 1 Potential Drug Targets for AKI. Red indicates targets with associated clinical trials (compound investigated). Bold and 
underlined indicates a negative impact on AKI. 

Drug Target Results Reference 
ATR-2 Agonist  
(angiotensin II) 

Augmented renal inflammation and apoptosis. Sharma et al.13 

HIF PHD 
Inhibition 
(roxadustat) 

Improved BUN and sCr. 
Attenuated renal apoptosis and inflammation. 

Yang et al.14 

MAPK Inhibition  Reduced renal fibrosis and apoptosis. Chen et al.15 
 

Reduced reactive oxygen species. 
Suppressed inflammatory response and inhibited apoptosis. 

Jiang et al.16 

 
Reduced renal fibrosis and inflammation.  Tang et al.17 

ASK 1 Inhibition  Reduced levels of renal function impairment. Reduced tubular 
apoptosis. Reduced progressive inflammation and fibrosis and 
halted GFR decline.  

Liles et al.18 

 
Reduced renal apoptosis.  El Eter19 

p38 MAPK 
inhibition   

Attenuated elevations of sCr and BUN.  Gong et al.20 

JNK Inhibition  Suppressed renal inflammation, tubular apoptosis, and interstitial 
fibrosis. 

Wang et al.21 

 
Protected against oxidative cytotoxicity in renal cells. Kim et al.22 

JNK/P38 
activation  

Reduced renal inflammation.  He et al.23 

JAK Inhibition  Improved renal function and reduced renal apoptosis.  Yang et al.24 
 

Reduced renal apoptosis. Neria et al.25 
 

Reduced sCr.  Attenuated nephrotoxicity. Novogrodsky et al.26, 

27 
Src inhibition  Reduced inflammation, oxidative stress and tubulointerstitial 

injury. 
Uddin et al.28 

 
Reduced renal apoptosis. Xiong et al.29 

 
Alleviated kidney inflammation and apoptosis. Reduced BUN and 
sCr. 

Sahu et al.30 

 
Reduced renal inflammation and apoptosis.  Ren et al.31 

 
Aggravated renal failure after I/R injury  Takikita-Suzuki et 

al.32 
Rho Inhibition  Antioxidant effect. Wang et al.33 
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 Current clinical trials for AKI include a study on administering angiotensin II (the endogenous 

ligand for ATR-2) and a study on administering roxadustat (HIF PHD inhibitor) in the context of coronary 

artery bypass surgery. Angiotensin II can be administered as a vasoconstrictor59. If administered 

perioperatively, angiotensin II may provide a benefit by improving blood flow to the kidney 

preventing/treating pre-renal AKI due to hemodynamic instability. This strategy may help with one 

etiology of AKI, but still damages kidney cells60 as a side effect, so its applicability may be limited. As of 

now, this clinical trial is still ongoing. Roxadustat, while it may provide a great benefit in the context of 

 Inhibited tubular damage, inflammation and fibrogenesis. Prakash et al.34 

ROCK Inhibition  Reduced inflammatory cell infiltration. Less edema and better 
perfusion.  

Kentrup et al.35 

RIPK1 allosteric 
inhibition  

Ameliorated renal injury and reduced renal inflammation. Xu et al.36 

RIPK1/RIPK3 
inhibition  

Reduced renal apoptosis. Qin et al.37 / Fauster 
et al.38 

Notch1 inhibition  Reduced renal apoptosis. Najjar et al.39 

NRF2 Restoration  Reduced renal fibrosis and inflammation. Aminzadeh et al.40 

CB1 inhibition  Reduced renal fibrosis  Chorvat41 
 

Reduced renal fibrosis. Reduced in macrophage infiltration. Lecru et al.42 

CB2 agonist  Reduced renal inflammation and oxidative stress. Pacher et al.43 
 

Reduced renal oxidative stress and macrophage infiltration. Mukhopadhyay et al. 
(2010)44  

Reduced sCr.  Nettekoven et al.45  
 

Reduced renal fibrosis. 
 

 
Protected against albuminuria and alleviated renal fibrosis. 
Reduced inflammation and tubular injury and reduced renal 
fibrosis.  

Barutta et al.46 

 Reduced renal inflammation and macrophage infiltration. Horvath et al.47 

CB2 inverse 
agonist  

Ameliorated kidney injury, inflammation, and fibrosis.  Zhou et al.48 

CB2 partial 
agonist  

Attenuated oxidative stress and inflammation in kidney.  Mukhopadhyay et al. 
(2016)49 

Calpain Inhibition  Reduced apoptosis.  Gutierrez et al.50 

S1P1 agonist  Significantly prevented graft rejections in renal transplant patients Tedesco-Silva et al.51 
 

Reduced infiltrating lymphocytes.  Suleiman et al.52 
 

Reduced inflammatory cell recruitment. Reduced renal fibrosis.  Tian et al.53 
 

Reduced sCr and infiltrating inflammatory cells. Lien et al.54 

TLR inhibition  Reduced renal inflammation and reduced BUN and sCr.  Peng et al.55 

CXCR4 antagonist  Reduced BUN and sCr.  Wu et al.56 

CXCR2 inhibition  Reduced inflammatory cell infiltration. Cugini et al.57 

CXCL1/CXCR2 
inhibition  

Reduced renal inflammation. Liu et al.58 
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blood loss post-surgery, might not provide the same benefit in all etiologies of AKI. Yang et al.14 found 

that roxadustat provided benefit from cisplatin induced kidney cell damage. Cisplatin therapy induces 

hypoxia in kidney cells and Roxadustat prevents the degradation of hypoxia inducible factor (HIF) which 

stimulates the production of red blood cells in response to hypoxia. Roxadustat is a potential therapy for 

certain contexts of AKI, but it could also find additional benefit in CKD as those patients are more likely 

to develop anemia61. This clinical trial is also ongoing. 

Table 1 also contains multiple additional targets that show promising in vitro and/or in vivo 

efficacy. What this list highlights is that there are a plethora of biological pathways involved in the 

development of or the recovery from AKI. Renal apoptosis contributes to the development of acute and 

chronic kidney injury62, so targeting pathways involved in apoptosis is a promising strategy for 

ameliorating that injury. Kidney cell stress, whether it is due to low blood supply, direct nephrotoxic cell 

damage, or from increased physical pressure from ureter blockage, leads to mitochondrial injury which 

starts the apoptotic processes62. Targeting pathways involved in apoptosis could prevent further injury 

and speed up the recovery process. Mitogen-activated protein kinase (MAPK)63, c-Jun N-terminal kinase 

(JNK)63, janus kinase (JAK)63, apoptosis signal-regulating kinase 1 (ASK 1)64, and src family kinase (Src)65 

are kinases involved in activating the apoptosis pathway. Additionally, Notch166, calpain67, and even bile 

acids68 are non-kinase targets that are also involved in promoting apoptosis signaling. In fact, inhibiting 

MAPK15, 16, ASK 119, JNK21, JAK24, 25, Src29, Notch139, and calpain50 can each reduce markers of renal 

apoptosis in models of AKI.  

Pathways involved in inflammation are also promising targets for the prevention of or the 

recovery from AKI69. Sphingosine-1-phosphate receptor 1 (S1P1)70, toll-like receptor (TLR)69, C-X-C motif 

chemokine receptor family (CXCR)69,  NF-E2 p45-related factor 2 (NRF2)71, and cannabinoid receptor 

type 1 and 2 (CB1 and CB2)72 are involved in the activation of inflammatory immune cells. Kinases like 

rho kinase73 or receptor-interacting protein kinase 1 (RIPK1)74 are involved in the proliferation of 
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inflammatory interleukins. Altering the activity of these targets may interfere with the inflammatory 

process which could protect kidney cells during injury69. In vivo studies show that administering an 

agonist of S1P153, 54 or CB243, 44, 46, 47, 49 or an inhibitor of rho kinases34, 35, RIPK136, NRF240, CB142, TLR55, 

and CXCR57, 58 can reduce inflammation or reduce activity of inflammatory cells in models of AKI. 

Inflammation is an important component of AKI as it initiates and or extends the injury75. Traditional 

anti-inflammatory medications may not be appropriate as NSAIDs are known to damage kidneys76. With 

that, an agent that can alter the expression of inflammatory cytokines and the activity of inflammatory 

immune cells in the kidney would be important in the pursuit of a therapeutic for AKI. 

There is an ongoing study with an expected completion date of June 15, 2025 looking into 

fingolimod, an agonist of S1P1, for reduction of renal fibrosis post renal transplant however the 

generalization to outside of transplant patients may be lacking. BCT197 is an inhibitor of MAPK that was 

in a clinical trial in 2018 investigating the prevention of AKI post cardiac surgery as well. This trial was 

terminated early due to lack of effect. There is a completed clinical trial on the efficacy of atorvastatin in 

preventing AKI post cardiac surgery77. Atorvastatin did not reduce the risk of AKI in this patient 

population. This finding is important as He et al.23 found that atorvastatin attenuates contrast-induced 

nephropathy through the regulation of JNK. There are several potential explanations for why 

atorvastatin was unsuccessful in clinical trials: JNK may not be the best drug target for acute kidney 

injury, atorvastatin is beneficial in intrarenal causes of AKI but not prerenal, atorvastatin is beneficial in 

attenuation of injury but not in prevention of injury, atorvastatin is not a specific inhibitor of JNK so off 

target consequences could have prevented benefit in humans. Selective inhibitors of JNK are in 

development, but the primary disease state of focus is oncology78. Targeting a single kinase in clinical 

trials has not yet replicated the benefit found in in vivo studies. There are dozens of FDA approved 

kinase inhibitors79 for the kinases in Table 1, however none of those inhibitors have appeared in clinical 

trials for acute kidney injury. This represents a potential avenue, albeit a less promising one after the 
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failure of clinical trials, for a therapeutic for AKI. While some potential specific biological targets have 

been considered and investigated, the involvement of multiple biological pathways in this disease state 

have led others to focus on developing inhibitors to epigenetic targets.  

In altering the activity of an epigenetic enzyme, multiple biological pathways can be affected80 

meaning that a singular therapy has the possibility to impact the activity of many of the targets in Table 

1 through induction or repression of their expression. Chapter 3 will investigate one such epigenetic 

target: the histone deacetylase family. Additionally, the involvement of multiple biological pathways has 

led to the use of whole organism phenotypic assays to identify potential therapeutics for AKI81. These 

assays can provide insight into the interactions of compounds, pathways, cells, and organs which cannot 

be captured by an in vitro target based model of AKI81. 

This thesis will investigate three aspects of an effort to develop a novel therapeutic for AKI. 

Chapter 2 will discuss phenotypic screening in zebrafish and its application to AKI, and a cheminformatic 

analysis that allows more accurate interpretation of structure-activity relationship (SAR) data in 

zebrafish. Chapter 3 will describe the validation of one isoform of the histone deacetylase (HDAC) family, 

histone deacetylase 8 (HDAC 8), as a target for AKI. Chapter 4 takes advantage of our findings that 

selective inhibition of HDAC 8 can provide a therapeutic benefit in AKI and focuses on the expansion of 

the lead PCI-34051. Together, these chapters will contribute to the development of a novel small 

molecule therapeutics for AKI. 
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2.0 Development of chemical property descriptors to evaluate small 

molecule effects in zebrafish. 

2.1 Introduction 
A compelling strategy for the development of a small molecule therapeutic for multi-factorial 

diseases or conditions is the use of phenotypic screens as these allow for the testing of compounds 

against an observable phenotype like survival, disease progression/resolution, or changes in 

biomarkers82. While there is cell-based phenotypic screening, whole organism phenotypic screens can 

help researchers reach conclusions on a compound’s liabilities along with conclusions about activity in a 

disease model82, 83. Specifically, data from whole organisms can reflect a compound’s pharmacokinetic 

properties and toxicity83-86.  

Zebrafish (Danio rerio) are one of the species commonly utilized for whole organism phenotypic 

screens. They have a rapid reproduction that produces multiple offspring which provides multiple 

individual whole organisms for a screen87, 88. Zebrafish (zf) embryos and larvae are transparent which 

allows for direct observation of a phenotype or the observation of changes in anatomy related to a 

phenotype89. Zf embryos do not need to be fed as the yolk sac provides sustenance throughout the 

assay89. The fish can be isolated into individual wells allowing for space efficient, independent analysis 

between organisms. The genome of zebrafish has been completely sequenced87 which gives researchers 

insight on homology of potential human drug targets. Zebrafish based assays have been included in the 

development of compounds that are currently in clinical trials90. Importantly, zf have provided insights 

on kidney regeneration81, 89. The process in which kidneys regenerate is conserved across zebrafish, 

mice, and humans81 which allows for a translative pipeline of screening compounds, through validation, 

and then to the clinic. Specifically for this research, a phenotypic model of acute kidney injury in zf was 

utilized91.  

This zf AKI model induces kidney injury through the administration of a nephrotoxic agent, 

gentamycin. It is administered, at a nephrotoxic, lethal dose, to zf embryos through microinjection at 2 
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days post fertilization (dpf) and survival is monitored91. After gentamycin administration, zf are 

monitored for the presence of edema, which mimics AKI, and only zf with visible edema are selected in 

this study to ensure that mortality is linked to the development of severe AKI. With no intervention, 

~60-80% of the embryos die within 7 days. Compounds are dissolved in the aqueous solution at 2 days 

post injury that the fish are kept in which allows for continuous exposure of the test compound. In this 

model, efficacious compounds result in survival at 7 days post injury of a significantly larger number of 

embryos as determined by Kaplan-Meier analysis92 than vehicle control. 

 Interpreting data in zf assays comes 

with some caveats. When the effect is positive, it 

is assumed that the administered compound 

reached the site of action to produce the desired 

effect. If there are no effects after compound 

treatment, two scenarios are possible (Figure 2). 

If the compound was absorbed and reached its site of action, then the conclusion could be that the 

compound had no biologic activity at that concentration. However, if the compound did not reach its 

site of action (either because of poor permeability, metabolism, or sequestration), then no conclusions 

on the biological activity at the target can be made. The implication of not differentiating these two 

scenarios is particularly important in measuring toxicities, for example, as a false negative due to lack of 

access may allow a toxic compound to continue along the drug discovery and development process.  

1There is an abundance of literature on which physical properties of small molecules predict 

human oral bioavailability. Lipinski and co-workers correlated preferred values for molecular weight 

(MW ≤ 500), lipophilicity as measured by octanol−water partition coefficients (logP ≤ 5), and the 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 

Figure 2 Conundrum presented when interpreting negative assay results. 
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numbers of hydrogen bond donors (HBD ≤ 5) and acceptors (HBA ≤ 10) to oral bioavailability (Lipinski 

Rules, Rule of Five93). 2Veber et al. suggested that total polar surface area (tPSA ≤ 140 Å) of the molecule 

and the number of rotatable bonds (≤10) could predict oral bioavailability.94 Others have described 

characteristics of molecules that are important for cell permeability95 and even bacterial permeability.96 

However, it is not known if these same parameters apply to zf absorption or what similar parameters 

predict zf absoprtion. In this absence, the assumption is usually made that the properties that are 

predictive of human/mammalian absorption will translate to fish; moreover, since the ultimate goal is to 

treat mammals, not fish, designing for human oral bioavailability is appropriate. However, significant 

physiological differences between fish and mammals raise questions about the validity of this 

assumption, and the absence of data may lead to incorrect conclusions about whether a compound is 

truly biologically inert or did not permeate the fish or reach the target due to other barriers, thereby 

complicating any structure−activity relationship (SAR) analysis or potentially leading to false conclusions 

about the toxicity of small molecules. 

2.2 Method of Data Acquisition and Hypothesis 
To address this knowledge gap, we assembled structures of compounds reported in the 

literature to exhibit biological activity in zebrafish assays and made the assumption that biological 

activity necessitated permeability/absorption/access into this model organism (whether it be passive or 

active). We then calculated and predicted a series of properties and property descriptors and asked (1) 

what is the range of drug-like properties [e.g., molecular weight (MW), logP, polar surface area (PSA), 

number of rotatable bonds, H-bond donors (HBD), H-bond acceptors (HBA), solubility, and permeability] 

exhibited by compounds that are active in zebrafish?; (2) do the general characteristics of zebrafish-

active compounds differ from the standard physicochemical property guidelines for oral bioavailability 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 
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used by medicinal chemists or from those of known drugs?; and (3) can we develop a set of guidelines 

that can be used to interpret zebrafish assay data? 

3To compile a set of zebrafish-

active compounds, we used keywords 

such as “zebrafish assay” and “zebrafish 

screen” to search the Scifinder and 

Pubmed databases for publications 

reporting data on small molecules’ 

activity in zebrafish assays. We also 

directly searched medicinal chemistry 

and chemical biology journals such as ACS 

Chemical Biology, ACS Medicinal Chemistry Letters, Bioorganic & Medicinal Chemistry, Bioorganic & 

Medicinal Chemistry Letters, European Journal of Medicinal Chemistry, Journal of Medicinal Chemistry, 

and MedChemComm. In total, 158 unique publications were  identified, and the structures of active 

compounds were extracted from them. To supplement the literature data set, we reviewed Pubchem 

for data reported in zebrafish assays. For this set, we eliminated assays designated as “screening” as 

they typically report high false positive rates. Thirty-one compounds labeled as “active” in four different 

confirmatory or secondary assays (AIDs 691, 1137, 504373, 652284) were added to the data set. While it 

is likely that some publications were not captured, we believe the number and diversity of compounds 

identified (vide inf ra) provide a representative data set. Figure 3 outlines the data compilation and 

curation process. 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 

Figure 3 Process for zebrafish permeability data accumulation and 
curation. 
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4Structures of compounds, administered in tank water, that were reported to be active in a 

zebrafish embryo assay, regardless of potency, degree of efficacy, or time of exposure were collected. 

We eliminated structures that contained metals or were large peptides or proteins, and those that 

bypassed the absorption process by administration via injection or other direct method. Structures were 

prepared as SMILES strings (simplified molecular-input line-entry system); salt counterions and any 

duplicates were removed. Applying these criteria, 700 unique small molecules (“zf 700”) were identified 

(10.1021/acsmedchemlett.9b00063).  

2.3 Cheminformatic Analysis and Results 
We calculated MW, logP (as AlogP), HBD, HBA, number of rotatable bonds, and molecular PSA.97 

Table 2 shows the range and averages for these properties for the zf 700. Not unexpectedly, the 

averages all fall within the typical Lipinski/Veber guidelines: MW = 351; AlogP = 3.2; HBD = 1.4; HBA = 

4.1; rotatable bonds = 4.4; and tPSA = 72.8 Å. Notable, however, is the wide range of values that appear 

to be compatible with zebrafish absorption, particularly molecular weight (110 to 1291 Da), AlogP (−14.0 

to +7.9), and tPSA (0 to 551 Å). Other properties evaluated, including HBD, HBA, and rotatable bonds, 

also reveal a very wide range associated with zebrafish active compounds. While some of the extreme 

values are represented only sparsely, this data suggests that compounds with properties far outside 

what is typically considered drug-like can, in some cases, be permeable to zebrafish. 

To ensure that disproportionate representation of multiple close structural analogs in the zf 700 

set were not skewing the averages, we used a computational algorithm (“Affinity Propagation 

Clustering”98) that clustered the 700 based on structural similarity. This algorithm identified 87 

exemplars (10.1021/acsmedchemlett.9b00063), representative of the structural diversity of the entire 

set, for which we calculated the same values for comparison with the full zf 700 set. An independent 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 

https://doi.org/10.1021%2Facsmedchemlett.9b00063
https://doi.org/10.1021%2Facsmedchemlett.9b00063
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evaluation confirmed the diversity of this Exemplar 87 set (10.1021/acsmedchemlett.9b00063). As seen 

in Table 2, even though the ranges are narrower, the averages calculated for the 87 exemplars is, in 

most cases, very similar to those generated from the full set of 700. This analysis provides evidence that 

the presence of large numbers of closely related compounds in the zf 700 set did not bias the calculated 

averages. 5 

Table 2 Calculated Properties of Zebrafish Active, Small Molecule Drugs, and Recently Approved Oral Drugs 

We calculated the 10th and 90th percentiles of the values in Table 2 for the zf 700 set to 

interrogate the boundaries that can be applied to predict zebrafish absorption. For comparison, we also 

completed a similar analysis of a set of historical small molecule drugs (approved and experimental, 

regardless of route of administration) derived from DrugBank (n = 1395)99 and a set of >400 oral drugs 

approved by the FDA in a recent 20-year (1998−2017) span.100 This data set (Table 2) highlights the 

differences between the characteristics of the majority of zebrafish-active compounds and 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 
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characteristics of approved drugs, and by extension the properties medicinal chemists typically strive for 

when developing drug-like and/or orally available molecules. Inclusion of the 1998−2017 set allows for 

specific comparison with orally administered drugs, and also takes into account some of the 

considerable debate in the literature on which properties reflect “drug-likeness.”100 6 

The majority of zebrafish-permeable compounds fall within the molecular weight range of 

200−500 Da, with an average MW of 351. These numbers are shifted to lower values compared to both 

drug groups, and by ∼50 Da compared to the recent oral drug set. This shift is most apparent at the 

higher end of the molecular weight range with the 90th percentile of the zf 700 set (489 Da) being ∼100 

Da lower than the two drug sets (599 and 571 Da), but the 10th percentiles being very close. The 

molecular weight differences reached statistical significance for all values. 

Also divergent are the AlogP values. The zf 700 average (3.2) is significantly higher than the two 

drug groups (1.5 and 2.7 for the small molecule and recent oral drug sets, respectively), tending toward 

greater lipophilicity. The 90th percentile for the zf 700 is also greater than the same values for the 

historical and recent oral drugs (5.3 vs 4.9 for both drug sets); however, for the 90th percentiles, only 

the difference between the zebrafish and recent oral drug set was significant. This preference for higher 

lipophilicity could be attributed to zebrafish-active molecules being predominantly absorbed through 

the yolk sac, which contains high concentrations of lipids. 

In accordance with the higher values for AlogP, the HBD and HBA counts for the zf 700 are also 

shifted toward more lipophilic properties. The 90th percentiles for HBD and HBA are 3 and 7, 

respectively, with averages of 1.4 (HBD) and 4.1 (HBA) vs the more typical limits (90th percentile) for 

HBD of 4 and HBA of 10 for both the small molecule and recent oral drugs. The averages for the two 

drug sets (HBD, 2 for both; HBA, 5.1 and 6.4 for DrugBank and recent oral drugs, respectively) were 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 
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significantly higher than the zf 700 averages. Consistent with the trend toward more lipophilic 

characteristics, the average PSA of the zebrafish active set was 72.8 Å, and its 90th percentile equaled 

123 Å; both significantly lower than the two drug categories. The rotatable bond count average (4.4) is 

also lower in the zf 700 set compared to the drug sets (6.1 and 6.5), as are the 10th and 90th percentile 

values.7 

Overall, zebrafish-absorbed molecules tend to be more lipophilic than known drugs, and in a 

most cases, their physicochemical properties fall within a narrower range of values. Based on this 

analysis, in particular the 90th percentiles (which were loosely applied to derive the Lipinski rules), we 

suggest that compounds most likely to be absorbed by zebrafish will have the following characteristics: 

• MW ≤ 500 

• clogP ≤ 5.3 

• HBD ≤ 3 

• HBA ≤ 7 

• tPSA ≤ 124 Å 

• rotatable bonds ≤ 9 

To develop a further understanding of the characteristics of zebrafish-permeable compounds, 

we predicted101 additional properties such as solubility, various cellular permeability rates, and number 

of predicted metabolites. Table 3 shows those results and a comparison to the DrugBank drug set.99 Of 

note, the same analysis with the exemplar set was, again, consistent with the full set of 700 compounds. 

Solubility trended toward lower values (log S average = −4.6 M) compared to typical goals of log S > −4.2 

M20 and the drug set (log S = −3.7 M), perhaps confirming the shift toward greater lipophilicity. This 

result was somewhat unexpected given that the zebrafish actives were administered in tank water,  

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 
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Table 3 Predicted Properties of zf 700 and Small Molecule 

 which requires aqueous solubility at relatively 

high concentrations (typically ≥10 μM) with low 

concentrations (typically <0.5% or less) of 

cosolvents (e.g., DMSO, EtOH, MeOH) 

present.1038 

 Averages for cellular permeability 

predictions (Caco-2 and MDCK cell lines) were 

far above the >500 nm/s value that is generally 

characterized as “excellent”, as were the 

averages calculated for the small molecule drug 

set. Of interest, however, the 10th percentiles 

for both cell lines for the zf 700 set were also 

well above the “poor” boundary of <25 nm/s, with values equal to 99 and 56 nm/s, respectively. This 

metric is at variance from the historic drug set, where the 10th percentiles for both Caco-2 (3 nm/sec) 

and MDCK (2 nm/sec) permeability fell into the “poor” descriptor. This suggestion that adequate 

compound permeability is more important for fish embryo absorption than mammalian cell absorption 

is not unexpected and could be due to a number of factors including differences between mammalian 

and fish membrane composition or in the activity of ABC efflux transporters.104 However, this analysis 

suggests that predicted permeability in either Caco-2 or MDCK cell lines may be useful in evaluating the 

potential of compounds to be absorbed into zebrafish, and that activity is unlikely to be observed with 

compounds predicted to be poorly permeable (i.e., <25 nm/s). 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 
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Finally, we considered whether zebrafish-actives would be distinguished from other sets by 

differences in predicted metabolism. Since the zebrafish yolk is highly metabolically active105 and assays 

are often run over the course of days, one could hypothesize that activity in zebrafish assays requires 

metabolic stability. The prediction of numbers of metabolites indicated that the zf 700 set (average = 

3.4; 10th percentile = 1; 90th percentile = 7) fell within the recommended value of 1−8 and was only 

marginally different from values calculated for small molecule drugs (Table 3).9 

To evaluate this hypothesis further, we used the open source program MetStabOn102 to predict 

human metabolic stability. Of the 700 zebrafish-active compounds, 0 were predicted to exhibit high 

metabolic stability, and 691 were predicted to have medium metabolic stability; low metabolic stability 

was predicted for only nine compounds. Based on this analysis, one can conclude that zf-active 

compounds, as a whole, are not exceptionally stable compared to typical drugs. 

2.4 Conclusions 
We believe this analysis should be useful when interpreting data from small molecule testing in 

zebrafish assays; however, there are some limitations to the data set. First, practical limitations in 

zebrafish testing/assay capacity and/or incorporation of zebrafish assays late in the drug discovery 

process may have resulted in compounds in the zf 700 data set being prechosen for good/excellent 

drug-like properties, rather than for a more diverse sampling. For example, when used for screening, 

libraries that very often contain known drugs103 or molecules that are more drug-like than lead-like are 

frequently used. In other instances, our literature search identified advanced compounds, already 

optimized for good drug-like properties, that were evaluated in zebrafish assays for specific effects, such 

as toxicity. In this way, compounds in the zf 700 data set may not represent the broadly diverse scaffolds 

that are common in more traditional HTS libraries. However, if a preselection of compounds had 

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 
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influenced the data, we would have expected no or minimal difference between the zf 700 set and the 

known drug sets, rather than the significant differences observed. 

Second, our criteria for inclusion was binary (active/inactive) and considered neither potency 

nor degree of efficacy. While most compounds in the zf 700 set exhibited activity at concentrations of 

10−20 μM, some were active at concentrations as high as 100 μM. Therefore, future studies should 

focus on how potencies correlate with properties. Third, due to a lack of data, we do not understand 

what precludes absorption into zebrafish and can only infer the properties that zebrafish active 

molecules possess. 

Despite these caveats, the reported analyses should be of value to medicinal chemists who rely 

on SAR data from zebrafish assays to guide drug discovery efforts and translation into mammals. 

Importantly, our results provide guidelines to aid in determining which compounds are likely to be 

absorbed by zebrafish and, as a result, can subsequently be used to rationalize when an “inactive” 

report in a zebrafish assay should be attributed to a lack of biological activity versus a lack of 

permeability/access. The observation that zebrafish-actives display a different range of the properties 

typically considered drug-like should help focus medicinal chemistry design that relies on zebrafish assay 

data and also ensure that optimization of activity in fish can be translated to humans.10 

  

 
Reprinted with permission from Long, K.; Kostman, S. J.;  Fernandez, C.;  Burnett, J. C.; Huryn, D. M., Do 
Zebrafish Obey Lipinski Rules? ACS Med Chem Lett. Copyright 2019 American Chemical Society 
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3.0 Validation of HDAC 8 as a drug target for AKI. 

3.1 Introduction 
 There are multiple compelling drug targets (Table 1) for developing a small molecule therapy for 

AKI. Based on previous work showing histone deacetylase (HDAC) involvement in the regeneration of 

the early kidney in zebrafish106-108, that drug target emerged as a promising pathway.  

 HDACs are enzymes that are members of large protein complexes109 that remove acetyl groups 

from the ε-amino on lysines on proteins, most notably histones110-115. This family of enzymes are 

considered translation repressors as their catalytic activity reveals a positive charge on the histone 

which condenses the protein preventing transcription and translation of genes110-112, 114, 115. As 

mentioned previously, HDACs are epigenetic targets which is important in that many of the targets 

identified in Table 1 can be modulated by HDAC activity. Inhibiting HDACs with trichostatin A (TSA) 

increases the expression of NRF2116 which attenuates oxidative stress in kidney disease40. HDAC 

inhibition suppresses the Notch pathway111, 117 which is associated with protection against renal 

apoptosis39. Suppression of the JNK pathway was connected to HDAC inhibition111, 117 which lead to 

reductions in renal inflammation and fibrosis post kidney injury21. In addition, HDAC inhibitors can 

inhibit the HIF pathway118 and the MAPK pathway119 which were included in Table 1. HDACs are also 

considered post-translational modifiers as they can remove the acetyl group from lysines on non-

histone proteins as well110-115, 120. α-tubulin is a non-histone substrate of HDACs. Removal of an acetyl 

group from Lys40 on α-tubulin alters organization of the cytoskeleton indicating that HDACs are involved 

in this process121. Additionally deacetylation of unc-51-like kinase 1 (ULK1) deactivates the kinase which 

is required for autophagy121. Inhibition of HDACs can alter the activity of multiple biological pathways 

through the prevention of translation or through the modification of proteins associated with expression 

or activity of said pathways.  
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HDACs can be separated into 4 classes dependent on their homology to the yeast orthologs110-

112, 114. Class I HDACs include the isoforms HDAC 1, HDAC 2, HDAC 3, and HDAC 8. Class II HDACs are 4, 5, 

6, 7, 9, and 10. Class IV consists of one isoform of HDAC 11. These three classes make up the zinc 

dependent HDACs as they rely on a zinc cation in their active site to activate a water molecule which 

then acts as a nucleophile to remove an activated (by the same zinc cation) acetyl group from a modified 

lysine113 (Figure 4). The class III HDACs are referred to as the sirtuins (SIRTs). Unlike the other classes, 

sirtuins rely on a NAD+ cofactor for their catalytic activity which transfers the acetyl group to a ribose 

sugar113. The SIRTs will not be the focus of this document, so the term HDAC from this point forward will 

refer to the zinc dependent enzymes.  

 The involvement of HDACs in kidney injury is a relatively recent topic with the earliest 

relationship documented in 2003. That study found that pan inhibition of HDACs, when used as a 

potential treatment for lupus, led to a decrease in protein in the urine in a mouse model of lupus122. 

Since then, there have been multiple reports on HDAC activity/inhibition and AKI and other kidney 

related disorders (Table 4). Interest in inhibitors of HDACs (HDACi) in AKI was based on the 

 

 

 

Figure 4 The zinc dependent deacetylation of a lysine residue using a nucleophilic water molecule. 
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Table 4 Summary of Effects of pan HDAC inhibition in AKI models. 

 understanding that HDACi possess anti-fibrotic and anti-inflammatory effects109-111, 113, 114. Furthermore, 

expression of HDAC isoforms is known to change significantly post kidney injury135-137. Examples in table 

4 show that HDACi can provide anti-fibrotic and anti-inflammatory effects in the kidney injury context. 

AKI Model Results Reference 

Streptozotocin induced 
diabetes mouse model 

Reduced renal fibrosis. Reduced reactive oxygen 
species.  

Advani et al.123 

Gentamycin zebrafish 
model 

Promoted renal epithelium dedifferentiation and 
proliferation. 

Brilli Skvarca et al.108 

Unilateral ureteral 
obstruction mouse model 

Decreased renal fibrosis, inflammation, and markers of 
oxidative stress. 

Choi H. S. et al.124 

TGF-Β injured HK2 kidney 
cells 

Decreased renal fibrosis. Increased e-cadherin protein. Choi S. Y. et al. (2016)125 

Streptozotocin induced 
diabetes rat model 

Decreased renal apoptosis and inflammation. Gilbert et al.126 

TGF-Β injured NRK-49F 
kidney cells 

Decreased fibrosis. Kang et al. 127 

Unilateral ureteral 
obstruction mouse model 

Decreased renal inflammation and fibrosis. 
 

Unilateral ureteral 
obstruction rat model 

Decreased renal inflammation and fibrosis. Kinugasa et al.128 

Cisplatin injured RPTCs  Increased autophagy. Decreased apoptosis. Liu J. et al.129 

Cisplatin mouse model Decreased sCr, BUN, tubular injury score, and renal 
apoptosis. 

 

Unilateral ureteral 
obstruction mouse model 

Restored BMP-7 expression. Decreased renal fibrosis. Manson et al.130 

Systemic lupus 
erythematosus mouse 
model (MRL-lpr mice) 

Decreased urinary albumin. Decreases glomerular 
inflammation on histology 

Mishra et al.122 

Streptozotocin induced 
diabetes rat model 

Decreased renal fibrosis. Noh et al.131 

TGF-Β injured NRK52-E 
kidney cells 

Decreased fibrosis. 

Unilateral ureteral 
obstruction mouse model 

Decreased renal fibrosis and apoptosis. Pang et al.132 

Cisplatin mouse model Decreased sCr and tubular injury score, renal 
inflammation, and apoptosis.  

Ranganathan et al.133 

Gentamycin zebrafish 
model 

Increases survival.  
Decreased renal fibrosis. 

Skrypnyk et al.107 

Ischemia reperfusion 
injury mouse model 

Decreased sCr, BUN, and renal fibrosis.   

TGF-β treated rat renal 
fibroblasts 

Decreased renal fibrosis. Tung et al.117 

Unilateral ureteral 
obstruction mouse model 

Decreased renal fibrosis. 

Doxorubicin mouse 
model 

Decreased proteinuria.  
Decreased renal fibrosis. 

Van Beneden et al.134 
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Multiple studies included in Table 4 find that inhibition of HDACs was able to reduce markers of 

fibrogenesis like decreased fibronectin and collagen production which are large extracellular matrix 

proteins that create fibrous tissue post injury. HDACi reduce expression of alpha smooth muscle actin 

(αSMA) which is a marker of myofibroblast activity138. These studies also show HDACi benefit as an anti-

inflammatory agent in kidney injury with reduction of expression of interleukin 6, 10, and 12 (IL-6, IL-10, 

IL-12), tumor necrosis factor alpha and beta (TNF-α and TNF-β), and monocyte chemoattractant protein-

1 (MCP-1), a chemokine that regulates macrophage infiltration. HDACi are able to decrease apoptosis 

which is represented by reduced TUNEL positive staining, reduced expression of cleaved caspase, signal 

transducer and activator of transcription 3 (STAT3), and mothers against decapentaplegic homolog 2 

and 3 (SMAD2 and SMAD3). Inhibition of HDACs was shown to result in positive improvements in kidney 

related biomarkers such as sCr and BUN as well as improved downstream kidney related outcomes like 

proteinuria. Importantly, HDAC inhibition was effective across multiple etiologies of AKI including 

examples of pre-renal, intra-renal, and post-renal insults. These results make HDACs an exciting target 

for the development of an AKI therapy as it could be effective across all etiologies unlike cessation of 

nephrotoxic agents or fluid resuscitation which are limited to specific situations.  

There are some considerations for targeting HDACs with a systemic therapy. Class I HDACs are 

expressed ubiquitously and Class II and IV HDACs are expressed in multiple organs139. Therefore, utilizing 

a pan-HDAC inhibitor may come with unintended on-target side effects. Regardless, the in vivo activity 

from Table 4 shows a clear benefit in AKI when targeting HDAC with an inhibitor.  
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Table 5 Effects of Selective HDAC inhibition in AKI. Bold and underlined indicates negative impact on AKI. 

The benefit of pan inhibition of HDACs in AKI is well documented, but there is also evidence that 

selective inhibition of individual HDAC isoforms also provides benefit (Table 5). Targeting a specific 

HDAC isoform may limit the potential side effects from a pan-HDAC inhibitor if inhibiting multiple 

isoforms in non-kidney cells causes unwanted toxicities. There is compelling data that the class II 

isoform HDAC 6 is a potential drug target for intra-renal models of AKI60, 136, 141, 142, 144. These studies 

Drug Target AKI Model Results Reference 

HDAC 1, 2, and 3 
inhibition  

TGF-Β injured HK2 
kidney cells 

Decreased renal fibrosis. Increased e-
cadherin protein. 

Choi S. Y. et al. 
(2016)125 

HDAC 8 inhibition  TGF-Β injured HK2 
kidney cells 

Decreased renal fibrosis. 
 

HDAC 4 and 5 inhibition TGF-Β injured HK2 
kidney cells 

Decreased renal fibrosis. Increased e-
cadherin protein. 

 

HDAC 6 inhibition Angiotensin II mouse 
model 

Decreased renal inflammation and 
fibrosis.  

Choi S. Y. et al. 
(2015)60 

HDAC 6 inhibition Angiotensin II 
injured HK2 kidney 
cells 

Decreased renal inflammation and  
fibrosis. 

HDAC 6 inhibition TGF-Β injured HK2 
kidney cells 

Decreased renal inflammation and 
fibrosis. 

 

HDAC 1, 2, and 3 
inhibition 

Unilateral ureteral 
obstruction mouse 
model 

Decreased histological fibrous tissue 
and tubular injury.  
Decreased renal fibrosis. 

Liu N. et al.140 

HDAC 6 inhibition Systemic lupus 
erythematosus 
mouse model 
(NZB/W mice) 

Decreased proteinuria score. 
Decreased glomerular inflammation. 

Regna et al.141 

HDAC 6 inhibition Systemic lupus 
erythematosus 
mouse model 
(NZB/W mice) 

Decreased proteinuria score. Ren et al.136 

HDAC 6 inhibition Glycerol mouse 
model 
(rhabdomyolysis) 

Decreased sCr, BUN, and tubular 
injury score. Decreased renal 
inflammation, fibrosis, and apoptosis. 

Shi et al.142 

HDAC 1, 2, and 3 
inhibition 

Glycerol mouse 
model 
(rhabdomyolysis) 

Increased sCr, BUN and tubular 
injury. Increased renal apoptosis. 

Tang et al.143 

HDAC 1, 2, and 3 
inhibition 

Folic acid mouse 
model 

Increased sCr, BUN and tubular injury.  
Increased renal apoptosis. 

HDAC 8 inhibition Unilateral ureteral 
obstruction mouse 
model  

Decreased renal fibrosis and 
apoptosis. Increases BMP-7 
expression. 

Zhang et al.137 

HDAC 8 inhibition TGF-β treated renal 
epithelial cells 

Decreased renal fibrosis. 
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show that a selective HDAC 6 inhibitor can provide similar anti-fibrotic, anti-inflammatory, and anti-

apoptotic effects as pan inhibitors.  

Early work on the benefits of selective class I HDACs in AKI used compound MS-275 (now also 

known as entinostat, FDA approved as a breakthrough therapy for metastatic or recurrent ER+ breast 

cancer (Figure 5)) which is billed as a selective class I HDAC 

inhibitor. MS-275 has activity at HDAC 1, 2, and 3, (0.18, 

1.2, and 2.3 μM), but not against HDAC 8145-147. Using MS-

275, Liu et al.140 concluded that the compound provided 

benefit in a unilateral ureteral obstruction (UUO) model of AKI. However, Tang et al.143 found that 

administration of MS-275 potentiated the injury caused in both a folic acid injury model and a 

rhabdomyolysis model of AKI. Thus, there are conflicting results in models reflecting two different 

etiologies of AKI on the benefits of HDAC 1, 2, and 3 inhibition. The other isoform in class I, HDAC 8, has 

fewer studies into its relationship with AKI. Choi et al.125 showed the positive impact of specific HDAC 8 

inhibition in a kidney cell line injured with TNF-β, but it wasn’t until Zhang et al.137 that small molecule 

inhibition of HDAC 8 would improve outcomes in an unilateral ureteral obstruction (post-renal) mouse 

model of AKI. The specific pathways that HDAC 8 inhibition alters are still being elucidated, but one 

hypothesis is that the specific HDAC 8 substrate SMC3 plays a critical role. SMC3 is involved in the cell 

cycle, and HDAC 8 recycles the protein for further use in mitosis148. Inhibiting HDAC 8 during kidney 

injury may ameliorate the condition by altering differentiation of rapidly proliferating kidney cells.  

Support for this therapeutic approach is based on: 1) HDAC 8 is known to be upregulated after ischemia 

reperfusion injury (IRI) in the intrarenal vessels135 2) HDAC 8 is known to be decrease the expression of 

αSMA in myofibroblasts after administration of TGF-β149. Based on this premise, this work aims to 

further validate and expand HDAC 8 as a viable drug target for multiple etiologies of AKI. 

Figure 5 Structure of Entinostat 
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3.2 Experimental Design and zf Results 
To validate HDAC 8 inhibitors as potential starting points for drug discovery, we synthesized and 

tested a series of known potent, selective HDAC 8 competitive inhibitors with distinct structures. We 

reasoned that by evaluating inhibitors from multiple scaffolds in increasingly stringent assays, we would 

reduce the possibility of scaffold-specific effects compromising our conclusions. We also synthesized a 

small set of novel analogs within one of the series with a goal of identifying HDAC 8 inhibitors that were 

predicted to have improved properties, particularly solubility. A zebrafish AKI (zfAKI) model was used to 

prioritize compounds for more extensive evaluation in efficacy studies in human kidney organoid assays 

and proximal tubule cells. Finally, we report data on the effects of the selective HDAC 8 inhibitor PCI-

34051 in a mouse model of AKI.11 

Together, this work provides 

further support for HDAC 8 

inhibition as a therapeutic target 

for AKI and interrogates which HDAC 8 scaffolds may be most promising as starting points for medicinal 

chemistry optimization. From the potent and selective competitive HDAC 8 inhibitors reported in the 

literature,113, 150 we chose to evaluate the hydroxamic acid-containing PCI-34051151, isoindolyl amide 1, 

and a series of tetrahydroisoquinoline (THIQ) hydroxamic acids152 (2−13) that, depending on structure, 

exhibit a range of HDAC 8 selectivity profiles (Figure 6). This series offered the opportunity to evaluate 

scaffold-specific effects vs HDAC 8 inhibitory effects. To account for the potential of hydroxamic acids 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

Figure 6 Structures of selected HDAC 8 inhibitors. 
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exerting off-target effects,153 as reported for PCI-34051,154 we evaluated 1 (Figure 6).155 The pan-HDAC 

inhibitors SAHA (suberoylanilide hydroxamic acid; Vorinostat) and Belinostat were also evaluated.147 12 

PCI-34051151 and 1155 were synthesized based on previous publications. The synthesis of 

compounds 2-13 was adapted based on the work of Taha et al.152 (Figure 7) with exceptions. For 4, ethyl 

2-bromoacetate was used in place of methyl 3-bromopropionate as the alkyl chain connecting the 

hydroxamic acid to the tetrahydroisoquinoline was shorter. Alkylation with methyl 3-bromopropionate 

for all other analogs required alterations to conditions to achieve acceptable yields comparable to the 

original work. Solvent, base, and length of reaction were each investigated. Allowing the reaction to stir 

for 3 days had the largest positive impact on yield. For the synthesis of 9, reduction of the 

dihydroisoquinoline led to dehalogenation of the 4-chlorophenyl ring. Reduction was attempted with 

sodium borohydride which produced acceptable yields. Full synthetic details are located in the 

Appendix. 

 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

Figure 7 General Synthetic Scheme for synthesis of 2-13. 
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Table 6 Activity of known HDAC 8 inhibitors in biochemical and zf AKI assays. 

Our collaborators first 

confirmed HDAC 8 activity in a 

commercially available 

biochemical assay that relied on 

a fluorescent readout.156 To 

prioritize compounds for more 

extensive (and labor intensive) 

organoid and in vivo studies, we 

utilized a phenotypic zfAKI 

assay described in Chapter 2157 

158. In this testing paradigm, 

when injury is13established at 2 

dpi, zf larvae are placed in 

media containing test 

compound at 4 μM, and 

survival is assessed on days 3−7 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

Compound  

x=2, except when noted 

R 

HDAC 

8* IC50 

µM (sd) 

Zf AKI# 

Efficacy 

µM 

HDAC 

Selectivity† 

HDACX/ HDAC 8 

vs. HDACs 
 

PCI-34051 - 
 

0.12 
(0.05) 

4 >200 
vs. 1,2,3,6,10 153 

1 
- 

0.15 

(0.02) 

4 >15 

vs. 1,2,6 155 

[rac]-2 

 

0.42 

(0.10) 

4 

 

>100 

vs. 1,2,3,6 152 

(+)-2 

 

0.43 
(0.05) 

4 >20 
vs. 1,2,3,6 ^ 

 

(-)- 2 

 

31.2 
(NC) 

NE NC 

3 

 

2.4 

(0.38) 

4 >200 

vs. 1,2,3,6 152 

4 x=1 >40 NE =1 vs. 6 

>5 vs. 1,2,3 152 

5 

 

10.8 

(3.7) 

NE >6 

vs. 1,2,3,6 152 

6 

 

9.3 

(3.6) 

NE >50 

vs. 1,2,3,6 152 

7 

 

>40 NE >4-fold 

vs. 1,2,3,6 152 

SAHA 
- 

6.1 

(0.92) 

4 <0.10 

vs. 1-4,6,7,9 147,153  

Belinostat 
- 

1.0 

(0.12) 

4 <0.6 

vs. 1-4,6,7,9 147 
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postinjection. Protective compounds extend survival as measured by the Kaplan−Meier estimator 

(10.1021/acsptsci.1c00243).92  

Importantly, the properties of all the tested compounds herein fall within the 95th percentile of 

zf-active small molecules as described in Chapter 2, supporting the probability that there are no obvious 

barriers to their in vivo efficacy in the zfAKI assay (10.1021/acsptsci.1c00243). 

Confirming the literature reports, in our hands, PCI-34051, THIQs 2 (R = biphenyl, x = 2) and 3 (R 

= p-methoxyphenyl, x= 2), and isoindolyl amide 1 exhibited potent HDAC 8 inhibitory activity (Tables 6 

and 10.1021/acsptsci.1c00243; reported selectivity vs other HDACs also included). In the zfAKI assay, 

PCI-34051, compound 1, and racemic compounds 2 and 3 were efficacious in extending survival when 

dosed at 4 μM. 

To further explore these findings, we separated the enantiomers of 2. The (+)-enantiomer was 

considerably (∼100-fold) more potent in the biochemical HDAC 8 assay (IC50 = 0.43 μM) than (−)-2 (IC50 = 

31.2 μM) (Tables 6 and 10.1021/acsptsci.1c00243). Selectivity vs HDACs 1, 2, 3, and 6 was also 

maintained for (+)-2. Consistent with these results, the eutomer was effective in the zfAKI assay at 4 μM, 

while the distomer was inactive. These data, in particular the consistent separation of activity between 

the enantiomers of compound 2, support our hypothesis that potent HDAC 8 activity can lead to 

phenotypic zfAKI efficacy and is not scaffold-related.14 

Within the THIQ series, we evaluated additional analogs chosen for their specific potency and/or 

selectivity profiles (compounds 4−7). We reasoned that by testing compounds within the same scaffold 

with very similar physical properties (10.1021/acsptsci.1c00243), we would minimize other variables, 

distinct from biochemical potency, that might contribute to differential effects in the zf phenotypic 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
https://pubs.acs.org/doi/10.1021/acsptsci.1c00243?goto=supporting-info
https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
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assay. We confirmed HDAC 8 IC50’s internally (Tables 6 and 10.1021/acsptsci.1c00243); in general, the 

trends for potency were similar to those reported;152 albeit, under our assay conditions, potencies were 

lower. None of the compounds showed improvement in survival in the zfAKI assay when tested at 4 μM. 

The lack of zfAKI activity for analogs 4 and 7 was expected given their lack of HDAC 8 biochemical 

activity and allows us to conclude that off-target, scaffold-derived effects do not contribute to zf 

efficacy. However, based on their activity in the biochemical assay, we expected to see some modest 

effects for compound 5 or 6. It is possible there is a threshold for potency, and the ∼4-fold lower 

potency of these THIQs was not sufficient for zf efficacy at 4 μM, a concentration selected based on the 

effects of PCI-34051. The pan-HDAC inhibitors SAHA and Belinostat, with modest HDAC 8 potencies 

(IC50 = 6 μM and 1.4 μM, respectively) and potent activities at other HDACs, were effective in the zfAKI 

assay at 4 μM. One hypothesis is that inhibition of other HDACs contributes to the efficacy observed for 

SAHA and Belinostat, a hypothesis supported by the lack of efficacy of compound 6 with similar potency 

vs HDAC 8 but no activity at other HDACs.15 

Some broad conclusions can be drawn from these data. First, highly potent (IC50 < 500 nM) and 

selective HDAC 8 inhibitors of diverse scaffolds exhibit efficacy in the zfAKI assay, further supporting this 

therapeutic approach to AKI. Second, the zfAKI assay appears to be valuable for high potency 

compounds, but for those with modest biochemical potency (e.g., mid-μM), the correlation is less direct. 

Efficacy or lack of efficacy of compounds such as these may be the result of additional factors (e.g., 

localization, metabolism, etc.) that can be overcome by more potent analogs. Finally, pan-HDAC 

inhibition will also result in efficacy in this model, a result consistent with data from studies in proximal 

tubular cells.129 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
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With the promising data for compounds (+)-2 and 3 in the zfAKI assay, we prepared a small 

number of novel analogs that were designed to maintain HDAC 8 potency and selectivity but exhibit 

improvements in physical and pharmaceutical properties. For example, compound 2 had poor solubility 

in our hands, requiring a modified formulation in the zfAKI assay. We were also concerned about the 

potential for metabolic instability due to the presence of the aryl methyl ether in compound 3. Specific 

analogs designed to address these issues included the halogenated phenyl analogs 8*16and 9 and tolyl 

analog 10. We incorporated heterocycles such as benzimidazole (11*), benzotriazole (12*), and 

benzofuran (13) in an effort to improve solubility (10.1021/acsptsci.1c00243) and mimic the structural 

features of the biphenyl and para-methoxy phenyl groups found in actives 2 and 3. Synthesis of these 

compounds was based on reported methods.152 

Table 7 Activity of Novel THIQs in Biochemical and zf AKI 

Results of biochemical and zfAKI 

assays for these novel analogs are shown in 

Tables 7 and 10.1021/acsptsci.1c00243. Of the 

new analogs 8−13, all exhibited HDAC 8 

inhibition in the micromolar range, with 

analogs 9, 10, and 13 being the most potent 

(IC50 = 3.3, 4.6, and 4.6 μM, respectively) and 

in the same range as p-methoxy analog 3. 

Selectivity was evaluated at 10 μM, and all 

 
16 * Synthesized by Dr. Sipak Joyasawal 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

Compound  

R 

HDAC 
8* IC50 

µM (sd) 

Zf AKI# 

Efficacy 
HDAC 

Selectivity 

% inhibition 

@10µM 

8* 

 

8.1  

(3.4) 

NE 

 

 

<25% 

@ HDAC 1,2,3,6 

9 

 

3.3  

(1.1) 

 

NE <25%  

@ HDAC 1,2,3,6 

10 

 

4.6  
(1.6) 

NE <25%  
@ HDAC 1,2,3,6 

11* 

 

7.5 

 (3.2) 

NE 

 

 

<25%  

@ HDAC 1,2,3; 

~40% @ HDAC6  

12* 

 

15.4  
(7.3) 

4  <25%  
@ HDAC 1,2,3,6 

13 

 

4.6  

(2.1) 

4  <25%  

@HDAC 1,2,3,6 

https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
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except 11 showed essentially no effects at HDAC 1, 2, 3, or 6. 

The imidazole 11*17 was modestly active at HDAC6, with ∼40% 

inhibition at 10 μM. All compounds were evaluated in the zfAKI 

assay, and of these, surprisingly, the most potent compound 9 

was inactive, despite potency and physical properties that were 

very similar to the active compound 3; also unexpected was the 

efficacy of the benzotriazole 12*, which exhibits only weak 

HDAC 8 (IC50 = 15.4 μM) activity, a similar profile to the zf 

inactive compound 6 (IC50= 9.3 μM, >50-fold selective). These 

data raise the question of whether this THIQ scaffold (vs the 

PCI-34051 or compound 1 scaffold) is a robust starting point for 

medicinal chemistry optimization.  

3.3 Organoid, Cell, and Mouse Model analysis of 

Active HDAC 8 Inhibitors 
Based on their robust activity in the zfAKI assay and 

their solubility in our standard assay media (vs compound 2, 

which required modification of the assay protocol), our 

collaborators evaluated PCI-34051, compound 1, and 

compound 3 in a human kidney organoid assay to investigate 

the impact on renal fibrosis. Of the three, PCI-34051 showed 

significant reduction of collagen deposition at all 

 
17 * Synthesized by Dr. Sipak Joyasawal 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

Figure 8 Human kidney organoids treated with HDAC 8 inhibitors. 
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concentrations (minimal efficacious dose ≤0.04 μM), but effects were most robust at 1 μM (Figure 8A 

and B). Compound 1 at all doses showed a general trend of decreased CHP staining compared to the 

hemin-injured control; however, none were statistically significant (Figure 8C). Compound 3 showed no 

effect at any dose (10.1021/acsptsci.1c00243). 18 

Our collaborators also tested the 

effects of PCI-34051 and compound 1 on 

immortalized human proximal tubule cells 

(RPTEC/TERT1) injured with the anticancer 

agent cisplatin, a cause of AKI clinically.159 

Treatment with PCI-34051 and compound 1 

significantly reduced the upregulation of 

these genes (Figure 9). Neither compound had an effect on markers in uninjured cells, except for CCL2, 

which was induced 4−5-fold. Overall, these results are consistent with HDAC 8 inhibition having an anti-

inflammatory effect in the setting of cisplatin-induced injury and support the potential of both scaffolds. 

Table 8 PK Parameters for PCI-34051 

Given the promising activity of PCI-

34051 in both the organoid and proximal tubule 

cell models, as well as documented selectivity vs 

HDACs 1−3 and 6 in a cellular environment,148, 151 

our collaborators explored its effects in a mouse AKI model that we developed in which an initial AKI 

event progresses to CKD (unilateral IRI (ischemia reperfusion-induced) followed by delayed contralateral 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

IP dose 

(mg/kg) 

Tmax 

hr 

Cmax 

ng/mL 

AUC last 

(hr*ng/mL) 

AUC inf 

(hr*ng/mL) 

10.4 0.25 3808 1851 1954 

52 0.08 6157 6680 7636 

Figure 9 PCI-34051 and Compound 1 reduce expression of 
inflammatory cytokines in cisplatin-treated human proximal 
tubule cells. 

https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
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nephrectomy; DN-IRI).160 A pharmacokinetic (PK) study in CD1 mice (Table 8, 10.1021/acsptsci.1c00243) 

showed measurable levels of the compound up to 24 h after doses of both 10.4 mg/kg and 52 mg/kg ip 

and, in general, dose-dependent exposure.19 

Our collaborators dosed mice at 10 and 

50 mg/kg ip of PCI-34051 for 7 days after UUO 

(Figure 10A). Kidney function recovery was 

monitored through BUN and GFR. Development of 

fibrosis was monitored through histological 

staining and Q-RT-PCR of fibrosis markers 

(collagen 1a1). There was no difference in survival 

between groups (10.1021/acsptsci.1c00243). BUN 

levels were reduced in both treatment groups 9 days after injury (Figure 10B) but equalized between 

groups over time (10.1021/acsptsci.1c00243). Transdermal GFR was significantly increased in mice 

treated with 10 mg/kg PCI-34051 at 28 days; tGFR was also increased in mice treated with 50 mg/kg PCI-

34051 27 days after IRI, but these changes failed to reach statistical significance at the accepted p < 0.05 

level when compared with vehicle control mice (p = 0.053), although the effects were trending in the 

same direction (Figure 10C). There was no significant reduction in renal fibrosis as determined by Sirius 

red staining, but mRNA markers of renal fibrosis were reduced in mice treated with PCI-34051 

(10.1021/acsptsci.1c00243). 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

Figure 10 Effects of PCI-34051 at 10 and 50 mg/kg in DN-IR 
AKI model. 

https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243
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3.4 Conclusions 
In conclusion, we show that selective HDAC 8 inhibitors representing multiple scaffolds (indole 

hydroxamic acid, THIQ, and indolylamide) can exhibit efficacy in a zf model of AKI, further strengthening 

and validating this therapeutic approach. Furthermore, applying a stringent compound progression 

strategy, including biochemical data and zf phenotypic efficacy, we showed that some of these analogs 

also exhibit efficacy in human kidney organoid models. The most robust effects were observed for PCI-

34051, and this translated into efficacy in a rodent model of AKI. Our data supports that selective HDAC 

8 inhibitors, and in particular the indole hydroxamic acid scaffold, have the potential to be useful 

starting points for medicinal chemistry optimization and AKI drug discovery.20 

3.5 Future Directions 
 The HDAC 8 validation work showed that administration of an inhibitor of HDAC 8 post injury, no 

matter the etiology, provided benefit in the model. This study does not show a temporal investigation 

into potential protective effects of selective HDAC 8 inhibition instead of the recovery effects studied in 

this chapter. Considering a therapy would be even more useful if it could be administered before an 

insult to a kidney occurs, such as in the context of surgery or administration of a known nephrotoxin; 

though there is evidence to point to HDACi being only beneficial post injury108, 160. Additionally, it is 

known that pan inhibition of HDACs as well as targeting specific HDAC isoforms is effective in AKI 

models. A future direction would be to investigate the potential synergistic effects of selectively 

targeting more than one isoform with HDAC 8 utilizing a dual inhibitor or co-treatment of two selective 

inhibitors.  An additional a future direction of this work is further investigation of the relationship 

between PCI-34051 inhibition of HDAC 8 and the development of or recovery from AKI in zebrafish. 

Taking advantage of the fact that zebrafish are translucent while still embryos, studies can be done on 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 
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distribution of a fluorescent analog of PCI-34051 within the zebrafish. This could help establish exposure 

of the compound to the kidneys and/or predict potential off-target side effects of inhibiting HDAC 8 with 

PCI-34051 if the compound is sequestered in an organ other than the kidney. A compound synthesized 

during the research for Chapter 4, the dansyl amide (14) (Figure 11), is made from dansyl amine which is 

a fluorescent dye. The distribution of 14 can be 

monitored in translucent zf embryos under UV 

excitation and this could provide insight into the 

PCI-34051 scaffold in the zf AKI model.21 

  

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

Figure 11 Structure of dansyl amide PCI-34051 analog 14. 
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4.0 Design of Novel PCI-34051 Analogs. 

4.1 Introduction 

4.1.1 PCI-34051 
PCI-34051 is a hydroxamic acid based 

selective HDAC 8 inhibitor discovered by 

Balasubramanian et al.151, 161, 162. Its original target 

patient profile was oncology based on data that it 

was able to induce apoptosis in a cell model for T-cell 

lymphomas151. PCI-34051 was also shown to be 

cytotoxic in a glioblastoma cell line163 and could 

reduce glioma size in mouse models164 suggesting a 

utility in non-hematologic cancers.  

A co-crystal structure of PCI-34051 

bound to HDAC 8 (Figure 12), illustrates its 

binding mode. Like the majority of HDAC 

inhibitors, it conforms to the known Cap-

Linker-ZBG pharmacophore with the 

hydroxamic acid chelating with the zinc atom 

in the active site. Hassan et al.165 postulates 

that the indole group in PCI-34051 provides 

the specificity for HDAC 8. Selectivity is believed to be imparted by the “L-shaped” linker which forces 

the cap group (Figure 13) into a groove on the surface of specifically HDAC 8. Pan inhibitors, like 

trichostatin A and vorinostat have a hydrophobic but flexible linker group that allows the zinc binding 

group to access the active site in multiple isoforms. There have been many studies that prove changes in 

the cap region166-180 and in the linker region166, 169, 172, 176, 179-183 alters affinity and/or specificity to HDACs.  

Figure 12 PDB 6HSF PCI-34051 bound to HDAC 8. 

Figure 13 HDACi "pharmacophore". PCI-34051 with regions colored 
to match with above pharmacophore. 
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However, linker alterations might be more challenging for HDAC 8 as they would have to maintain that 

“L-shape” for selectivity.  

4.1.2 Hydroxamic Acid Zinc Binding Groups 
The hydroxamic acid is the most commonly used zinc binding group in HDACi113. In the majority 

of cases, the carbonyl oxygen and the N-hydroxy oxygen are able form bidentate chelation of the zinc 

atom in the active site of HDACs113. While they are present in several approved drugs, hydroxamic acids 

exhibit some potential liabilities. For example, several are known to be mutagenic184-186, and the FDA 

approved hydroxamic acid-containing compounds are positive in the Ames test184. Skipper et al.185 

showed that a hydroxamic acid derivative would readily form adducts in vitro with DNA. This liability 

would often preclude the compound from being used in humans, but exceptions are made when the 

indication is for oncology187. While the target patient population for chemotherapy is older with a 

shortened life-expectancy, the variety of causes of AKI lead to a much broader patient population where 

concerns over toxicity and mutagenicity could outweigh the AKI therapeutic benefit. Hydroxamic acids 

are also sites for glucoronidation188 and FDA approved hydroxamic acid HDAC inhibitors have short half-

lifes189-193. Together the potential for unacceptable toxicity and poor pharmacokinetics contribute to 

hydroxamic acid containing compounds, like PCI-34051 being a poor candidate for AKI therapy. 

 Based on our HDAC 8 validation studies, PCI-34051 became a scaffold of focus due to its robust 

effects in multiple models of AKI137, 194. Given the liabilities of the hydroxamic acid ZBG, an essential 

pharmacophoric feature, we focused on replacing this ZBG with alternative moieties. 
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4.2 Alternative Zinc Binding Groups 
Other functional groups have had success as a zinc binding group in replacement of a 

hydroxamic acid (Table 9). Most notably, is the amino benzamide functional group found in Entinostat, 

an FDA approved HDACi used for cancer195. Liu et al196 investigated 2-substituted benzamides and found 

that 2-hydroxy benzamide and 2-methylthio benzamide could effectively bind zinc. Liu et al197 showed 

an ethyl ketone containing HDACi.  A crystal structure illustrates that the ketone readily forms the 

hydrate in a biological setting which chelates to zinc in a bidentate fashion. The trifluoromethyl ketone is 

another ketone that has previous success in HDACi research198, 199. He et al.200 found success using 

ethanolamide and isopropanolamide as ZBGs when developing HDACi. The trifluoromethyl oxazole is 

billed as a non-chelating ZBG201, but crystal structures of the heterocycle in an HDAC active site show 

that one of the fluorines is 2.7 Å from the zinc atom while the oxygen from the oxazole is at a distance of 

3.0 Å showing that, while it may be non-traditional, there is an interaction between electronegative 

atoms and the zinc cation. The 5-methyl isoxazole ketone and the thiazole ketone are also heterocycle 

isosteres that have found success as ZBGs in HDACi197. Roth and Hergenrother202 describe a series of 2-

hydroxybenzylidene carbohydrazide analogs for use as zinc chelators, not relating to the HDAC active 

site, that are functionalized at the 3 and 5 position. Inorganic chemistry research into metal binding 

ligands203 was an additional source that produced picolinic acid as an alternative ZBG for replacing a 

hydroxamic acid. Carboxylic acid containing compounds, like valproic acid, have been successful in 

inhibiting HDAC function134, 204, 205. There are reviews of alternative zinc binding groups168, 205, 206 that 

report on the varied successes above, but few studies investigate their success on replacing a 

hydroxamic acid with multiple ZBGs on a single known HDAC inhibitor scaffold. Using these successes as 

a guide, a library of non-hydroxamate PCI-34051 analogs were proposed (Table 9), synthesized, and 

tested to see if anything can capture the activity of the parent compound without using the hydroxamic 

acid functional group. 
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Table 9 Alternative Zinc Binding Groups 

ZBG Structure ZBG Structure 

Hydroxamic acid 

 

Isopropanolamide200 
26 

 

2-amino 
benzamide195, 196 

15 
 

Trifluoromethyl 
oxazole201 

27  

2-hydroxy 
benzamide196 

16 
 

Methylisoxazole 
ketone197 

28 
 

2-methylthio 
benzamide196 

17 
 

Thiazole ketone197 
29 

 

Flipped 2-amino 
benzamide 

18 
 

2-hydroxybenzylidene 
carbohydrazide202 

30 
 

Flipped 2-hydroxy 
benzamide 

19 
 

Picolinic acid203 
31 

 

Flipped 2-methylthio 
benzamide 

20 
 

Methyl 
acylsulfonamide207 

32 
 

Ethyl ketone197 
21 

 

Dimethylamino 
acylsulfonamide207 

33  

Trifluoromethyl 
ketone198, 199 

22 
 

Oxadiazolone207 
34 

 
Methylene ethyl 

ketone 
23  

Oxadiazole-thione207 
35 

 
Methylene 

hydroxamic acid 
24  

Tetrazole207 
36 

 

Ethanolaimde200 
25 

 

Amidoxime 
37 
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4.3 Design of PCI-34051 ZBG Isosteres 
 Based on the literature, we designed analogs that contained a non-hydroxamic acid ZBG on the 

PCI-34051 scaffold (Figure 14). Additionally, to investigate the importance of the spatial positioning of 

the heteroatoms in a ZBG, the 2 substituted benzamides (15-17) were flipped to provide additional 

amides (18-20). To add to the alkyl ketones (21,22) the methylene ethyl 

ketone (23) was synthesized to investigate positioning of the ZBG. The 

additional methylene before the carbonyl would shift the potential zinc 

binding group further from the linker changing the geometry of the zinc 

chelation relative to the rest of the scaffold. The methylene hydroxamic acid (24) was synthesized to see 

the impact of ZBG movement on potency utilizing the established ZBG for the scaffold. Additional ZBGs 

tested on HDACi scaffolds were investigated as alternatives ZBGs for PCI-34051 (25-29) Additional 

compounds were inspired by the work done by Roth and Hergenrother202 to produce the 2-

hydroxybenzylidene carbohydrazide (30) and the work done by Dick and Cohen203 to produce the 

picolinic acid (31).  

Carboxylic acids, like valproic acid, are found as a ZBG in some scaffolds. In order to bolster the 

library and find a potential novel ZBG, a carboxylic acid isostere resource207 was utilized as a source of 

potential alternatives. Hydroxamic acid is listed as a carboxylic acid isostere, so the rationale was that 

other carboxylic acid isosteres may act as a hydroxamic acid isostere. From this, the methyl 

acylsulfonamide (32), the dimethylamino acylsulfonamide (33), the oxadiazolone (34), the oxadiazole-

thione (35), and the tetrazole (36) were added to the proposed list of compounds. The amide-oxime (37) 

was similar to the structure of the hydroxamic acid, so it was included as a potential hydroxamic acid 

isostere (Table 9). In selecting hydroxamic acid replacements, predicted chemical properties, and 

synthetic feasibility drove the selection process. Specifically, the predicted chemical properties were 

Figure 14 Constant Linker and Cap 
Group for PCI-34051 Analogs 



42 
 

tailored to the Zebrafish Rules as the zfAKI assay was utilized as part of the SAR process. These were the 

compounds proposed and synthesized. 

4.4 Synthesis of PCI ZBG Analogs 
The synthesis of these compounds is based on the use of advanced intermediates to access 

multiple analogs. Figure 15 highlights the approach to a series of compounds derived from the methyl 

ester. The methyl ester intermediate of PCI-34051, was synthesized through benzylation of the 6 

substituted indole, and the carboxylic acid was formed from a simple saponification. Amide coupling 

with EDC or T3P led to a variety of amide isosteres, 15-17, 25, 26, 32, and 33. The acyl hydrazide could be 

formed directly from the methyl ester with excess hydrazine. The acyl hydrazide was combined with 

salicylaldehyde to form 30.  

The Weinreb amide was an additional advanced intermediate that was derived from the methyl 

ester. From the Weinreb amide, Figure 16 shows the synthesis of 21, 22, and 29. Addition of ethyl 

Grignard reagent to the Weinreb intermediate formed the ethyl ketone (21). In the presence of TMS-CF3 

and catalytic CsF, the conversion to the trifluoromethyl (22) was initiated to form an intermediate. The 

administration of equimolar TBAF converted the intermediate into the final product. To form the 

Figure 15 Synthesis of 15-17, 25, 26, 30, 32, and 33 from Methyl Ester. 
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thiazole ketone (29), the Weinreb and the halogenated heterocycle were taken into solution before the 

reaction was initiated by the addition of iPrMgCl. 

The benzamides, 15-17 Figure 17 were synthesized by benzylation of 6-nitro indole then 

reduction to the amine. Amide coupling using EDC and benzoic acid analogs provided 19, 20, and 31 in 

low to moderate yields. To prepare the 2-amino benzamide 18, the activation of anthranilic acid led to 

self-coupling, so a synthetic strategy utilizing isatoic anhydride was utilized which provided the desired 

product.  

Figure 16 Synthesis of 21, 22, and 29 from Weinreb amide. 

Figure 17 Synthesis of 18-20 and 31 from amine. 

iPrMgCl 
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The nitrile, obtained from the benzylation of 6-cyano indole, was another advanced 

intermediate that led to multiple final products ( Figure 18). The tetrazole (36) was formed from 

reaction with TBAF activated TMS-N3. After nucleophilic attack of the nitrile with hydroxylamine, the 

amidoxime (37) was synthesized. The trifluoromethyl oxazole (27) was formed from the reaction of the 

amidoxime and trifluoroacetic anhydride. The amidoxime was also reacted with CDI and TCDI in the 

presence of DBU to form 34 and 35 respectively.  

The synthesis of homolgated analogs that moved the ZBG further into the pocket, Figure 19 

initiated by thesis synthesis of the methyl ester from indole-6-acetic acid. Benzylation of the indole 

occurred in the presence of NaH and methoxy benzyl chloride. Conversion of the methyl acetate to the 

Weinreb amide was attempted over two steps through the carboxylic acid though this led to poor yields. 

The direct conversion to the Weinreb amide after activation of N,O dimethyl hydroxylamine with 

iPrMgCl produced acceptable yields. Adding the ethyl Grignard agent to the Weinreb amide formed the 

Figure 18 Synthesis of 23 and 24 from methyl acetate. 

Figure 19 Synthesis of 27 and 34-37 from nitrile. 
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methylene ethyl ketone (23). Conversion of the methyl acetate to the methylene hydroxamic acid (24) 

was performed using the previous strategy of activating hydroxylamine with excess KOH. 

The synthesis of the methyl isoxazole ketone (28) was attempted through the Weinreb amide 

similar to the thiazole ketone (29) protocol, but no product was formed. An alternative strategy ( Figure 

20) was to exchange the functional groups by incorporating the Weinreb into the heterocycle and using 

the brominated indole. This strategy yielded the desired product after lithium-halogen exchange of the 

bromine indole. Full experimental of each final compound is located in the Appendix.  

4.5 In Vitro Analysis of HDAC 8 Activity 
 Our collaborators attempted to 

assess HDAC 8 activity in a fluorescent 

readout assay156. Unfortunately, many of 

the analogs fluoresced (Figure 21) at the 

same excitation wavelength used for the 

HDAC 8 assay, thus rendering conclusions 

about the activity of the compound 

inconclusive. In order to assess the HDAC 

PCI-34051 

36 

33 

32 

Figure 21 PCI-34051 and selected isosteres tested at various concentrations 
for fluorescence. Solutions were excited at wavelength 344 and readings were 
performed at 438 nm. 

Figure 20 Synthesis of 28 from bromine 
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8 activity of the isosteres, an alternative readout was utilized.  

Gurard-Levin et al.208 describes measuring HDAC activity based on mass spectrometry rather 

than fluorescence (Figure 22A & B). Briefly, test compound and isolated HDAC 8 enzyme are incubated 

for 15 minutes before a cysteine containing HDAC 8 peptide substrate is added to initiate the reaction. 

The mixture is transferred to a well plate containing an immobilized monolayer of maleimide containing 

hydrocarbon chains, which results in a covalent bond between the cysteine in the peptide substrate and 

the maleimide on the monolayer. After laser removal of the sulfur-gold bond, monolayer-maleimide-

peptide conjugate is analyzed on mass spectrometry for the absence/presence of an acetyl group (m/z 

1601.3 vs 1559.3) on the peptide substrate. Analyzing the AUC of the two mass peaks gives a 

measurement of the enzymatic activity of HDAC 8. The results collected by SAMDI Tech Inc. are 

recorded in Table 10. The highest concentration assess was 100 μM. An IC50 above 100 μM is 

Figure 22 Differences in HDAC 8 affinity assays. A. Fluorescent based readout135. B. Mass spectrometry based 
readout193. 
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extrapolated from the data. As can be seen, PCI-34051 exhibits a nanomolar IC50 against HDAC 8. The 

methylene hydroxamic acid (24) is in the low μM range. The ethyl ketone (21), 2-amino benzamide and 

its flipped analog (15, 18), and oxadiazolone (34) analogs had an IC50 < 150 μM. The 2-

hydroxybenzylidene carbohydrazide (30), methyl acylsulfonamide (32), tetrazole (36), and 

trifluoromethyl oxazole (27) analogs had no detectable IC50 (>1000 μM). Overall, the clear trend 

is that replacing the hydroxamic acid with any of the selected replacements resulted in a significant loss 

in activity against HDAC 8. This mirrors what was found when replacing the hydroxamic acid in 

trichostatin A209, which resulted in a complete loss of potency.  

Table 10 Affinity of PCI-34051 Isosteres against HDAC 8 in a Mass Spectrometry Based Assay. 

While no hydroxamic acid replacement exhibited an IC50 in the nanomolar range, some 

conclusions that can be drawn from this data. Moving the potential ZBG further into the pocket by 

Compound IC50 (μM) Compound IC50 (μM) Compound IC50 (μM) 

PCI-34051 0.072 
Methylisoxazole 

ketone 
28 

214.8 
2-methylthio 
benzamide 

17 
364.9 

Methylene 
hydroxamic acid 

24 
4.93 

2-hydroxy benzamide 
16 

220.8 
Picolinic acid 

31 
490.1 

Ethyl ketone 
21 

117.8 
Methylene ethyl 

ketone 
23 

240 
Trifluoromethyl 

ketone 
22 

571.1 

Flipped 2-amino 
benzamide 

18 
127.5 

Dimethylamino  
acylsulfonamide 

33 
316.4 

Isopropanolamide 
26 

891 

Oxadiazolone 
34 

135.1 
Oxadiazole-thione 

35 
327.1 

2-
hydroxybenzylidene 

carbohydrazide 
30 

>1000 

2-amino benzamide 
15 

146.5 
Amidoxime 

37 
341 

Methyl 
acylsulfonamide 

32 
>1000 

Ethanolamide 
25 

171.6 
Flipped 2-methylthio 

benzamide 
20 

342 
Tetrazole 

36 
>1000 

Thiazole ketone 
29 

200.4 
Flipped 2-hydroxy 

benzamide 
19 

360.9 
Trifluoromethyl 

oxazole 
27 

>1000 
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adding a methylene group between the linker and the ZBG had a detrimental effect on the potency; the 

methylene hydroxamic acid had reduced potency by almost 100-fold compared to PCI-34051, while 

extending ethyl ketone to the methylene ethyl ketone reduced the potency by about 2-fold compared to 

the ethyl ketone. Flipping the position of the amide for the benzamide compounds had little to no effect 

on the potency. Proposed ZBGs from the carboxylic acid isostere work207 did not provide any better or 

worse inhibition compared to known hydroxamic acid replacements. The overall conclusion is that 

alternative ZBGs are scaffold specific and cannot be easily swapped out on other scaffolds (such as the 

indole-methoxybenzyl scaffold of PCI-34051).  

4.6 Analysis of Zinc Chelation Capacity 
 

To investigate why these ZBG replacements did not perform 

as well as the hydroxamic acid, an in vitro zinc chelation assay, as 

reported by Catapano et al.210 was performed on select compounds. 

Briefly, the dye dithizone (Figure 23) readily chelates zinc in solution turning the color of the solution 

from bright orange to bright pink. This also corresponds to a change in the absorbance in the visible light 

spectra. When a competing zinc chelator is added before dithizone, the color change is prevented. As a 

standard, compounds’ chelation ability was compared to the known metal chelator 

Figure 23 Structure of Dithizone 
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Ethylenediaminetetraacetic acid (EDTA). We performed this assay in the presence of dithizone to 

evaluate the binding affinity to zinc. 

The data is shown in Figure 24. Unsurprisingly, the hydroxamic acid, known for its chelation 

ability211, was the most effective zinc chelator. However, none of the ZBG analogs showed in the in vitro 

zinc chelation in this assay (Figure 24, contains representative data). The isoindolyl amide 1, a potent 

HDAC 8 inhibitor containing a non-hydroxamic acid ZBG, was also tested, and it did not show any ability 

to compete against dithizone. Despite having a nanomolar HDAC 8 potency, the alpha-amino ketone 

ZBG had a low capacity for zinc chelation, at least in the context of this assay. From these results, we can 

propose several conclusions. First, that, at least in these assay conditions, hydroxamic acids are modest 

zinc chelators; second, this assay is not sensitive enough to detect moderate zinc binding; third, it 

suggests that zinc chelation ability is not necessarily the primary driving force for high affinity in HDAC 8 

inhibitors. 

Figure 24 HDAC 8 inhibitors and a representative PCI-34051 analog in a competitive zinc chelation assay against the known zinc 
chelator EDTA. 
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4.7 Analysis of Biological activity in AKI Model 
Despite the lack of HDAC 8 inhibitory activity, select 

compounds were tested by our collaborators for activity in 

the zf AKI assay91 described in previous chapters. Of those 

tested the methyl acylsulfonamide (32) (Figure 25), the 

dimethylamino acylsulfonamide (33), the tetrazole (36), 

and picolinic acid (31) all showed an increase of survival 

over 5 days in the zf AKI assay. This suggests that the 

scaffold may exhibit off target effects that also result in 

efficacy in the zf AKI assay. Additionally, this may suggest 

that the inhibition of HDAC 8 is not the only determinant in 

the amelioration of AKI in this model, {though previous 

data137 would refute that claim}. This is an area for future 

investigation.  

The methylene hydroxamic acid (24), which had an 

IC50 of 5 μM against HDAC 8, provided no benefit in the 

assay (Figure 26) where PCI-34051 showed significant benefit. These results highlight the benefit of 

using a phenotypic screen during drug development. Despite compounds not being active at the desired 

target, they were still able to improve survival in a model of AKI. This could be a result of untested off-

target effects that these compounds provide. Regardless, a small molecule administered in this context 

was able to exhibit effects in this model. 

An alternative explanation for the phenotypic assay results could be that the HDAC 8 assay used 

does not accurately reflect activity in the biological context. A recent study212 evaluated the binding 

kinetics of hydroxamic acid based HDAC inhibitors and non-hydroxamic acid based inhibitors. They 

Figure 25 Compound 24 at 4uM providing no 
benefit in the zf AKI assay. 

Figure 26 Compound 32 dosed at 4uM had a significant 
improvement of survival in the zf AKI assay. 
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found that the non-hydroxamic acid inhibitors exhibited slow binding kinetics and that letting the 

compounds incubate longer with the enzyme led to a lower IC50
212, suggesting that a short incubation 

time for assays (e.g. 15 minutes for the mass spectrometry assay and 30 minutes for the fluorescent 

assay) many not accurately reflect activity of slow binding inhibitors. It’s possible that the non-

hydroxamic acid PCI-34051 analogs exhibited similar kinetics and the incubation was too short to 

capture the true activity of the compound. In future studies, longer incubation times or biophysical (e.g. 

SPR) studies to determine compound binding to HDAC 8 could potentially elucidate if this relationship 

occurs. Furthermore, it would be important to investigate other isoforms of HDAC to establish selectivity 

of these compounds. A potential explanation for some compound’s activity is that they do not inhibit 

HDAC 8 but in fact inhibit HDAC 6 or another HDAC that potentiates AKI (Table 5). 
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4.8 Future Directions 

While we prepared 23 PCI-34051 analogs with ZBG replacements, there are additional ZBG 

analogs that could be synthesized and tested. The isoxazole ketone, an analog of the methylisoxazole 

ketone (28) and the thiazole ketone (29) was attempted to be synthesized through multiple reaction 

strategies (Figure 27). Additional synthetic routes based on palladium coupling213 utilizing the boronic 

acid, the boronic ester, and the trifluoroborate were attempted as well (Figure 27). Altering the 

activating anhydride was investigated as well as changing the ligand for the palladium catalyst. 

Regardless, there are additional opportunities to investigate alternative pathways to the final 

compound. The isoxazole ketone was the most potent analog from the literature197 and as such would 

be an important additional compound for this series.  

Additionally, exploration of making the homologated trifluoromethyl ketone was attempted 

(Figure 28). The methyl ester, the carboxylic acid, and the Weinreb amide were all utilized as potential 

Figure 27 Attempted Synthesis of Isoxazole Ketone 

iPrMgCl 

iPrMgCl 
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advanced intermediates but the reactions were unsuccessful. This would further solidify the benefit or 

lack thereof for the extension of the ZBG further into the 

pocket.  

The hydroxy pyridone and hydroxy pyridin-

thione214-216 were also attempted (Figure 29). The synthesis 

was attempted through Buchwald-Hartwig coupling with 

the methoxy pyridone as well as synthesis of the 

heterocycle through the amine utilizing furfural217.  

There are additional assays to be 

completed to more fully understand PCI ZBG 

isosteres. While there is convincing evidence 

that these analogs do not have nearly the same 

potency against HDAC 8, it would be still 

beneficial to investigate if the compounds maintained selectivity over other isoforms. This data would 

solidify the assertion that Hassan et al.165 made that the “L shape” provided by the linker region creates 

the selectivity and not the ZBG. Additionally, further testing of the compounds to see if replacement of 

the hydroxamic acid impacts pharmacokinetic properties as well as toxicologic outcomes. While this 

work did not find an alternative, these tests would reemphasize the importance of finding an analog 

that does recapture activity against HDAC 8 by replacing the hydroxamic acid.  

Based on the mass spec HDAC 8 assay data, the extended hydroxamic acid analog exhibited the 

lowest potency among the analogs. This data highlights that positioning of the ZBG matters, but the 

hydroxamic acid is still the best ZBG for the PCI scaffold in the context of potency. There is preliminary 

Figure 28 Attempted Synthesis of Methylene 
Trifluoromethyl Ketone 

Figure 29 Attempted Synthesis of Hydroxy Pyridone 
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data (unpublished) that indicates that replacing the hydroxamic acid has a significant impact on 

extending the half-life of the compound. This would need to be assessed for other ZBG isosteres to 

investigate the impact of hydroxamic acid replacement.  

Future directions for compounds to be synthesized includes the compounds that were 

attempted in Chapter 4 but were unable to be synthesized. Additionally, there are other known ZBGs in 

the literature that were not the focus of this work. The oxime218, the 1-hydroxy pyridine-2-thiones219, 

glycine and alanine220 (similar to the α-amino ketone 1155), and the α-thio ketone221 were other ZBG 

alternatives that were not included (Figure 30). There are also computational studies199, 222 that have 

looked into investigating zinc chelating functional groups or the work in the inorganic chemistry 

literature looking into metal chelation203, 216 that could be the basis of additional analogs. 

 

Figure 30 Potential Future Analogs of PCI-34051. 

 

4.9 Conclusion 
 In conclusion, replacing hydroxamic acids with different zinc binding functional groups while 

maintaining potency remains a difficult task. This work provides evidence that success on one scaffold 

does not guarantee success on a scaffold of interest. In fact, for the PCI-34051 scaffold, there seems to 

be no replacement for the hydroxamic acid when it comes to achieving nanomolar potency against 

HDAC 8. However, these compounds may still have an advantage as a starting point for future 

compounds. Hydroxamic acids still remain a toxicity and metabolic liability, so their replacement is still a 

necessity for use in a kidney disease context.  
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The unconventional pharmacophore assigned to 1 may lead to a potential pathway for some of 

the PCI-34051 isosteres presented in this work. 1 extends past the zinc atom in the active site into what 

is known as the “acetate release channel”155. That work shows that hydrophobic and aromatic 

substitutions lead to nanomolar inhibitors utilizing a non-hydroxamic acid zinc binding group. A 

potential next step for this series would be to build out aromatic functionalization off of the benzamide 

series or the methyl isoxazole ketone and triazole ketone. While none of the ZBG isosteres were a 

complete success, there is still an avenue to pursue in replacing the hydroxamic acid on the PCI-34051 

scaffold. Once a sub-micromolar compound is synthesized, it would be paramount to assess the 

pharmacokinetics and mutagenic capabilities of said compound to highlight the significance of the 

replacement. 
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5.0 Conclusion 

5.1 Summary and Impact 
The work detailed in this document outlines a series of steps towards a small molecule therapy 

for AKI. Phenotypic zebrafish screens are a useful tool in drug development. This work addresses 

assumptions made in the interpretation of results from zebrafish-based assays. Utilizing zebrafish assays 

along with organoids and mouse models, our research expanded the validation of HDAC 8 as a drug 

target for AKI with the use of multiple HDAC 8 inhibitor scaffolds. We were able to investigate the 

validity of replacement of the hydroxamic acid with various functional groups in order to obtain novel 

HDAC inhibitors. Cumulatively, this contributed to the medicinal chemistry understanding of a potential 

drug for AKI. 

Chapter 2 introduced the “Zebrafish Rules” (clogP ≤ 5.3, HBD ≤ 3, HBA ≤ 7, tPSA ≤ 124 Å, 

rotatable bonds ≤ 9) which allowed us to make more informed statements about the negative results 

from the gentamycin induced AKI zebrafish assay that was used in the following chapters. The “Zebrafish 

Rules” have expansive utility outside of the AKI context. Any phenotypic screen using zebrafish for any 

disease state now can be more confident in the results found from hit screening. The application of 

“Zebrafish Rules” can also be before the assay selection process if a series of compounds of interest 

have predicted properties that lie outside of the parameters outlined by the rules. Zebrafish are utilized 

frequently in toxicologic screens and an application of the “Zebrafish Rules” would remove doubt that 

compounds may still exhibit toxicity outlined in the assay.  

 Chapter 3 expanded on the validation of HDAC 8 as a target for AKI. A previous study showed 

targeting HDAC 8 was able to ameliorate AKI in a post-renal model of AKI137. This work established HDAC 

8 as a target in multiple contexts with AKI models utilizing pre-renal and intra-renal etiologies of the 

condition, and highlighted efficacy of multiple scaffolds. This work also established selective inhibitors 

outside PCI-34051 as effective in some contexts while also concluding that success in one model does 

not guarantee success in a separate model. Similarly, it would be important to investigate if inhibiting 
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HDAC 8 in AKI had any correlation to the cancer models that were the original focus of selective HDAC 8 

inhibitors. This could reinforce the relationship between HDAC 8 activity and multiple pathologies. 

Regardless, there is now compelling evidence that HDAC 8 is a valid drug target for AKI and developing a 

small molecule inhibitor is a sound pathway towards a therapeutic.  

 This work also highlighted the utilization of phenotypic assays in zf in medicinal chemistry, and 

specifically for AKI.  While zebrafish assays have been used in the development of compounds for 

oncology and orphan diseases , such as Dravet Syndrome90 and models of AKI are known,81 this 

establishes that zebrafish AKI assays can be a valuable step in a AKI medicinal chemistry optimization 

process.  In our case, while enzymatic activity was required, the zf assays were used to as a funnel to 

evaluate the efficacy of compounds in a disease state model. Specifically, the potent HDAC8 inhibitor, 

PCI-34051 was active in the zebrafish AKI model, and that activity was further corroborated in a mouse 

AKI model supporting the translatability of the zf AKI model.   

 In that regard, Chapter 4 looked into the PCI-34051 scaffold and asked if alterations could be 

made to the hydroxamic acid ZBG. This work highlights the importance of the hydroxamic acid to the 

PCI-34051 scaffold as no replacement for the zinc binding group produced a compound with a 

nanomolar potency against HDAC 8. While the alternatives to the hydroxamic acid found success on 

other scaffolds, on the PCI-34051 scaffold, the ZBG isosteres do not provide significant affinity to make 

up for the loss of affinity from replacing the hydroxamic acid. If replacing a hydroxamic acid as a ZBG, or 

as a metal chelator on a different scaffold, is imperative, simply swapping out to another successful ZBG 

is not a straightforward pathway. This research shows that there are scaffold specific challenges to non-

hydroxamic acid inhibitors, and that investigation into linker, cap group, and acetate release channel 

changes will have to accompany the change to the ZBG.  

This chapter also highlighted the value of zebrafish assays and phenotypic screening.  Despite 

the lack of activity at HDAC8, compounds 31, 32, 33, and 36 all showed increased survival in the 
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zebrafish assay. This result highlights the potential to find active compounds regardless of mechanism 

using these types of assays, which could lead to novel hypotheses for further research. By utilizing 

zebrafish assays for this series of compounds, we were able to identify agents that were active in an AKI 

model due to their measuring biological activity in the context of a whole organism also provides insight 

on these compounds’ ADMET properties at the starting point. This strategy eliminates compounds with 

poor PK properties or high toxicities from advancing in the pipeline saving time and money. With 

zebrafish established for AKI drug development, researchers can be more selective and confident with 

the compounds that they are promoting to mammalian studies. 

  This work advances the understanding in AKI: specifically in pursuit of a HDAC inhibitor small 

molecule therapy. This work validates some strategies, such as targeting the HDAC 8 isoform, while it 

investigates the shortcomings of other strategies, such as hydroxamic acid replacement. This document 

provides a foundation for the development of a small molecule HDAC inhibitor for use in AKI and raises 

additional scientific questions for further work. 
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Appendix 

Assay Methods for Chapter 3 
Zebrafish Assay – Courtesy of Neil Hukreide Lab, University of Pittsburgh22 

Studies were approved by the University of Pittsburgh IACUC. Zebrafish were maintained as 
described,223 and embryos from Pitt AB wildtype were used. Zebrafish larvae were injected with a single 
dose of gentamicin at 3 days post fertilization (dpf) with 7 ng of gentamicin as previously described.157 
Prior to the gentamicin injection, 3 dpf zebrafish larvae were anesthetized in 0.2% tricaine/E3 medium 
(5 mM NaCl, 0.33 mM CaCl2, 0.33 mM MgSO4, and 0.17 mM KCl). Glass capillaries were pulled to 
produce microneedles and were aspirated with 10 μL of 7 ng/nL gentamicin solution diluted with 
filtered saline solution (Aspen Veterinary Resources, Cat No. 17861615). The larvae were injected with 1 
nL of gentamicin solution, delivered via the common cardinal vein. After injection, larvae were 
incubated in 50 μg/mL penicillin/streptomycin diluted in E3 medium. Test compounds were diluted in E3 
medium containing 0.5% DMSO, except for [rac]-2, (+)-2, and (−)-2, which were diluted in Danieau’s 
solution instead of E3. Larvae were treated with either DMSO, UPHD25, or test compounds (4 μM) from 
2 days postinjection. Data were analyzed as compounds that extend survival as measured by the 
Kaplan−Meier estimator. UPHD25 (HDAC inhibitor previously shown to be protective in kidney injury107) 
was used as a positive control and was statistically significant in all survival assays. 
 
Organoid Assay – Courtesy of Neil Hukreide Lab, University of Pittsburgh  

All work was carried out with the approval of IRB approval STUDY19020238 and biosafety approval 
IBC201600244. iPSCs were maintained on 10 cm cell culture dishes coated with Geltrex (Thermo Fisher) 
and mTeSR1 (Stemcell Technologies) medium. All experiments were performed with the MANZ-2-2 iPSC 
line, courtesy of the Alan Davidson laboratory.224 Kidney organoid assays were performed as described 
previously.225, 226 Briefly after Dispase treatment iPSC clusters were suspended in medium composed of 
TeSR-E5 (Stemcell Technologies), 0.1% ITS-X, 1% CD lipid concentrate (Gibco), 0.25% polyvinyl alcohol, 
1% penicillin/streptomycin (Gibco), and 2.5 μg/mL Plasmocin. On day 3 of the assay, embryoid bodies 
were transferred to the Stage II medium consisting of DMEM-low glucose, 10% KOSR (Thermo Fisher), 
1% nonessential amino acids, 1% penicillin/streptomycin, 1% HEPES, 1% GlutaMAX, 0.25% polyvinyl 
alcohol, and 2.5 mg/mL Plasmocin. Hemin was made up in 0.1 M NaOH. Day 14 organoids were washed 
thrice with DMEM-low glucose before being placed into protein-free medium (1:1 ratio of DMEM-low 
glucose and Hams F-12 nurtrient mixture), 1% HEPES, 1% penicillin/streptomycin (Gibco), and 2.5 μg/mL 
Plasmocin containing Hemin in a 6-well ultralow attachment plate. The hemin concentration was at 12.5 
μM. The control well contained an equivalent volume of 0.1 M NaOH as a vehicle control. All treatments 
were maintained for 48 h. Kidney organoids at day 16 post hemin treatment were washed 3× with Stage 
II medium. For compound treatment Stage II medium was supplemented with 0.3% DMSO. A 2× solution 
of compound was prepared in Stage II-DMSO, and a calculated amount was added to each well to make 
up 1× stock in a 3 mL volume, per well of a 6-well ULA plate. The plates were maintained on the 
magnetic stirrer at 25% power and 120 revolutions until day 23. Deparaffinized sections of kidney 
organoids were washed with DPBS. A working solution of CHP was first heated for 5 min at 80 °C, cooled 
on ice immediately, and distributed onto each section. Sections were stained overnight at 4 °C in a 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 
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humidified chamber. The next day, sections were washed twice, and nuclei were stained with DAPI and 
mounted before imaging on a Zeiss LSM700 instrument. All images were taken with the same settings 
and analyzed using Fiji software. Statistical significance was tested with one-way ANOVA with Dunnett’s 
multiple comparisons test in GraphPad Prism 9 software. PK Studies. PK studies on PCI-34051 were 
performed at SAI Life Sciences Ltd., Pune, India, using male BALB/c mice following a single 
intraperitoneal dose of PCI-34051 in 5% NMP, 5% Solutol HS, 30% PEG-400, and 60% normal saline at 
10.4 and 52 mg/kg. Blood samples (approximately 120 mL) were collected from retro-orbital plexus of 
three mice predose and at 0.08, 0.25, 0.5, 1, 2, 4, 8, and 24 h. Samples were collected into labeled 
microtubes, containing 20% K2EDTA as anticoagulant. Immediately, aliquots (50 μL) of blood were 
hemolyzed with an equal volume of water (50 μL) and quenched with three volumes (150 μL) of 
acetonitrile (IS containing acetonitrile) and samples were stored below −70°C until bioanalysis. This 
study was performed with approval of Institutional Animal Ethics Committee (IAEC) in accordance with 
requirements of the Committee for the Purpose of Control and Supervision of Experiments on Animals, 
India. All samples were processed for analysis by protein precipitation using acetonitrile and analyzed 
with the fit for purpose LC/MS/MS method. PK parameters were calculated using the 
noncompartmental analysis tool of Phoenix WinNonlin (Version 7.0). Maximum concentration (Cmax) 
and time to reach maximum concentration (Tmax) were taken from the observed values. The areas 
under the concentration time curve (AUClast and AUCinf) and elimination half-life were calculated by 
the linear trapezoidal rule. 
 
Proximal Tubule Cell Assay – Courtesy of Alan Davidson Lab, University of Auckland 

Human immortalized renal proximal tubule epithelial cells (RPTEC/TERT1; ATCC CRL-4031) were 
maintained in renal epithelial cell growth medium (REGM; Lonza Bioscience). Cells were synchronized by 
double thymidine block and then treated with 15 μM cisplatin (Sigma) for 48 h, followed by 10 μM PCI-
34051 or compound 1 in fresh REGM for an additional 48 h. RNA isolation (GENEzol TriRNA Pure Kit) and 
cDNA synthesis (SuperScript IV VILO Master Mix; Invitrogen) were carried out, and expression levels 
were measured on a QuantStudio 6 Flex Real-Time PCR system, using the following primers: CCL2 fwd, 
CAGCCAGATGCAATCAATGCC; rev, TGGAATCCTGAACCCACTTCT; CXCL1 fwd, GCGCCCAAACCGAAGTCATA; 
rev, ATGGGGGATGCAGGATTGAG; CXCL5 fwd, CAGACCACGCAAGGAGTTCATC; rev, 
TTCCTTCCCGTTCTTCAGGGAG; HPRT1 fwd, CATTATGCTGAGGATTTGGAAAGG; rev, 
CTTGAGCACACAGAGGGCTACA; IL6 fwd, AGACAGCCACTCACCTCTTCAG; rev, 
TTCTGCCAGTGCCTCTTTGCTG; IL8 (CXCL8) fwd, GAGAGTGATTGAGAGTGGACCAC; rev, 
CACAACCCTCTGCACCCAGTTT; SERPINE1 fwd, CTCATCAGCCACTGGAAAGGCA; rev, 
GACTCGTGAAGTCAGCCTGAAAC; TNFa fwd, CTCTTCTGCCTGCTGCACTTTG; rev, 
ATGGGCTACAGGCTTGTCACTC. Measurements were performed in triplicate. Statistical analysis was 
performed using one-way ANOVA in Prism. 
 
Ischemia Reperfusion-Induced Acute Kidney Injury Assay – Courtesy of Mark DeCaesteker Lab, 
Vanderbilt University23 
Surgeries were performed on a water bath-heated platform at 38 °C on 10- to 12-week-old male BALB/c 
mice purchased from Charles River Laboratories. To induce IRIAKI, mice underwent left renal pedicle 
clamping for 30−31 min, and delayed contralateral nephrectomy was performed after 8 days, as 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 
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described226, 227. Separate cohorts of mice underwent contralateral nephrectomy alone for comparison. 
Mouse numbers and survival after the surgeries are documented over time in 
10.1021/acsptsci.1c00243, and mice were euthanized for tissue harvesting and terminal blood draw 28 
days after the initiating injury. Blood urea nitrogen (BUN) was determined in duplicate samples using a 
colorimetric assay kit (Infinity Urea, Thermo Scientific) at days 9, 14, 21, and 28 after IRI. Transdermal 
FITC-sinistrin clearance was performed to measure glomerular filtration rate (GFR) in conscious mice 28 
days after the initiation injury, as described226. FITCsinistrin half-life was calculated using a 3-
compartment model with linear fit using MPD Studio software (MediBeacon, Germany). All compound 
treatments were initiated 24 h after the initiating injury once a day for 7 days, and the investigator 
handling the mice and performing the assays (including histology) was blinded to treatment groups until 
all studies for that experiment were completed. PCI-34051 was solubilized in 10% Solutol HS, 20% PEG-
400, and 70% water at pH 4.3, sonicated for 2 h at 60 °C, and administered by IP injection at 10 mg/kg 
and 50 mg/kg/day. All experimental protocols were approved by the Vanderbilt Institutional Animal 
Care and Use Committee. To assess fibrosis, kidneys were harvested, fixed, and mounted in 
paraffin, and Sirius red staining and quantification were performed to evaluate renal fibrosis/collagen 
accumulation in the outer stripe of the outer medulla, as described226. Image capture and 
semiquantitative evaluation were performed by an observer blinded to treatment using ImageJ 
software. RNA isolation and quantitative RT-PCR were performed to evaluate expression of renal fibrosis 
markers in snap frozen kidneys using primer sequences and RNA extraction, as previously described227. 
Statistical analyses were performed using GraphPad Prism V9 (San Diego, CA), using Student’s one-way 
ANOVA for multiple between-group comparisons. The minimal level of significance is indicated from 

pairwise comparisons and was set at p ≤ 0.05 for ANOVA studies. The p values shown were adjusted for 

multiple between group comparisons with false discovery rates of p < 0.05 using the two-stage step up 
method of Benjamini, Krieger, and Yekutieli. Two-way ANOVA used to compare changes over time for 
BUN time course studies. 
24 
Zinc Chelating Assay – Performed in collaboration with Paul Johnston Lab, University of Pittsburgh 
To 20 μM Zn Cl2 was added either test compounds in 6% DMSO, positive control EDTA, or null 6% DMSO. 
The assays were run at an 8 point 2-fold serial dilution concentrations starting at 200 μM (except EDTA 
curve started at 100 μM). 50 μM dithizone in 0.5% DMSO was added to initiate the reaction. Absorbance 
at 540 nm was recorded. Absorbance at 540 nm was compared to maximum absorbance of no test 
compound added and minimum absorbance of no zinc added. Assays were run in triplicate.  
 
Mass Spectrometry HDAC 8 Inhibition Assay – Courtesy of SAMDI Tech Inc. 
Assay performed by SAMDI Tech incorporated Chicago, Illinois. Briefly, 10 nM isolated HDAC 8 enzyme is 
incubated with buffer (50 mM Hepes pH 8, 137 mM NaCl, 2.7 mM KCl, 0.005% BSG, 0.002% Tween, 1 
mM MgCl2, 1 mM DTT) and test compound , standard control (trichostatin A), or without compound for 
15 minutes with a 10 point 3-fold serial dilution. 10 μM HDAC 8 substrate (Biotin-RHKK(TFA)) was added 
to initiate the reaction which took place over 60 minutes at room temperature. Reactions were 
concluded with the addition of 0.5% formic acid. “The array plates were then rinsed with deionized 
ultrafiltered water, ethanol, dried with nitrogen, and treated with matrix (trihydroxyacetophenone, 50 
mg mL in acetone). Each plate was analyzed with an Applied Biosystems 4800 MALDI TOF/TOF 

 
Reprinted with permission from Long, K.;  Vaughn, Z.;  McDaniels, M. D.;  Joyasawal, S.;  Przepiorski, A.;  
Parasky, E.;  Sander, V.;  Close, D.;  Johnston, P. A.;  Davidson, A. J.;  de Caestecker, M.;  Hukriede, N. A.; 
Huryn, D. M., Validation of HDAC8 Inhibitors as Drug Discovery Starting Points to Treat Acute Kidney 
Injury. ACS Pharmacol Transl Sci. Copyright 2022 American Chemical Society 

https://pubs.acs.org/doi/full/10.1021/acsptsci.1c00243


62 
 

spectrometer using an automated protocol (20 kV accelerating voltage, positive reflector mode, 200 
laser shots per spot)”208. AUCs of the corresponding peaks at 1601.3 and 1559.3 were analyzed by 
Applied Biosystems Data Explorer Software and the difference between the AUCs were used to calculate 
percent inhibition and create IC50 curves. Assays were performed in duplicate. 
 

IC50 Curves for Chapter 4 
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Experimental Data 
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on a Bruker 500 MHz instrument at 470 MHz. The following abbreviations designate multiplicities: 

s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet, and br=broad. Chemical shifts (δ) are reported in 

ppm relative to tetramethylsilane (TMS) as the internal standard or to solvent residual peak (7.26/77.16 

(CDCl3), 2.50/39.52 (DMSO-d6)). All assayed final compounds were >95% pure as determined by LC/ MS 

using a Thermo Scientific Ultimate 3000 LC and TSQ Quantum Ultra MS LCMS system (Thermo Scientific 

Hypersil GOLD column) with UV detection using MeOH/H2O. HPLC was conducted using a Dionex UltiMate 

3000 HPLC system with UV detection using isopropanol.  HRMS was conducted using Waters SYNAPT G2S 

HDMS Q-TOF Mass Spectrometer. Melting points were determined using a Mel-Temp instrument. SAHA, 

Belinostat and Panobinostat was purchased from Ambeed, and confirmed to be >95% pure based on LC-

MS. Optical rotations were measured on a Jasco P-2000 Polarimeter. 

 

PCI-34051 

PCI-34051 was synthesized according to methods reported in patents.161, 162 1H NMR was consistent with 

published data. IR cm-1: 627, 727, 756, 791, 815, 869, 944, 1030, 1084, 1135, 1176, 1241, 1305, 1315, 

1357, 1438, 1466, 1511, 1558, 1605, 2833, 2902, 3102, 3216. 

1 

Compound 1 was synthesized according to methods in Whitehead et al.155 1H NMR was consistent with 

published data. IR cm-1: 750, 794, 811, 854, 1048, 1091, 1180, 1261, 1280, 1359, 1425, 1471, 1584, 1638, 

2864, 2923. 

Compounds 2-7 were resynthesized based on an adaptation of reported methods152. Spectra 

characterization was consistent with those reported in the literature. Novel compounds 9, 10, and 13 

were prepared using the adapted protocol. 

Appendix Scheme 1 General Synthesis for THIQ analogs. Some exceptions apply and are noted in the experimental. 

 

General Procedure A, adapted.152 

To a solution of carboxylic acid (1.0 eq.) in DCM (0.3 M with respect to carboxylic acid) in an ice bath was 

added DMF (0.04 eq.) and oxalyl chloride (1.5 eq.), and the mixture was stirred for 3 hours. The reaction 

mixture was concentrated under reduced pressure and used without further purification. The crude acyl 

chloride in DCM (0.3 M with respect to acyl chloride) in an ice bath was treated with phenylethylamine 
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(1.0 eq.) and triethylamine (1.5 eq.). The reaction was warmed up to room temperature and stirred 

overnight. Upon disappearance of starting material based on TLC, the reaction was diluted with DCM 

and the organic layer was washed with 1N aqueous HCl (5.0 mL), saturated NaHCO3 solution (10 mL), 

and brine (10 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced 

pressure to provide amide A. 

 

 

General Procedure B, adapted.152 

To a solution of A (1.0 eq.) in xylenes (0.1 M with respect to amide) was added phosphorus oxychloride 

(5.0 eq.) and phosphorus pentoxide (4.0 eq.). The mixture was refluxed at 160 °C for 6 hours, at which 

time TLC indicated consumption of starting material. The liquid was separated, and the remaining solids 

were basified to pH of ~12 with 20% aqueous KOH, then combined with the liquid. The aqueous phase 

was extracted with ethyl acetate (2 x 100 mL) and the organic phase was dried over Na2SO4 and filtered. 

The crude product was purified using silica column chromatography (0-30% ethyl acetate in hexanes) to 

give dihydroisoquinoline B.  

 

General Procedure C, adapted.152 

A solution of dihydroisoquinoline B (1.0 eq.) in ethanol (0.1 M with respect to dihydroisoquinoline) was 

degassed with argon. Platinum(IV) oxide (0.05 eq.) was added to the solution. The reaction was stirred 

overnight under H2 atmosphere (balloon), at which time TLC showed the disappearance of starting 

material. The solution was filtered through Celite and concentrated under reduced pressure to give 

tetrahydroisoquinoline C. 

 

General Procedure D, adapted.152 

To a solution of tetrahydroisoquinoline C (1.0 eq.) in acetonitrile (0.1 M with respect to 

tetrahydroisoquinoline) under a N2 atmosphere was added methyl 3-bromopriopionate (4.0 eq.) 

dropwise. Triethylamine (4.0 eq.) was added dropwise to the solution and the reaction stirred at room 

temperature for 3 days, while monitoring by TLC. The reaction was diluted with water, and the aqueous 

phase was extracted with ethyl acetate (2 x 25 mL). The organic phase was dried over Na2SO4, filtered, 

and concentrated under reduced pressure. The crude product was purified using silica gel column 

chromatography (0-30% ethyl acetate in hexanes) to give tetrahydroisoquinoline methyl ester D. 

 

General Procedure E, adapted.152 

To a solution of hydroxylamine hydrochloride in methanol (0.6 M with respect to hydroxylamine) in an 

ice bath was added KOH (25 eq). The mixture was stirred in an ice bath for 1 hour. The hydroxylamine 

solution was filtered and added to a solution of tetrahydroisoquinoline methyl ester (1.0 eq.) in 

methanol (0.06 M with respect to ester) in an ice bath under nitrogen. KOH (10 eq.) was added to the 
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mixture and the reaction was removed from the ice bath and stirred overnight at room temperature. 

The reaction mixture was neutralized to pH 7 with 1 N HCl. The mixture was diluted with water, and the 

aqueous phase was extracted with ethyl acetate (2 x 25 mL). The organic phase was dried over Na2SO4, 

filtered, and concentrated under reduced pressure. The crude product was purified with silica column 

chromatography (0-10% methanol in DCM) to give tetrahydroisoquinoline hydroxamic acid. 

 

Preparation of N-phenethyl-[1,1'-biphenyl]-4-carboxamide (2A): 

Prepared according to General Procedure A using [1,1'-biphenyl]-4-carboxylic acid (2.0 g, 10.09 mmol) to 

afford 3.0 g of N-phenethyl-[1,1'-biphenyl]-4-carboxamide (98%) as an off-white solid. 1H NMR (600 

MHz, CDCl3) δ 7.76 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.61-7.59 (m, 2H), 7.46 (t, J = 7.6, 2H), 7.40-

7.37 (m, 2H), 7.35 (t, J = 7.5 Hz, 2H), 7.27 (s, 2H), 6.15 (bs, 1H), 3.75 (q, J = 6.6 Hz, 2H), 2.96 (t, J = 6.9 Hz, 

2H) ppm. 

 

Preparation of 1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinoline (2B): 

Prepared according to General Procedure B using N-phenethyl-[1,1'-biphenyl]-4-carboxamide (3.0 g, 

9.96 mmol) to afford 2.06 g of 1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinoline (73%) as a brown solid. 1H 

NMR (600 MHz, CDCl3) δ 7.69 (d, J = 6.4 Hz, 2H), 7.65 (t, J = 6.5 Hz, 4H) 7.46 (t, J = 6.7 Hz, 2H), 7.41-7.35 

(m, 3H), 7.28 (bs, 2H), 3.87 (t, J = 6.2 Hz, 2H), 2.82 (t, J = 6.5 Hz, 2H) ppm. 
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Preparation of 1-([1,1'-biphenyl]-4-yl)-1,2,3,4-tetrahydroisoquinoline (2C): 

Prepared according to General Procedure C using 1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinoline (2.0 g, 

7.06 mmol) to afford 1.98 g of 1-([1,1'-biphenyl]-4-yl)-1,2,3,4-tetrahydroisoquinoline (98%) as an off-

white solid. 1H NMR (400 MHz, CDCl3) δ 7.60-7.54 (m, 4H), 7.43 (t, J = 7.3, 2H), 7.34 (d, J = 8.1 Hz, 3H), 

7.16 (d, J = 3.8, 2H), 7.08-7.04 (m, 1H), 6.82 (d, J = 8.0 Hz, 1H), 5.16 (s, 1H), 3.32-3.28 (m, 1H), 3.16-3.03 

(m, 2H), 2.88-2.82 (m, 1H) ppm. 

 

Preparation of Methyl 3-(1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate 

(2D): 
Prepared according to General Procedure D using 1-([1,1'-biphenyl]-4-yl)-1,2,3,4-tetrahydroisoquinoline 

(1.15 g, 4.03 mmol) to afford 240 mg of methyl 3-(1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (16%) after 24 hours as a white solid. 1H NMR (CDCl3, 600 MHz) δ 7.59 (d, J = 7.8 Hz, 2H), 

7.52 (d, J = 6.0 Hz, 2H), 7.43 (t, J = 7.92 Hz, 2H), 7.33-7.30 (m, 3H), 7.13-7.08 (m, 2H), 7.02 (t, J = 7.3 Hz, 

1H), 6.76 (d, J = 7.8 Hz, 1H), 4.65 (s, 1H), 3.61 (s, 3H), 3.22-3.18 (m, 1H), 3.13-3.08 (m, 1H), 2.97-2.93 (m, 

1H), 2.89-2.84 (m, 1H), 2.73-2.65 (m, 2H), 2.51 (t, J = 6.0 Hz, 2H) ppm. 

 

Preparation of 3-(1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide 

([rac]-2): 
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Prepared according to General Procedure E using Methyl 3-(1-([1,1'-biphenyl]-4-yl)-3,4-

dihydroisoquinolin-2(1H)-yl)propanoate (40.0 mg, 0.108 mmol) to afford 25.0 mg of 3-(1-([1,1'-

biphenyl]-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide (62%) as a white solid. Melting 

Point 78 – 90°C. 1H NMR (600 MHz, CDCl3) δ 10.93 (bs, 1H), 7.57 (appt, J = 8.9 Hz, 5H), 7.43 (t, J = 7.5 Hz, 

2H + CHCl3), 7.34 (t, J = 7.3 Hz, 1H), 7.24 (s, 1H + CHCl3), 7.18 (bs, 2H + CHCl3), 7.07 (d, J = 7.6 Hz, 1H 

+CHCl3), 6.75 (d, J = 7.8 Hz, 1H), 4.65 (s, 1H), 3.28-3.32 (m, 1H), 3.12-3.17 (m, 1H), 2.95-2.98 (m, 1H), 

2.88-2.93 (m, 1H), 2.61-2.68 (m, 2H), 2.55-2.58 (m, 1H), 2.36-2.39 (m, 1H); 13C NMR (150 MHz, DMSO-d6) 

δ 168.0, 143.1, 139.9, 138.8, 138.0, 134.4, 129.8, 128.9, 128.4, 128.4, 127.3, 126.6, 126.4, 125.8, 125.5, 

66.1, 50.1, 46.1, 29.9, 28.4 ppm. m/z calculated for C24H24N2O2 [M+H]+ 373.19, found 373.20. IR cm-1: 

695, 737, 760, 829, 1007, 1074, 1123, 1295, 1339, 1354, 1369, 1405, 1427, 1450, 1485, 1515, 1645, 

2834, 2901, 3024, 3059, 3185. 

Preparation of R and S-3-(1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-N-

hydroxypropanamide (+) – 2 and (-) – 2: 

[rac] – 2 was separated on a Phenomenex Lux 5 µm Amylose-1 (250 x 10 mm) column using isocratic i-

PrOH as eluant. The first eluting peak (RT= 6.5 min) corresponded to the (-) enantiomer. The second 

eluting peak (RT = 8.0 min) corresponded to the (+) – enantiomer.  Stereochemistry drawn is arbitrarily 

assigned. 

 

(-)-3-(1-([1,1'-biphenyl]-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide (-) – 2:  1H NMR 

(600 MHz, CDCl3) δ 10.91 (bs, 1H), 7.57 (appdd, J = 8.0 Hz, 1.6 Hz, 5H), 7.43 (t, J = 7.5 Hz, 2H + CHCl3), 

7.34 (t, J = 7.3 Hz, 1H), 7.24 (d, J = 7.9 Hz, 1H + CHCl3), 7.18 (d, J = 5.5 Hz, 2H), 7.07 (appdd, J = 8.3 Hz, 5.6 

Hz, 1H), 6.75 (d, J = 7.8 Hz, 1H), 4.65 (s, 1H), 3.27-3.30 (m, 1H), 3.21-3.18 (m, 1H), 2.95-2.98 (m, 1H), 

2.88-2.91 (m, 1H), 2.61-2.66 (m, 2H), 2.55-2.58 (m, 1H), 2.34-2.37 (m, 1H). RT= 6.5 min (Phenomenex Lux 

5 µm Amylose-1; i-PrOH. [α]D = -64.7 (c = 0.50, MeOH).  
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(+)-3-(1-([1,1’-biphenyl]-4-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide (+) – 2: 1H NMR 

(600 MHz, CDCl3) δ 7.57 (q, J = 6.1 Hz, 5H), 7.43 (t, J = 7.5 Hz, 2H + CHCl3), 7.34 (t, J = 7.3 Hz, 1H), 7.24 (d, 

J = 7.9 Hz, 1H + CHCl3), 7.18 (appdd, J = 8.3 Hz, 1.3 Hz, 2H), 7.07 (appdd, J = 2.5 Hz, 5.6 Hz, 1H), 6.75 (d, J 

= 7.8 Hz, 1H), 4.65 (s, 1H), 3.27-3.31 (m, 1H), 3.11-3.16 (m, 1H), 2.94-2.98 (m, 1H), 2.87-2.92 (m, 1H), 

2.61-2.66 (m, 2H), 2.54-2.58 (m, 1H), 2.33-2.38 (m, 1H). RT= 8.0 min (Phenomenex Lux 5 µm Amylose-1; 

i-PrOH. [α]D = +62.2 (c = 0.48, MeOH). 

 

Preparation of 4-methoxy-N-phenethylbenzamide (3A): 

Prepared according to General Procedure A using 4-methoxybenzoic acid (2.0 g, 13.14 mmol) to afford 

3.3 g of 4-methoxy-N-phenethylbenzamide (98%) as a white solid. 1H NMR (600 MHz, CDCl3) δ 7.65 (d, J 

= 8.8 Hz, 2H), 7.33 (t, J = 7.5 Hz, 2H), 2.74 (d, J = 7.0 Hz, 3H) 6.90 (d, J = 8.8 Hz, 2H), 6.02 (bs, 1H), 3.84 (s, 

3H), 3.71 (q, J = 6.6 Hz, 2H), 2.93 (t, J = 6.9 Hz, 2H) ppm. 

 

Preparation of 1-(4-methoxyphenyl)-3,4-dihydroisoquinoline (3B): 

Prepared according to General Procedure B using 4-methoxy-N-phenethylbenzamide (3.3 g, 12.93 

mmol) to afford 2.3 g of 1-(4-methoxyphenyl)-3,4-dihydroisoquinoline (75%) as an orange oil. 1H NMR 

(600 MHz, CDCl3) δ 7.57 (d, J = 8.7 Hz, 2H), 7.40-7.37 (m, 1H), 7.32-7.30 (m, 3H), 6.95 (d, J = 8.8 Hz, 2H), 

3.86 (s, 3H), 3.82-3.80 (m, 2H), 2.79 (t, J = 7.3 Hz, 2H) ppm.  

 

Preparation of 1-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (3C): 

Prepared according to General Procedure C using 1-(4-methoxyphenyl)-3,4-dihydroisoquinoline (2.0 g, 

8.43 mmol) to afford 2.0 g of 1-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (99%) as an off-white 

solid. 1H NMR (600 MHz, CDCl3) δ 7.18 (d, J = 8.6 Hz, 2H), 7.14 (d, J = 3.8 Hz, 2H), 7.05-7.02 (m, 1H), 6.85 

(d, J = 8.7 Hz, 2H), 6.76 (d, J = 7.6 Hz, 1H), 5.06 (s, 1H), 3.80 (s, 3H), 3.29-3.25 (m, 1H), 3.11-3.07 (m, 1H), 

3.06-3.01 (m, 1H), 2.84-2.80 (m, 1H) ppm. 
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Preparation of Methyl 3-(1-(4-methoxyphenyl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate 

(3D): 
Prepared according to General Procedure D using 1-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline 

(325 mg, 1.36 mmol) to afford 310 mg of methyl 3-(1-(4-methoxyphenyl)-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (70%) as an amber solid. 1H NMR (600 MHz, CDCl3) δ 7.15 (d, J = 8.7 Hz, 2H), 7.11-7.07 (m, 

2H), 7.00-6.98 (m, 1H), 6.83 (d, J = 8.7 Hz, 2H), 6.70 (d, J = 7.8 Hz, 1H), 4.54 (s, 1H), 3.80 (s, 3H), 3.61 (s, 

3H), 3.18-3.14 (m, 1H), 3.10-3.05 (m, 1H), 2.93-2.88 (m, 1H), 2.85-2.81 (m, 1H), 2.67-2.62 (m, 2H), 2.49-

2.46 (m, 2H) ppm. 

 

Preparation of N-hydroxy-3-(1-(4-methoxyphenyl)-3,4-dihydroisoquinolin-2(1H)-

yl)propenamide (3): 
Prepared according to General Procedure E using methyl 3-(1-(4-methoxyphenyl)-3,4-

dihydroisoquinolin-2(1H)-yl)propanoate (40 mg, 0.123 mmol) to afford 27.0 mg of N-hydroxy-3-(1-(4-

methoxyphenyl)-3,4-dihydroisoquinolin-2(1H)-yl)propenamide (67%) as a white solid. Melting Point: 58 

– 68 °C. 1H NMR (600 MHz, DMSO-d6) δ 10.36 (bs, 1H), 8.67 (bs, 1H), 7.12 (t, J = 8.2 Hz 3H), 7.07 (t, J = 

7.4 Hz, 1H) 6.98 (t, J = 7.3 Hz 1H), 6.86 (d, J = 8.5 Hz, 2H), 6.61 (d, J = 7.7 Hz, 1H), 4.57 (s, 1H), 3.73 (s, 3H), 

3.06-3.03 (m, 1H), 2.98-2.93 (m, 1H), 2.81-2.78 (m, 1H), 2.66-2.62 (m, 1H), 2.58-2.56 (m, 1H), 2.22-2.18 

(m, 1H), 2.09-2.04 (m, 1H). 13C NMR (150 MHz, CDCl3) δ 169.1, 159.2, 137.4, 134.2, 133.9, 130.8, 129.0, 

128.4, 126.5, 126.1, 114.0, 68.5, 55.3, 48.8, 45.7, 30.0, 28.3 ppm. m/z calculated for C19H22N2O3 [M+H]+ 

327.17, found 327.19. IR cm-1: 741, 787, 825, 940, 1031, 1074, 1172, 1246, 1302, 1371, 1452, 1508, 

1608, 1643, 2834, 2918, 3171. 

.  

Preparation of N-phenethylbenzamide (4A): 

Prepared according to General Procedure A using benzoic acid (500 mg, 4.10 mmol) to afford 610 mg of 

N-phenethylbenzamide (66%) as an off-white solid. 1H NMR (400 MHz, CDCl3) δ 7.70-7.67 (m, 2H), 7.50-
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7.46 (m, 1H), 7.43-7.39 (m, 2H), 7.34 (t, J = 7.3 Hz, 2H), 7.25 (t, J = 6.1 Hz, 3H), 6.09 (bs, 1H), 3.73 (q, J = 

6.6 Hz, 2H), 2.95 (t, J = 6.8 Hz, 2H) ppm. 

 

Preparation of 1-phenyl-1,2,3,4-tetrahydroisoquinoline (4C): 

To a solution of N-phenethylbenzamide (500 mg, 2.22 mmol) in xylenes (25 mL) was added phosphorus 

oxychloride (1.0 mL, 11.1 mmol) and phosphorus pentoxide (2.52 g, 8.88 mmol). The mixture was 

refluxed at 160 °C for 6 hours. The liquid mixture was transferred to a large collecting flask, and the left-

over solid material was basified with 20% aqueous KOH solution and added to the liquid mixture. The 

aqueous phase was extracted twice with ethyl acetate (100 mL) and the organic phase was dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was taken into ethanol 

(35 mL) and degassed under nitrogen. Platinum(IV) oxide (42 mg, 0.19 mmol) was added to the solution. 

The reaction was stirred overnight under hydrogen atmosphere. The solution was filtered through Celite 

and concentrated under reduced pressure, and the crude product was purified with silica column 

chromatography (0-100% ethyl acetate in hexanes) to give 257 mg of 1-phenyl-1,2,3,4-

tetrahydroisoquinoline (55%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.33-7.27 (m, 5H), 7.14 (d, J = 

3.8 Hz, 2H), 7.06-7.01 (m, 1H), 6.75 (d, J = 7.9 Hz, 1H), 5.11 (s, 1H), 3.31-3.26 (m, 1H), 3.13-3.03 (m, 2H), 

2.85-2.80 (m, 1H) ppm. 

 

Preparation of Ethyl 2-(1-phenyl-3,4-dihydroisoquinolin-2(1H)-yl)acetate (4D): 
To a solution of 1-phenyl-1,2,3,4-tetrahydroisoquinoline (200 mg, 0.97 mmol) in acetonitrile (10 mL) 

under nitrogen gas was added ethyl bromoacetate (420 μL, 3.80 mmol) dropwise. Triethylamine (530 μL, 

3.82 mmol) was added dropwise to the solution and the reaction stirred at room temperature overnight. 

The reaction was diluted with water (20 mL), and the aqueous phase was extracted twice with ethyl 

acetate (25 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude product was purified with silica column chromatography (0-30% ethyl acetate in 

hexanes) to give 250 mg of ethyl 2-(1-phenyl-3,4-dihydroisoquinolin-2(1H)-yl)acetate (87%) as a viscous 

yellow oil. 1H NMR (600 MHz, CDCl3) δ 7.30-7.27 (m, 5H), 7.13-7.08 (m, 2H), 6.99 (t, J = 7.3 Hz, 1H), 6.68 

(d, J = 7.8 Hz, 1H), 4.96 (s, 1H), 4.17-4.10 (m, 2H), 3.33 (d, J = 16.9 Hz, 1H), 3.23 (d, J = 16.9 Hz, 1H), 3.20-

3.17 (m, 2H), 3.07-3.03 (m, 1H), 2.86-2.83 (m, 1H), 1.26-1.24 (t, J = 7.1 Hz, 3H) ppm. 
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Preparation of N-hydroxy-2-(1-phenyl-3,4-dihydroisoquinolin-2(1H)-yl)acetamide (4): 
Prepared according to General Procedure E using ethyl 2-(1-phenyl-3,4-dihydroisoquinolin-2(1H)-

yl)acetate (100 mg, 0.338 mmol) to afford 70 mg of N-hydroxy-2-(1-phenyl-3,4-dihydroisoquinolin-

2(1H)-yl)acetamide (70%) as a white solid. Melting Point: 136 – 138 °C. 1H NMR (600 MHz, DMSO-d6) δ 

10.34 (bs, 1H), 8.75 (bs, 1H), 7.35-7.30 (m, 4H), 7.26 (t, J = 6.9 Hz, 1H), 7.13 (d, J = 7.5 Hz, 1H), 7.08 (t, J = 

7.4 Hz, 1H), 6.99 (t, J = 7.3 Hz, 1H), 6.60 (d, J = 7.7 Hz, 1H), 4.75 (s, 1H), 3.19-3.14 (m, 1H), 3.05-3.02 (m, 

1H), 2.95 (d, J = 15.3 Hz, 1H), 2.86 (d, J = 15.3 Hz, 1H), 2.79-2.70 (m, 2H). 13C NMR (150 MHz, DMSO-d6) δ 

166.3, 143.5, 137.9, 134.2, 129.4, 128.3, 128.3, 128.1, 127.2, 125.7, 125.5, 66.7, 55.5, 48.1, 28.6 ppm. 

m/z calculated for C17H18N2O2 [M+H]+ 283.14, found 283.14. IR cm-1: 635, 701, 742, 991, 1017, 1093, 

1143, 1283, 1303, 1456, 1487, 1523, 1629, 2842, 2917, 3147, 3304, 3334. 

 

Preparation of N-phenethyl-1-naphthamide (5A): 
 Prepared according to General Procedure A using 1-naphthoic acid (500 mg, 2.90 mmol) to afford 702 

mg of N-phenethyl-1-naphthamide (88%) as a pale-yellow solid. 1H NMR (600 MHz, CDCl3) δ 8.20-8.19 

(m, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.85-7.84 (m, 1H), 7.52-7.49 (m, 3H), 7.42 (t, J = 7.6 Hz, 1H), 7.33 (t, J = 

7.5 Hz, 2H), 7.28 (d, J = 7.1 Hz, 3H), 5.96 (bs, 1H), 3.84 (q, J = 6.5 Hz, 2H), 3.01 (t, J = 6.8 Hz, 2H) ppm. 

 
Preparation of 1-(naphthalen-1-yl)-3,4-dihydroisoquinoline (5B): 

Prepared according to General Procedure B using N-phenethyl-1-naphthamide (600 mg, 2.18 mmol) to 

afford 430 mg of 1-(naphthalen-1-yl)-3,4-dihydroisoquinoline (77%) as an amber solid. 1H NMR (600 

MHz, CDCl3) δ 7.92-7.91 (m, 1H), 7.89 (d, J = 3.1 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.54-7.52 (m, 2H), 7.46 

(t, J = 7.2 Hz, 1H), 7.36 (q, J = 5.3 Hz, 2H), 7.30 (d, J = 7.7 Hz, 1H), 7.08 (t, J = 7.4 Hz, 1H), 6.85 (d, J = 7.7 

Hz, 1H), 4.03 (bs, 2H), 2.97 (t, J = 7.3 Hz, 2H) ppm. 
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Preparation of 1-(naphthalen-1-yl)-1,2,3,4-tetrahydroisoquinoline (5C): 
Prepared according to General Procedure C using 1-(naphthalen-1-yl)-3,4-dihydroisoquinoline (430 mg, 

1.67 mmol) to afford 428 mg of 1-(naphthalen-1-yl)-1,2,3,4-tetrahydroisoquinoline (99%) as a viscous 

amber oil. 1H NMR (600 MHz, CDCl3) δ 8.24-8.23 (m, 1H), 7.89-7.87 (m, 1H), 7.79 (d, J = 8.2 Hz, 1H), 7.48-

7.47 (m, 2H), 7.38 (t, J = 7.7 Hz, 1H), 7.21 (t, J = 6.3 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H), 7.01 (t, J = 7.3 Hz, 1H), 

6.77 (d, J = 7.7 Hz, 1H), 5.87 (s, 1H), 3.29-3.26 (m, 1H), 3.17-3.08 (m, 2H), 2.96-2.91 (m, 1H) ppm. 

 

Preparation of Methyl 3-(1-(naphthalen-1-yl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate 

(5D): 
Prepared according to General Procedure D using 1-(naphthalen-1-yl)-1,2,3,4-tetrahydroisoquinoline 

(425 mg, 1.64 mmol) to afford 112 mg of methyl 3-(1-(naphthalen-1-yl)-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (20%) after 1 day as a dark brown viscous oil. 1H NMR (600 MHz, CDCl3) δ 8.26 (d, J = 8.6 

Hz, 1H) 7.82-7.79 (m, 2H), 7.43-7.39 (m, 3H) 7.32 (s, 1H), 7.15 (d, J = 7.6 Hz, 1H), 7.07 (t, J = 7.5 Hz, 1H), 

6.87 (t, J = 7.5 Hz, 1H), 6.59 (d, J = 7.8 Hz, 1H), 5.10 (s, 1H), 3.34 (s, 3H), 3.33-3.27 (m, 2H), 3.00-2.91 (m, 

2H), 2.71-2.68 (m, 1H), 2.60-2.55 (m, 1H), 2.45-2.36 (m, 2H) ppm. 

 

Preparation of N-hydroxy-3-(1-(naphthalen-1-yl)-3,4-dihydroisoquinolin-2(1H)-

yl)propenamide (5): 
Prepared according to General Procedure E using methyl 3-(1-(naphthalen-1-yl)-3,4-dihydroisoquinolin-

2(1H)-yl)propanoate (50 mg, 0 .145 mmol) to afford 15.0 mg of  N-hydroxy-3-(1-(naphthalen-1-yl)-3,4-

dihydroisoquinolin-2(1H)-yl)propenamide (30%) as a yellow-solid. Melting Point: 87 – 110 °C. 1H NMR 

(600 MHz, DMSO-d6) δ 10.30 (bs, 1H), 8.60 (bs, 1H), 8.32 (d, J = 8.5 Hz, 1H), 7.90-7.86 (m, 2H), 7.48 (appd, 

J = 5.3 Hz, 2H), 7.43 (t, J = 7.5 Hz, 1H), 7.34 (bs, 1H), 7.18 (d, J = 7.6 Hz, 1H), 7.06 (t, J = 7.3 Hz, 1H), 6.87 

(t, J = 7.4 Hz, 1H), 6.46 (d, J = 7.7 Hz, 1H), 5.16 (bs, 1H), 3.26-3.16 (bm, 2H), 2.91 (d, J = 16.3 Hz, 1H), 2.76-

2.71 (m, 2H), 2.68-2.63 (m, 1H), 2.24-2.19 (m, 1H), 2.02-1.98 (m, 1H); 13C NMR (150 MHz, DMSO-d6) δ 

167.9, 138.8, 138.4, 134.1, 134.0, 131.1, 128.9, 128.4, 128.3, 128.1, 127.1, 125.8, 125.6, 125.4, 125.3, 

125.1, 50.3, 47.5, 29.3, 28.4 ppm. m/z calculated for C22H22N2O2 [M+H]+ 347.17, found 347.18. IR cm-1: 
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733, 785, 939, 1014, 1077, 1100, 1123, 1292, 1355, 1392, 1428, 1451, 1491, 1508, 1648, 2834, 2912, 

3054, 3177. 

 

Preparation of N-phenethyl-3-(trifluoromethyl)benzamide (6A): 
Prepared according to General Procedure A using 3-(trifluoromethyl)benzoic acid (500 mg, 2.63 mmol) 

to afford 730 mg of  N-phenethyl-3-(trifluoromethyl)benzamide (95%) as an off-white solid. 1H NMR (400 

MHz, CDCl3) δ 7.95 (s, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.74 (d, J = 7.8 Hz, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.34 (t, 

J = 7.2 Hz, 2H), 7.26 (m, 3H), 6.11 (bs, 1H), 3.75 (q, J = 6.6 Hz, 2H), 2.96 (t, J = 6.9 Hz, 2H) ppm. 

 

Preparation of 1-(3-(trifluoromethyl)phenyl)-1,2,3,4-tetrahydroisoquinoline (6C): 
To a solution of N-phenethyl-3-(trifluoromethyl)benzamide (500 mg, 1.79 mmol) in xylenes (25 mL) was 

added phosphorus oxychloride (830 μL, 8.88 mmol) and phosphorus pentoxide (2.05 g, 7.23 mmol). The 

mixture was refluxed at 160 °C for 6 hours. The liquid mixture was transferred to a large collecting flask, 

and the left-over solid material was basified with 20% KOH solution and added to the liquid mixture. The 

aqueous phase was extracted twice with ethyl acetate (100 mL) and the organic phase was dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was taken into ethanol 

(35 mL) and was degassed under nitrogen. Platinum(IV) oxide (39 mg, 0.17 mmol) was added to the 

solution. The reaction was stirred overnight under hydrogen atmosphere. The solution was filtered 

through Celite and concentrated under reduced pressure, and the crude product was purified with silica 

column chromatography (0-100% ethyl acetate in hexanes) to give 290 mg of 1-(3-

(trifluoromethyl)phenyl)-1,2,3,4-tetrahydroisoquinoline (58%) as an off-white solid. 1H NMR (400 MHz, 

CDCl3) δ 7.57-7.54 (m, 2H), 7.45-7.43 (m, 2H), 7.17 (d, J = 3.8 Hz, 2H), 7.08-7.04 (m, 1H), 6.70 (d, J = 7.6 

Hz, 1H), 5.19 (s, 1H), 3.30-3.25 (m, 1H), 3.16-3.03 (m, 2H), 2.87-2.82 (m, 1H) ppm. 
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Preparation of Methyl 3-(1-(3-(trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (6D): 
Prepared according to General Procedure D using 1-(3-(trifluoromethyl)phenyl)-1,2,3,4-

tetrahydroisoquinoline (250 mg, 0.901 mmol) to afford 210 mg of methyl 3-(1-(3-

(trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate (64%) as a yellow oil. 1H NMR (600 

MHz, CDCl3) δ 7.54 (s, 1H), 7.51 (d, J = 7.0 Hz, 1H), 7.41 (q, J = 8.1 Hz, 2H), 7.12 (q, J = 7.5 Hz, 2H), 7.01 (t, 

J = 7.2 Hz, 1H) 6.65 (d, J = 7.8 Hz, 1H), 4.65 (s, 1H), 3.60 (s, 3H), 3.19-3.16 (m, 1H), 3.09-3.05 (m, 1H), 

2.91-2.83 (m, 2H), 2.67-2.62 (m, 2H), 2.47 (t, J = 7.1 Hz, 2H) ppm. 

 

Preparation of N-hydroxy-3-(1-(3-(trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-2(1H)-

yl)propenamide (6): 

Prepared according to General Procedure E using methyl 3-(1-(3-(trifluoromethyl)phenyl)-3,4-

dihydroisoquinolin-2(1H)-yl)propanoate (100 mg, 0.275 mmol) to afford 75 mg of N-hydroxy-3-(1-(3-

(trifluoromethyl)phenyl)-3,4-dihydroisoquinolin-2(1H)-yl)propenamide (75%) as a white solid. Melting 

Point: 55 – 72 °C. 1H NMR (600 MHz, DMSO-d6) δ 10.37 (bs, 1H), 8.68 (bs, 1H), 7.63-7.61 (m, 1H), 7.59 (s, 

1H), 7.56 (appd, J = 5.8, 2H), 7.16 (d, J = 7.4 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 7.02 (t, J = 7.3 Hz, 1H), 6.63 

(d, J = 7.7 Hz, 1H), 4.81 (s, 1H), 3.07-3.03 (m, 1H), 3.01-2.96 (m, 1H), 2.84-2.81 (m, 1H), 2.64-2.61 (m, 

2H), 2.56-2.53 (m, 1H), 2.23-2.21 (m, 1H), 2.11-2.07 (m, 1H). 13C NMR (150 MHz, DMSO-d6) δ 167.9, 

145.5, 137.1, 134.5, 133.3, 129.2, 128.8 (q, JC-CF = 31.4 Hz), 128.6, 128.4, 126.1, 125.7, 125.3 (d, JαC = 3.4 

Hz), 124.2 (q, JCF3 = 272.3 Hz), 123.9 (d, JαC = 3.7 Hz), 65.7, 49.9, 46.1, 29.8, 28.2; 19F NMR (376 MHz, 

DMSO-d6) δ -60.8 (s) ppm. m/z calculated for C19H19F3N2O2 [M+H]+ 365.14, found 365.14. IR cm-1: 660, 

690, 741, 806, 1013, 1069, 1117, 1160, 1264, 1323, 1447, 1492, 1630, 1655, 2825, 2918, 3198. 

 

Preparation of N-phenethylcyclohexanecarboxamide (7A): 
Prepared according to General Procedure A using cyclohexanecarboxylic acid (750 mg, 5.85 mmol) to 

afford 1.3 g of N-phenethylcyclohexanecarboxamide (96%) as an off-white solid. 1H NMR (600 MHz, 

CDCl3) δ 7.32 (t, J = 7.5 Hz, 2H), 7.24 (d, J = 7.7 Hz, 1H), 7.19 (d, J = 7.4 Hz, 2H), 5.40 (bs, 1H), 3.51 (q, J = 
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6.5 Hz, 2H), 2.81 (t, J = 6.8 Hz, 2H), 2.02-1.98 (m, 1H), 1.81-1.75 (m, 4H), 1.65 (bs, 1H), 1.38 (q, J = 11.3 

Hz, 2H), 1.26-1.18 (m, 3H) ppm. 

 

Preparation of 1-cyclohexyl-3,4-dihydroisoquinoline (7B): 
Prepared according to General Procedure B using N-phenethylcyclohexanecarboxamide (1.0 g, 4.32 

mmol) to afford 740 mg of 1-cyclohexyl-3,4-dihydroisoquinoline (80%) as a yellow oil. 1H NMR (600 MHz, 

CDCl3) δ 7.52 (d, J = 7.4 Hz, 1H), 7.34-7.26 (m, 2H), 7.19 (d, J = 7.1 Hz, 1H), 3.66 (t, J = 7.3 Hz, 2H), 2.90 (t, 

J = 11.0 Hz, 1H), 2.65 (t, J = 7.3 Hz, 2H), 1.87 (q, J = 13.7 Hz, 4H), 1.74 (d, J = 13.0 Hz, 1H), 1.42 (m, 4H), 

1.28 (m, 1H) ppm. 

 

Preparation of 1-cyclohexyl-1,2,3,4-tetrahydroisoquinoline (7C): 
Prepared according to General Procedure C using 1-cyclohexyl-3,4-dihydroisoquinoline (740 mg, 3.47 

mmol) to afford 745 mg of 1-cyclohexyl-1,2,3,4-tetrahydroisoquinoline (99%) as a yellow oil. 1H NMR 

(600 MHz, CDCl3) δ 7.15 (d, J = 3.1 Hz, 2H), 7.12-7.10 (m, 1H), 7.07 (d, J = 7.3 Hz, 1H), 3.90 (bs, 1H), 3.29-

3.26 (m, 1H), 2.95-2.91 (m, 1H), 2.86-2.80 (m, 1H), 2.69-2.65 (m, 1H), 1.94-1.90 (m, 1H), 1.84-1.81 (m, 

1H), 1.70 (q, J = 12.7, 3H), 1.59 (s, 1H), 1.41-1.30 (m, 3H), 1.18-1.07 (m, 3H) ppm. 

 

Preparation of Methyl 3-(1-cyclohexyl-3,4-dihydroisoquinolin-2(1H)-yl)propanoate (7D): 
Prepared according to General Procedure D using 1-cyclohexyl-1,2,3,4-tetrahydroisoquinoline (700 mg, 

3.26 mmol) to afford 800 mg of Methyl 3-(1-cyclohexyl-3,4-dihydroisoquinolin-2(1H)-yl)propanoate 

(81%) as a yellow oil. 1H NMR (600 MHz, CDCl3) δ 7.13-7.06 (m, 3H), 6.99 (d, J = 7.2 Hz, 1H), 3.67 (s, 3H), 

3.29-3.24 (m, 1H), 3.19 (d, J = 7.7 Hz, 1H), 2.87-2.75 (m, 4H), 2.60-2.56 (m, 1H), 2.48 (t, J = 7.0 Hz, 2H), 

1.98 (d, J = 13.1 Hz, 1H), 1.74-1.67 (m, 2H), 1.60 (d,  J = 12.1 Hz, 2H), 1.50-1.45 (m, 1H), 1.17-1.09 (m, 

3H), 1.00-0.94 (m, 2H) ppm. 
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Preparation of 3-(1-cyclohexyl-3,4-dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide (7): 
Prepared according to General Procedure E using methyl 3-(1-cyclohexyl-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (100 mg, 0.332 mmol) to afford 59 mg of 3-(1-cyclohexyl-3,4-dihydroisoquinolin-2(1H)-yl)-

N-hydroxypropanamide (59%) as a pale-yellow solid. Melting Point: 44 – 57 °C. 1H NMR (600 MHz, 

DMSO-d6) δ 10.35 (bs, 1H), 8.67 (bs, 1H), 7.11-7.06 (m, 3H), 7.00 (d, J = 7.0 Hz, 1H), 3.20 (d, J = 7.6 Hz, 

1H), 3.16-3.14 (m, 1H), 2.79-2.76 (m, 1H), 2.70-2.68 (m, 2H), 2.59-2.57 (m, 1H), 2.53 (bs, 1H), 2.12 (t, J = 

7.2 Hz, 2H), 1.93 (bd, J = 12.7 Hz, 1H), 1.69-1.64 (m, 2H), 1.57 (bs, 1H), 1.51 (bd, J = 12.2 Hz, 1H), 1.44-

1.41 (m, 1H), 1.09-1.07 (m, 3H), 1.00-0.96 (m, 2H); 13C NMR (150 MHz, DMSO-d6) δ 168.0, 136.5, 134.9, 

129.2, 128.5, 125.8, 124.6, 65.7, 50.4, 43.7, 42.8, 31.7, 30.3, 30.1, 26.2, 26.1, 26.0, 23.9 ppm. m/z 

calculated for C18H26N2O2 [M+H]+ 303.20, found 303.19. IR cm-1: 649, 744, 892, 964, 1009, 1072, 1103, 

1263, 1360, 1448, 1488, 1634, 1645, 2847, 2918, 3019, 3160. 

 

Preparation of 4-chloro-N-phenethylbenzamide (9A): 
Prepared according to General Procedure A using 4-chlorobenzoic acid (750 mg, 4.79 mmol) to afford 

1.2 g of 4-chloro-N-phenethylbenzamide (96%) as an off-white solid. 1H NMR (600 MHz, CDCl3) δ 7.62 (d, 

J = 8.5 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 7.34 (t, J = 7.5 Hz, 2H), 7.23 (t, J = 7.5 Hz, 3H), 6.04 (bs, 1H), 3.72 

(q, J = 6.5 Hz, 2H), 2.94 (t, J = 6.9 Hz, 2H) ppm. 

 

Preparation of 1-(4-chlorophenyl)-3,4-dihydroisoquinoline (9B): 
Prepared according to General Procedure B using 4-chloro-N-phenethylbenzamide (1.0 g, 3.85 mmol) to 

afford 760 mg of 1-(4-chlorophenyl)-3,4-dihydroisoquinoline (82%) as an off-white solid. 1H NMR (600 

MHz, CDCl3) δ 7.55 (d, J = 8.4 Hz, 2H) 7.41-7.39 (m, 3H), 7.28 (d, J = 7.9 Hz, 2H), 7.23 (t, J = 8.1 Hz, 1H), 

3.84 (t, J = 7.3 Hz, 2H), 2.80 (t, J = 7.3 Hz, 2H) ppm. 
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Preparation of 1-(4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline (9C): 

To a solution of 1-(4-chlorophenyl)-3,4-dihydroisoquinoline (700 mg, 2.90 mmol) in methanol (30 mL) in 

an ice bath under argon was added sodium borohydride (164 mg, 4.34 mmol). The reaction was raised 

from the ice bath and stirred for two hours at room temperature. The reaction was quenched with 

water (10 mL), and the aqueous phase was extracted with DCM (50 mL). The organic phase was dried 

over Na2SO4, filtered, and concentrated under reduced pressure to give 670 mg of 1-(4-chlorophenyl)-

1,2,3,4-tetrahydroisoquinoline (95%) as an off-white solid. 1H NMR (600 MHz, CDCl3) δ 7.29 (d, J = 8.4 

Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 4.0 Hz, 2H), 7.06-7.04 (m, 1H), 6.71 (d, J = 7.7 Hz, 1H), 5.08 (s, 

1H), 3.27-3.24 (m, 1H) 3.12-3.01 (m, 2H), 2.84-2.80 (m, 1H) ppm. 

 

Preparation of Methyl 3-(1-(4-chlorophenyl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate 

(9D):  
Prepared according to General Procedure D using 1-(4-chlorophenyl)-1,2,3,4-tetrahydroisoquinoline 

(600 mg, 2.46 mmol) to afford 540 mg of methyl 3-(1-(4-chlorophenyl)-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (67%) as a white solid. 1H NMR (600 MHz, CDCl3) δ 7.26 (d, J = 7.6 Hz, 2H), 7.19 (d, J = 8.3 

Hz, 2H), 7.12-7.08 (m, 2H), 7.00 (t, J = 8.0 Hz, 1H), 6.66 (d, J = 7.8 Hz, 1H), 4.56 (s, 1H), 3.61 (s, 3H), 3.18-

3.14 (m, 1H), 3.09-3.04 (m, 1H), 2.91-2.86 (m, 1H), 2.85-2.81 (m, 1H) 2.66-2.61 (m, 2H), 2.47 (t, J = 7.2 

Hz, 2H) ppm. 

 

3-(1-(4-chlorophenyl)-3,4-dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide (9) 

Prepared according to General Procedure E using methyl 3-(1-(4-chlorophenyl)-3,4-dihydroisoquinolin-

2(1H)-yl)propanoate (100 mg, 0.303 mmol) to afford 61 mg of 3-(1-(4-chlorophenyl)-3,4-



89 
 

dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide (61%) as a white solid. Melting Point: 61 – 75°C. 1H 

NMR (600 MHz, DMSO-d6) δ 10.36 (bs, 1H), 8.68 (bs, 1H), 7.36 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 8.3 Hz, 2H), 

7.14 (d, J = 7.4 Hz, 1H), 7.09 (t, J = 7.4 Hz, 1H), 7.01 (t, J = 7.3 Hz, 1H), 6.63 (d, J = 7.7 Hz, 1H), 4.66 (s, 1H), 

3.07-3.03 (m, 1H), 2.99-2.94 (m, 1H), 2.82-2.79 (m, 1H), 2.65-2.60 (m, 1H), 2.59-2.55 (m, 1H), 2.22-2.18 

(m, 1H), 2.10-2.05 (m, 1H); 13C NMR (150 MHz, DMSO-d6) δ 167.9, 143.0, 137.6, 134.4, 131.5, 131.0, 

128.4, 128.3, 128.1, 125.9, 125.6, 65.7, 50.0, 46.2, 29.9, 28.4 ppm. m/z calculated for C18H19ClN2O2 

[M+H]+ 331.1213, found 331.1219. IR cm-1: 741, 816, 939, 1013, 1086, 1125, 1373, 1427, 1450, 1489, 

1648, 2829, 2919, 3019, 3179. 

 

Preparation of 4-methyl-N-phenethylbenzamide (10A): 
Prepared according to General Procedure A using p-toluic acid (750 mg, 5.51 mmol) to afford 1.2 g of 4-

methyl-N-phenethylbenzamide (91%) as an off-white solid. 1H NMR (600 MHz, CDCl3) δ 7.58 (d, J = 8.1 

Hz, 2H), 7.33 (t, J = 7.5 Hz, 2H), 7.24 (d, J = 7.8 Hz, 3H), 7.21 (d, J = 7.9 Hz, 2H), 6.07 (bs, 1H), 3.72 (q, J = 

6.6 Hz, 2H), 2.93 (t, J = 6.9 Hz, 2H), 2.38 (s, 3H) ppm. 

 

Preparation of 1-(p-tolyl)-3,4-dihydroisoquinoline (10B): 
Prepared according to General Procedure B using 4-methyl-N-phenethylbenzamide (1.0 g, 4.18 mmol) to 

afford 420 mg of 1-(p-tolyl)-3,4-dihydroisoquinoline (45%) as an off-white solid. 1H NMR (600 MHz, 

CDCl3) δ 7.50 (d, J = 8.0 Hz, 2H), 7.38 (t, J = 6.9 Hz, 1H), 7.28 (t, J = 6.4 Hz, 2H), 7.23 (d, J = 7.8 Hz, 3H), 

3.83 (t, J = 7.3 Hz, 2H), 2.80 (t, J = 7.2 Hz, 2H), 2.41 (s, 3H) ppm. 

 

Preparation of 1-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (10C): 
Prepared according to General Procedure C using 1-(p-tolyl)-3,4-dihydroisoquinoline (420 mg, 1.9 mmol) 

to afford 413 mg of 1-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (97%) as an amber solid. 1H NMR (600 

MHz, CDCl3) δ 7.16-7.11 (m, 6H), 7.04-7.01 (m, 1H), 6.76 (d, J = 7.7 Hz, 1H), 5.07 (s, 1H), , 3.29-3.25 (m, 

1H), 3.11-3.01 (m, 2H), 2.85-2.81 (m, 1H), 2.34 (s, 3H), 1.79 (bs, 1H).  
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Preparation of Methyl 3-(1-(p-tolyl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate (10D): 
Prepared according to General Procedure D using 1-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (300 mg, 

1.34 mmol) to afford 275 mg of methyl 3-(1-(p-tolyl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate (66%) 

as an off-white solid. 1H NMR (600 MHz, CDCl3) δ 7.13-7.07 (m, 6H), 6.98 (t, J = 7.1 Hz, 1H), 6.70 (d, J = 

7.8 Hz, 1H), 4.56 (s, 1H), 3.60 (s, 3H), 3.17-3.15 (m, 1H), 3.11-3.06 (m, 1H), 2.91-2.88 (m, 1H), 2.86-2.82 

(m, 1H), 2.67-2.62 (m, 2H), 2.47 (t, J = 6.2 Hz, 2H), 2.33 (s, 3H) ppm. 

 

Preparation of N-hydroxy-3-(1-(p-tolyl)-3,4-dihydroisoquinolin-2(1H)-yl)propenamide (10): 
Prepared according to General Procedure E using ethyl 3-(1-(p-tolyl)-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (100 mg, 0.323 mmol) to afford 63 mg of N-hydroxy-3-(1-(p-tolyl)-3,4-dihydroisoquinolin-

2(1H)-yl)propenamide (63%) as a white solid. Melting Point: 60 – 69 °C. 1H NMR (600 MHz, DMSO-d6) δ 

10.36 (bs, 1H), 8.67 (bs, 1H), 7.11 (apps, 5H), 7.07 (t, J = 7.3 Hz, 1H), 6.98 (t, J = 7.3 Hz, 1H), 6.61 (d, J = 

7.7 Hz, 1H), 4.58 (s, 1H), 3.07-3.04 (m, 1H), 2.99-2.94 (m, 1H), 2.81-2.78 (m, 1H), 2.66-2.61 (m, 1H), 2.58-

2.56 (m, 2H + DMSO), 2.28 (s, 3H), 2.23-2.18 (m, 1H), 2.09-2.04 (m, 1H);  13C NMR (150 MHz, DMSO-d6) δ 

168.0, 140.7, 138.3, 136.0, 134.3, 129.1, 128.7, 128.4, 128.3, 125.7, 125.4, 66.4, 50.0, 46.3, 29.8, 28.5, 

20.7 ppm. m/z calculated for C19H22N2O2 [M+H]+ 311.1760, found 311.1766. IR cm-1: 739, 813, 938, 1013, 

1073, 1297, 1374, 1425, 1450, 1491, 1509, 1630, 1638, 2821, 2892, 3018, 3166. 

 

Preparation of N-phenethylbenzofuran-5-carboxamide (13A): 
Prepared according to General Procedure A using benzofuran-5-carboxylic acid (500 mg, 3.09 mmol) to 

afford 675 mg of N-phenethylbenzofuran-5-carboxamide (82%) as an off-white solid. 1H NMR (300 MHz, 

CDCl3) δ 7.98 (d, J = 1.7 Hz, 1H), 7.68-7.62 (m, 2H), 7.51 (d, J = 8.6 Hz, 1H), 7.37-7.32 (m, 2H), 7.27 (s, 3H), 

6.81 (d, J = 1.4 Hz, 1H), 6.12 (bs, 1H), 3.76 (q, J = 6.5 Hz, 2H), 2.96 (t, J = 6.9 Hz, 2H) ppm. 
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Preparation of 1-(benzofuran-5-yl)-3,4-dihydroisoquinoline (13B): 
Prepared according to General Procedure B using N-phenethylbenzofuran-5-carboxamide (600 mg, 2.26 

mmol) to afford 245 mg of 1-(benzofuran-5-yl)-3,4-dihydroisoquinoline (44%) as a yellow oil. 1H NMR 

(600 MHz, CDCl3) δ 7.86 (s, 1H), 7.67 (d, J = 2.0 Hz, 1H), 7.58-7.53 (m, 2H), 7.40 (t, J = 6.6 Hz, 1H), 7.30 (t, 

J = 7.8 Hz, 2H), 6.80 (d, J = 1.6 Hz, 1H), 3.86 (t, J = 7.3 Hz, 2H), 2.83 (t, J = 7.2 Hz, 2H) ppm. 

 

Preparation of 1-(benzofuran-5-yl)-1,2,3,4-tetrahydroisoquinoline (13C): 
Prepared according to General Procedure C using 1-(benzofuran-5-yl)-3,4-dihydroisoquinoline (245 mg, 

0.99 mmol) to afford 230 mg of 1-(benzofuran-5-yl)-1,2,3,4-tetrahydroisoquinoline (93%) as an off-white 

solid. 1H NMR (600 MHz, CDCl3) δ 7.61 (d, J = 2.0 Hz, 1H), 7.48 (d, J = 1.1 Hz, 1H), 7.45 (d, J = 8.5 Hz, 1H), 

7.26-7.22 (m, 1H), 7.17-7.13 (m, 2H), 7.04-7.01 (m, 1H), 6.76 (d, J = 7.7 Hz, 1H), 6.71 (d, J = 1.3 Hz, 1H), 

5.21 (s, 1H), 3.32-3.29 (m, 1H), 3.15-3.06 (m, 2H), 2.86-2.83 (m, 1H) ppm. 

 

Preparation of Methyl 3-(1-(benzofuran-5-yl)-3,4-dihydroisoquinolin-2(1H)-yl)propanoate 

(13D): 
Prepared according to General Procedure D using 1-(benzofuran-5-yl)-1,2,3,4-tetrahydroisoquinoline 

(200 mg, 0.8 mmol) to afford 200 mg  of  Methyl 3-(1-(benzofuran-5-yl)-3,4-dihydroisoquinolin-2(1H)-

yl)propanoate (75%) as an off-white solid. 1H NMR (600 MHz, CDCl3) δ 7.60 (s, 1H), 7.48 (s, 1H), 7.42 (d, J 

= 8.4 Hz, 1H), 7.20 (d, J = 8.4 Hz, 1H), 7.12 (d, J = 7.4 Hz, 1H) 7.09 (t, J = 7.2 Hz, 1H), 6.97 (t, J = 7.3 Hz, 

1H), 6.71 (s, 1H), 6.69 (d, J = 7.7 Hz, 1H), 4.67 (s, 1H), 3.57 (s, 3H), 3.23-3.19 (m, 1H), 3.16-3.11 (m, 1H), 

2.96-2.91 (m, 1H), 2.87-2.84 (m, 1H), 2.69-2.63 (m, 2H), 2.47 (t, J = 7.2 Hz, 2H) ppm. 
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Preparation of 3-(1-(benzofuran-5-yl)-3,4-dihydroisoquinolin-2(1H)-yl)-N-

hydroxypropanamide (13): 
Prepared according to General Procedure E using methyl 3-(1-(benzofuran-5-yl)-3,4-dihydroisoquinolin-

2(1H)-yl)propanoate (100 mg, 0.297 mmol) to afford 64 mg of 3-(1-(benzofuran-5-yl)-3,4-

dihydroisoquinolin-2(1H)-yl)-N-hydroxypropanamide (64%) as a white solid. Melting Point: 72-87°C. 1H 

NMR (600 MHz, DMSO-d6) δ 10.35 (bs, 1H), 8.66 (bs, 1H), 7.97 (d, J = 2.1 Hz, 1H), 7.52 (s, 1H), 7.50 (d, J = 

8.5 Hz, 1H), 7.18 (appdd, J = 1.2 Hz, 7.3 Hz, 1H), 7.14 (d, J = 7.6 Hz, 1H), 7.07 (t, J = 7.4 Hz, 1H), 6.97 (t, J = 

7.3 Hz, 1H), 6.92 (appd, J = 1.3 Hz, 1H), 6.62 (d, J = 7.8 Hz, 1H), 4.72 (s, 1H), 3.12-3.08 (m, 1H), 3.04-2.99 

(m, 1H), 2.84-2.81 (m, 1H), 2.69-2.65 (m, 1H), 2.62-2.57 (m, 2H), 2.24-2.19 (m, 1H), 2.10-2.05 (m, 1H); 13C 

NMR (150 MHz, DMSO-d6) δ 168.0, 153.5, 146.1, 138.6, 134.3, 128.5, 128.3, 126.9, 125.7, 125.6, 125.4, 

121.8, 110.9, 106.8, 106.7, 66.6, 50.0, 46.4, 29.8, 28.6 ppm. m/z calculated for C20H20N2O3 [M+H]+ 

337.1552, found 337.1554. IR cm-1: 657, 738, 765, 814, 883, 1014, 1027, 1107, 1190, 1260, 1450, 1463, 

1490, 1535, 1639, 2828, 2902, 3016, 3155. 
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Preparation of Methyl 1-(4-methoxybenzyl)-1H-indole-6-carboxylate: 

To a solution of methyl 1H-indole-6-carboxylate (1 g, 5.71 mmol) in acetonitrile (30 mL) stirred in an ice 

bath was added washed NaH (221 mg) as a slurry in acetonitrile (10 mL). The reaction mixture was aged 

in an ice bath for 30 minutes. 1-(chloromethyl)-4-methoxybenzene (1.2 mL) was added dropwise to the 

mixture and the reaction was raised from the ice bath and stirred at room temperature overnight. The 

reaction mixture was stirred in an ice bath and quenched with saturated NH4Cl solution (15 mL). The 

mixture was diluted with EtOAc (150 mL) and washed with brine (15 mL). The organic phase was dried 

over Na2SO4, filtered, and concentrated under reduced pressure to provide crude product. The product 

was purified on a silica gel column (0-20% EtOAc in hexanes) to give 900 mg of methyl 1-(4-

methoxybenzyl)-1H-indole-6-carboxylate (53%) as a pale-yellow solid. 1H NMR (400 MHz, CDCl3) δ 8.11 

(s, 1H), 7.80 (q, J = 3.3 Hz, 1H), 7.65 (d, J = 8.4, 1H), 7.25 (d, J = 3.1 Hz, 1H + CDCl3), 7.08 (d, J = 8.7 Hz, 

2H), 6.84 (d, J = 8.7 Hz, 2H), 6.57 (d, J = 1.3 Hz, 1H), 5.32 (s, 2H), 3.92 (s, 3H), 3.78 (s, 3H) ppm. 

 

Preparation of 1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid: 

To a solution of methyl 1-(4-methoxybenzyl)-1H-indole-6-carboxylate (845 mg, 2.86 mmol) in methanol 

(4 mL) was added THF (4 mL) and H2O (3 mL). LiOH (277 mg, 11.5 mmol) was added, and the reaction 

stirred at room temperature overnight. The reaction was quenched with 1 M HCl (10 mL), and the 

aqueous phase was extracted twice with EtOAc (30 mL). The organic phase was dried over Na2SO4, 

filtered, and concentrated under reduced pressure to provide 750 mg of 1-(4-methoxybenzyl)-1H-

indole-6-carboxylic acid (93%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 8.17 (s, 1H), 7.85 (q, J = 3.2 

Appendix Scheme 2 General Synthesis for methyl ester analogs. 
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Hz, 1H), 7.68 (d, J = 8.3 Hz, 1H), 7.28 (d, J = 3.1 Hz, 1H), 7.10 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 

6.59 (d, J = 2.5 Hz, 1H), 5.33 (s, 2H), 3.78 (s, 3H) ppm. 

 

Preparation of N-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1-(4-methoxybenzyl)-1H-indole-6-

carboxamide (14): 

To a solution of EDC HCl (35.3 mg, 0.185 mmol) in DCM (1 mL) was added DMAP (41.6 mg, 0.341 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (40 mg, 0.142 mmol) was added. The reaction was 

stirred for 15 minutes in an ice bath. Dansyl amide (35.5 mg, 0.142 mmol) was added, and the reaction 

was stirred at room temperature overnight. The reaction was quenched with 1 M HCl until the pH was 

roughly 7, and the mixture was diluted with DCM (10 mL). The organic phase was washed with saturated 

NH4Cl solution (10 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under 

reduced pressure to provide crude product. The crude product was purified on a silica gel column (0-

20% EtOAc in hexanes) to give 65 mg of N-((5-(dimethylamino)naphthalen-1-yl)sulfonyl)-1-(4-

methoxybenzyl)-1H-indole-6-carboxamide (89%) as a bright yellow solid. 1H NMR (500 MHz, CDCl3) δ 

8.94 (bs, 1H), 8.61 (appt, J = 8.5 Hz, 2H), 8.33 (d, J = 8.7 Hz, 1H), 7.83 (s, 1H), 7.62 (appt, J = 7.82, 2H), 

7.54 (t, J = 8.1 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.24 (d, J = 3.1 Hz, 1H), 7.14 (d, J = 7.6 Hz, 1H), 6.99 (d, J = 

8.6 Hz, 2H), 6.79 (d, J = 8.7 Hz, 2H), 6.53 (d, J = 2.7 Hz, 1H), 5.22 (s, 2H), 3.76 (s, 3H), 2.86 (s, 6H) ppm. 13C 

NMR (126 MHz, CDCl3) δ 165.06, 159.27, 135.62, 133.47, 132.67, 131.87, 131.75, 129.76, 129.68, 

129.39, 128.78, 128.52, 128.31, 128.21, 124.06, 123.39, 121.06, 118.33, 118.22, 115.19, 114.24, 110.80, 

102.13, 55.24, 49.57, 45.41 ppm. m/z calculated for C29H27N3O4S [M+H]+ 514.17, found 514.1. IR cm-1: 

622, 726, 758, 787, 819, 872, 944, 1030, 1054, 1090, 1142, 1200, 1243, 1317, 1337, 1397, 1413, 1512, 

1572, 1586, 1610, 1674, 2786, 2833, 2867, 2928, 3279. 

 

Preparation of N-(2-aminophenyl)-1-(4-methoxybenzyl)-1H-indole-6-carboxamide (15): 

To a solution of 1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (100 mg, 0.355 mmol) in acetonitrile (8 

mL) was added propanephosphonic acid anhydride (0.41 mL, 50% solution). N-methylmorpholine (0.19 

mL, 207 mg, 2.03 mmol) was added to the solution, and the mixture was stirred at room temperature 

for 10 minutes. Benzene-1,2-diamine (40 mg, 3.73 mmol) was added, and the reaction was stirred at 

room temperature overnight. Reaction was diluted with DCM (10 mL) and washed with saturated NH4Cl 

solution (2 mL0 and water (2 mL). The organic phase was dried over Na2SO4, filtered, and concentrated 

under reduced pressure to provide crude product. The crude product was purified on a silica gel column 

(0-20% EtOAc in DCM) to give 27 mg of N-(2-aminophenyl)-1-(4-methoxybenzyl)-1H-indole-6-

carboxamide (20%) as an off-white solid. 1H NMR (600 MHz, CDCl3) δ 8.04 (s, 1H), 7.85 (bs, 1H), 7.71 (d, J 
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= 8.2 Hz, 1H), 7.57 (d, J = 8.3 Hz, 1H), 7.33 (d, J = 6.8 Hz, 1H), 7.08-7.10 (m, 3H), 6.85 (dd, J = 7.8, 12.0 Hz, 

4H), 6.59 (d, J = 2.9 Hz, 2H), 5.33 (s, 2H), 3.93 (bs, 1H), 3.78 (s, 3H) ppm. 13C NMR (151 MHz, CDCl3) δ 

159.26, 140.74, 135.98, 131.62, 131.06, 128.89, 128.36, 127.38, 127.01, 125.15, 124.96, 120.96, 119.74, 

118.34, 117.66, 114.27, 110.36, 101.96, 55.29, 49.75 ppm. m/z calculated for C23H21N3O2 [M+H]+ 372.16, 

found 372.3. IR cm-1: 649, 721, 755, 820, 1028, 1176, 1246, 1294, 1315, 1352, 1450, 1511, 1610, 2836, 

2927, 3216. 

 

Preparation of N-(2-hydroxyphenyl)-1-(4-methoxybenzyl)-1H-indole-6-carboxamide (16): 

To a solution of 1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (60 mg, 0.213 mmol) in DCM (3 mL) in 

an ice bath was added 2-aminophenol (30.1 mg, 0.276 mmol), triethylamine (0. 075 mL, 0.534 mmol), 

and DMAP (2.5 mg, 0.021 mmol). EDC HCl (36 mg, 0.234 mmol) was added to the solution and the 

reaction was stirred on ice for 1 hour. The reaction was raised from the ice bath and stirred at room 

temperature overnight. The reaction was diluted with EtOAc (20 mL) and washed with 1 M HCl (3 mL), 

saturated NaHCO3 solution (3 mL), and brine (3 mL). The organic phase was dried over Na2SO4, filtered, 

and concentrated under reduced pressure to provide crude product. The crude product was purified on 

a silica gel column (0-25% EtOAc in hexanes) to give 15 mg of N-(2-hydroxyphenyl)-1-(4-methoxybenzyl)-

1H-indole-6-carboxamide (19%) as a pale amber solid. 1H NMR (600 MHz, CDCl3) δ 9.13 (s, 1H), 8.12 (s, 

1H), 8.07 (s, 1H), 7.75 (d, J = 8.3 Hz, 1H), 7.56 (q, J = 3.1 Hz, 1H), 7.19 (appt, J = 7.1 Hz, 1H), 7.10-7.12 (m, 

4H), 6.94 (appt, J = 7.1 Hz, 1H), 6.87 (d, J = 8.6 Hz, 2H), 6.63 (d, J = 2.9 Hz, 1H), 5.37 (s, 2H), 3.80 (s, 3H) 

ppm. 13C NMR (151 MHz, CDCl3) δ 169.20, 159.38, 149.22, 135.97, 132.10, 131.58, 128.67, 128.38, 

127.28, 127.28, 125.92, 122.39, 121.17, 120.46, 120.26, 117.42, 114.33, 110.76, 102.13, 55.31, 49.82 

ppm. m/z calculated for C23H20N2O3 [M+H]+ 373.15, found 373.1. IR cm-1: 698, 734, 748, 771, 796, 883, 

962, 1030, 1151, 1175, 1238, 1289, 1315, 1335, 1432, 1491, 1509, 1588, 1612, 1685, 2836, 2925, 3020, 

3091, 3276. 

 

Preparation of 1-(4-methoxybenzyl)-N-(2-(methylthio)phenyl)-1H-indole-6-carboxamide (17): 

To a solution of EDC HCl (35.3 mg, 0.185 mmol) in DCM (1 mL) was added DMAP (41.6 mg, 0.341 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (40 mg, 0.142 mmol) was added. The reaction was 

stirred for 15 minutes in an ice bath. 2-(methylthio)aniline (0.017 mL, 0.142 mmol) was added, and the 

reaction was stirred at room temperature overnight. The reaction was quenched with 1 M HCl until the 

pH was roughly 1, and the mixture was diluted with DCM (10 mL). The organic phase was washed with 

brine (5 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced 

pressure to provide crude product. The crude product was purified on a silica gel column (0-20% EtOAc 
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in hexanes) to give 47 mg of 1-(4-methoxybenzyl)-N-(2-(methylthio)phenyl)-1H-indole-6-carboxamide 

(82%) as an orange solid. 1H NMR (600 MHz, CDCl3) δ 9.33 (s, 1H), 8.58 (d, J = 8.0 Hz, 1H), 8.07 (s, 1H), 

7.73 (d, J = 8.2 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.55 (d, J = 7.3 Hz, 1H), 7.36 (d, J = 7.3 Hz, 1H), 7.29 (d, J = 

2.8 Hz, 1H), 7.07-7.13 (m, 3H), 6.84 (d, J = 8.5 Hz, 2H), 6.60 (d, J = 2.3 Hz, 1H), 5.35 (s, 2H), 3.77 (s, 3H), 

2.38 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 166.11, 159.32, 139.24, 136.01, 133.56, 131.71, 131.12, 

129.33, 128.86, 128.39, 128.16, 125.15, 124.02, 121.05, 120.28, 117.57, 114.33, 110.24, 101.93, 55.28, 

49.91, 19.27 ppm. m/z calculated for C24H22N2O2S [M+H]+ 403.14, found 403.0. IR cm-1: 632, 731, 747, 

772, 814, 879, 1030, 1177, 1236, 1306, 1352, 1435, 1464, 1511, 1574, 1610, 1647, 2925, 2971, 3324. 

 

Preparation of N-(2-hydroxyethyl)-1-(4-methoxybenzyl)-1H-indole-6-carboxamide (25): 

To a solution of EDC HCl (35.3 mg, 0.185 mmol) in DCM (1 mL) was added DMAP (41.6 mg, 0.341 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (40 mg, 0.142 mmol) was added. The reaction was 

stirred for 15 minutes in an ice bath. 2-aminoethan-1-ol (0.009 mL, 0.142 mmol) was added, and the 

reaction was stirred at room temperature overnight. The reaction was quenched with 1 M HCl until the 

pH was roughly 2, and the mixture was diluted with DCM (10 mL). The organic phase was washed with 

water (5 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced 

pressure to provide crude product. The crude product was purified on a silica gel column (0-60% EtOAc 

in hexanes) to give 37 mg of N-(2-hydroxyethyl)-1-(4-methoxybenzyl)-1H-indole-6-carboxamide (80%) as 

an orange solid. 1H NMR (500 MHz, CDCl3) δ 7.96 (s, 1H), 7.64 (d, J = 8.3 Hz, 1H), 7.42 (dd, J = 1.5, 8.3 Hz, 

1H), 7.22 (d, J = 3.1 Hz, 1H), 7.07 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.64 (bs, 1H), 6.56 (d, J = 2.6 

Hz, 1H), 5.31 (s, 2H), 3.85 (t, J = 4.9 Hz, 2H), 3.77 (s, 3H), 3.65 (q, J = 5.2 Hz, 2H) ppm. 13C NMR (126 MHz, 

CDCl3) δ 169.66, 159.29, 135.99, 131.37, 130.76, 128.95, 128.33, 127.29, 120.75, 117.40, 114.29, 110.02, 

101.89, 62.88, 55.29, 49.62, 43.17 ppm. m/z calculated for C19H20N2O3 [M+H]+ 325.15, found 325.1. IR 

cm-1: 655, 696, 725, 754, 771, 810, 1028, 1058, 1107, 1172, 1241, 1290, 1349, 1437, 1460, 1509, 1534, 

1606, 1627, 2929, 3305. 

 

Preparation of N-(2-hydroxypropyl)-1-(4-methoxybenzyl)-1H-indole-6-carboxamide (26): 

To a solution of EDC HCl (35.3 mg, 0.185 mmol) in DCM (1 mL) was added DMAP (41.6 mg, 0.341 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (40 mg, 0.142 mmol) was added. The reaction was 

stirred for 15 minutes in an ice bath. 1-aminopropan-2-ol (0.011 mL, 0.142 mmol) was added, and the 

reaction was stirred at room temperature overnight. The reaction was quenched with 1 M HCl until the 

pH was roughly 1, and the mixture was diluted with DCM (10 mL). The organic phase was washed with 
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brine (10 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced 

pressure to provide crude product. The crude product was purified on a silica gel column (0-60% EtOAc 

in hexanes) to give 37 mg of N-(2-hydroxypropyl)-1-(4-methoxybenzyl)-1H-indole-6-carboxamide (78%) 

as a yellow oil. 1H NMR (500 MHz, CDCl3) δ 7.96 (s, 1H), 7.64 (d, J = 8.3 Hz, 1H), 7.42 (dd, J = 1.4, 8.3 Hz, 

1H), 7.22 (d, J = 3.1 Hz, 1H), 7.08 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.60 (bs, 1H), 6.56 (d, J = 3.1 

Hz, 1H), 5.31 (s, 2H), 4.06 (bs, 1H), 3.77 (s, 3H), 3.64-3.69 (m, 1H), 3.33-3.38 (m, 1H), 2.72 (d, J = 3.7 Hz, 

1H), 1.26 (d, J = 6.3 Hz, 3H + grease) ppm. 13C NMR (126 MHz, CDCl3) δ 169.51, 159.27, 135.98, 131.34, 

130.74, 128.95, 128.36, 127.35, 120.74, 117.39, 114.28, 110.06, 101.88, 67.89, 55.29, 49.63, 47.76, 

21.09 ppm. m/z calculated for C20H22N2O3 [M+H]+ 339.16, found 339.1. IR cm-1: 650, 678, 728, 759, 820, 

873, 1023, 1080, 1111, 1136, 1176, 1245, 1305, 1319, 1354, 1438, 1462, 1510, 1534, 1608, 2925, 2959, 

3093, 3323. 

 

Preparation of 1-(4-methoxybenzyl)-N-(methylsulfonyl)-1H-indole-6-carboxamide (32): 

To a solution of EDC HCl (664 mg, 3.47 mmol) in DCM (15 mL) was added DMAP (782 mg, 6.40 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (750 mg, 2.67 mmol) was added. The reaction was 

stirred for 15 minutes in an ice bath. Methanesulfonamide (254 mg, 2.67 mmol) was added, and the 

reaction was stirred at room temperature overnight. The reaction was quenched with 1 M HCl until the 

pH was roughly 1, and the mixture was diluted with DCM (10 mL). The organic phase was washed with 

saturated NH4Cl solution (10 mL). The organic phase was dried over Na2SO4, filtered, and concentrated 

under reduced pressure to provide crude product. The crude product was purified on a silica gel column 

(0-20% EtOAc in hexanes) to give 600 mg of 1-(4-methoxybenzyl)-N-(methylsulfonyl)-1H-indole-6-

carboxamide (63%) as an off-white solid. 1H NMR (600 MHz, CDCl3) δ 8.40 (s, 1H), 7.96 (s, 1H), 7.72 (d, J 

= 8.3 Hz, 2H), 7.47-7.45 (m, 2H), 7.34 (d, J = 3.1 Hz, 2H), 7.08 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 

6.63 (d, J = 2.9 Hz, 2H), 5.35 (s, 2H), 3.80 (s, 3H), 3.46 (s, 3H) ppm. 13C NMR (151 MHz, CDCl3) δ 165.98, 

159.39, 135.72, 133.05, 132.39, 128.43, 128.24, 123.77, 121.35, 117.95, 114.37, 110.93, 102.31, 55.31, 

49.86, 41.85 ppm. m/z calculated for C18H18N2O4S [M+H]+ 359.10, found 359.14. IR cm-1: 733, 771, 808, 

835, 866, 962, 1025, 1093, 1151, 1177, 1237, 1318, 1335, 1392, 1427, 1491, 1612, 1685, 2833, 2937, 

3020, 3271. 

 

Preparation of N-(N,N-dimethylsulfamoyl)-1-(4-methoxybenzyl)-1H-indole-6-carboxamide (33): 

To a solution of 1-(4-methoxybenzyl)-1H-indole-6-carboxylic acid (60 mg, 0.213 mmol) in DCM (3 mL) in 

an ice bath was added methanesulfonamide (35 mg, 0.276 mmol), triethylamine (0. 075 mL, 0.534 

mmol), and DMAP (2.5 mg, 0.021 mmol). EDC HCl (36 mg, 0.234 mmol) was added to the solution and 
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the reaction was stirred on ice for 1 hour. The reaction was raised from the ice bath and stirred at room 

temperature overnight. The reaction was diluted with EtOAc (20 mL) and washed with 1 M HCl (2 mL), 

saturated NaHCO3 solution (2 mL), and brine (2 mL). The organic phase was dried over Na2SO4, filtered, 

and concentrated under reduced pressure to provide crude product. The crude product was purified on 

a silica gel column (0-25% EtOAc in hexanes) to give 17 mg of N-(N,N-dimethylsulfamoyl)-1-(4-

methoxybenzyl)-1H-indole-6-carboxamide (21%) as a pale amber solid. 1H NMR (500 MHz, CDCl3) δ 8.38 

(s, 1H), 7.94 (s, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.43 (q, J = 3.3 Hz, 1H), 7.30 (d, J = 3.2 Hz, 1H), 7.06 (d, J = 8.7 

Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 6.60 (d, J = 2.7 Hz, 1H), 5.32 (s, 2H), 3.78 (s, 3H), 3.05 (s, 6H) ppm. 13C 

NMR (126 MHz, CDCl3) δ 165.72, 159.39, 135.82, 132.70, 132.03, 128.54, 128.28, 124.22, 121.23, 

117.86, 114.37, 110.71, 102.25, 55.31, 49.75, 38.42 ppm. m/z calculated for C19H21N3O4S [M]- 386.13, 

found 386.1. IR cm-1: 651, 708, 727, 767, 820, 872, 981, 1032, 1065, 1094, 1128, 1154, 1177, 1246, 1351, 

1406, 1430, 1486, 1512, 1561, 1612, 1644, 2849, 2917, 3169. 

 

Preparation of N-methoxy-1-(4-methoxybenzyl)-N-methyl-1H-indole-6-carboxamide: 

To a solution of methyl 1-(4-methoxybenzyl)-1H-indole-6-carboxylate (200 mg, 0.677 mmol) in THF (2 

mL) in a -20°C bath was added N,O-dimethylhydroxylamine hydrochloride (102.4 mg, 1.05 mmol). 1 M 

iPrMgCl in MeTHF (2 mL) was added dropwise over 10 minutes. The reaction was allowed to warm to 

room temperature and stir for 30 minutes. The mixture was quenched with saturated NH4Cl solution (2 

mL) and diluted with EtOAc (10 mL). The organic phase was dried over Na2SO4, filtered, and 

concentrated under reduced pressure to provide crude product. The crude product was purified on a 

silica gel column (0-30% EtOAc in hexanes) to give 165 mg of N-methoxy-1-(4-methoxybenzyl)-N-methyl-

1H-indole-6-carboxamide (75%) as a yellow oil. 1H NMR (600 MHz, CDCl3) δ 7.77 (s, 1H), 7.62 (d, J = 8.2 

Hz, 1H), 7.47 (d, J = 8.2 Hz, 1H), 7.21 (d, J = 2.8 Hz, 1H), 7.08 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 

6.55 (d, J = 2.5 Hz, 1H), 5.29 (s, 2H), 3.77 (s, 3H), 3.51 (s, 3H), 3.35 (s, 3H) ppm. 

 

Preparation of 1-(1-(4-methoxybenzyl)-1H-indol-6-yl)propan-1-one (21): 

To a solution of N-methoxy-1-(4-methoxybenzyl)-N-methyl-1H-indole-6-carboxamide (30 mg, 0.092 

mmol) in THF (1 mL) in an ice bath was added ethyl magnesium bromide (0.08 mL, 0.222 mmol). The 

reaction was raised to room temperature and stirred for 1 hour. The reaction was quenched with 

saturated NH4Cl solution (1 mL) and diluted with EtOAc (10 mL). The organic phase was dried over 

Na2SO4, filtered, and concentrated under reduced pressure to provide crude product. The crude product 

was purified on a silica gel column (0-20% EtOAc in hexanes) to give 16 mg of 1-(1-(4-methoxybenzyl)-

1H-indol-6-yl)propan-1-one (59%) as a pale-yellow oil. 1H NMR (600 MHz, CDCl3) δ 8.05 (s, 1H), 7.74 (d, J 

= 8.2 Hz, 1H), 7.65 (d, J = 8.3 Hz, 1H), 7.09 (d, J = 8.4 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 6.56 (d, J = 2.4 Hz, 
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1H), 5.32 (s, 2H), 3.78 (s, 3H), 3.05 (q, J = 7.2 Hz, 2H), 1.24 (t, J = 7.3 Hz, 3H + grease) ppm. 13C NMR (126 

MHz, CDCl3) δ 201.00, 159.32, 135.91, 132.41, 131.59, 130.89, 128.91, 128.38, 120.54, 119.61, 114.30, 

110.29, 101.94, 55.29, 49.72, 31.86, 8.68 ppm. m/z calculated for C19H19NO2 [M+H]+ 294.14, found 294.2. 

IR cm-1: 640, 724, 754, 791, 821, 894, 915, 1029, 1171, 1234, 1302, 1316, 1350, 1454, 1512, 1605, 1673, 

2905, 2933. 

 

Preparation of 2,2,2-trifluoro-1-(1-(4-methoxybenzyl)-1H-indol-6-yl)ethan-1-one (22): 

To a solution of N-methoxy-1-(4-methoxybenzyl)-N-methyl-1H-indole-6-carboxamide (30 mg, 0.092 

mmol) in toluene (1 mL) stirred on ice was added CsF (6 mg, 0.036 mmol). The reaction was vented and 

TMS-CF3 (27 μL, 0.185) was added. The reaction was stirred in an ice bath for 10 minutes. The solvent 

was removed under reduced pressure and the mixture was taken back up into THF (0.5 mL). 1 drop of 

water (20 μL) and 1M TBAF in THF (0.1 mL) was added and the reaction was refluxed for 2 hours. The 

solvent was removed under reduced pressure, diluted with EtOAc (20 mL) and washed with water (5 mL) 

and brine (5 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced 

pressure to provide crude product. The crude product was purified on a silica gel column (0-20% EtOAc 

in hexanes) to give 25 mg of 2,2,2-trifluoro-1-(1-(4-methoxybenzyl)-1H-indol-6-yl)ethan-1-one (82%) as a 

yellow oil. 1H NMR (600 MHz, CDCl3) δ 8.13 (s, 1H), 7.81 (d, J = 8.3 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 7.38 

(d, J = 2.5 Hz, 1H), 7.12 (d, J = 8.3 Hz, 2H), 6.86 (d, J = 8.4 Hz, 2H), 6.61 (d, J = 2.0 Hz, 1H), 5.33 (s, 2H), 

3.78 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 179.41 (q, J = 33.7 Hz, 1C), 158.47, 134.50, 133.43, 132.61, 

127.54, 127.19, 122.26, 120.22, 119.85, 116.17 (q, J = 291.6 Hz, 1C), 113.37, 112.30, 101.52, 54.29, 49.02 

ppm. 19F (471 MHz, CDCl3) δ -70.07 ppm. m/z calculated for C18H14F3NO2 [M+H]+ 334.10, found 334.0. IR 

cm-1: 733, 798, 884, 1020, 1086, 1136, 1259, 1466, 1513, 1609, 1698, 2853, 2924, 2962. 

 

Preparation of (1-(4-methoxybenzyl)-1H-indol-6-yl)(thiazol-2-yl)methanone (29): 

To a solution of N-methoxy-1-(4-methoxybenzyl)-N-methyl-1H-indole-6-carboxamide (30 mg, 0.092 

mmol) in THF (1 mL) stirring in a -15°C bath was added 2-bromothiazole (0.01 mL, 0.115 mmol). 

Isopropyl magnesium chloride (0.36 mL, 0.115 mmol) was added dropwise to the solution. The reaction 

was aged in a -15°C bath for 30 minutes. The mixture was raised from the bath and stirred at room 

temperature overnight. The crude mixture was purified on a silica gel column (0-15% EtOAc in hexanes) 

to give 18 mg of (1-(4-methoxybenzyl)-1H-indol-6-yl)(thiazol-2-yl)methanone (56%) as a bright orange 

solid. 1H NMR (500 MHz, CDCl3) δ 8.79 (s, 1H), 8.26 (dd, J = 8.4, 1.4 Hz, 1H), 8.08 (d, J = 3.1 Hz, 1H), 7.71 

(d, J = 8.5 Hz, 1H), 7.68 (d, J = 3.1 Hz, 1H), 7.31 (d, J = 3.1 Hz, 1H), 7.15 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 

Hz, 2H), 6.58 (d, J = 2.6 Hz, 1H), 5.36 (s, 2H), 3.77 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 183.75, 

169.22, 159.32, 144.50, 135.72, 133.15, 132.20, 128.86, 128.65, 128.56, 125.48, 122.15, 120.64, 114.58, 
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114.27, 102.20, 55.29, 49.88 ppm. m/z calculated for C20H16N2O2S [M+H]+ 349.09, found 349.1. IR cm-1: 

612, 650, 682, 723, 759, 798, 819, 843, 878, 943, 1031, 1072, 1106, 1157, 1172, 1244, 1280, 1303, 1356, 

1390, 1490, 1512, 1556, 1604, 1629, 2838, 2926, 2959, 3079, 3114. 

 

Preparation of 1-(4-methoxybenzyl)-1H-indole-6-carbohydrazide: 

To a solution of methyl 1-(4-methoxybenzyl)-1H-indole-6-carboxylate (98.7 mg, .334 mmol) in EtOH (3 

mL) was added hydrazine monohydrate (0.5 mL, 10.14 mmol). The reaction was heated to reflux, and 

the reaction stirred overnight. The mixture was filtered to give 61 mg of 1-(4-methoxybenzyl)-1H-indole-

6-carbohydrazide (62%) and a pale-yellow solid that was used in the next step without further 

purification. 1H NMR (500 MHz, CDCl3) δ 9.63 (bs, 1H), 8.04 (s, 1H), 7.63 (d, J = 3.1 Hz, 1H), 7.57 (d, J = 8.2 

Hz, 1H), 7.53 (dd, J = 8.3, 1.4 Hz, 1H), 7.20 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H), 6.51 (d, J = 3.0 Hz, 

1H), 5.36 (s, 2H), 4.44 (bs, 2H), 3.70 (s, 3H) ppm. 

 

Preparation of N'-(2-hydroxybenzylidene)-1-(4-methoxybenzyl)-1H-indole-6-carbohydrazide (30): 

To a solution of salicylaldehyde (20.6 mg, .169 mmol) in ether (0.8 mL) was added 1-(4-methoxybenzyl)-

1H-indole-6-carbohydrazide (40.6 mg, .137 mmol). MeOH and THF (0.8 mL and 0.4 mL respectively) 

were added to the mixture. The reaction was stirred at room temperature overnight. The crude mixture 

was purified with no further work-up on a silica gel column (0-40% EtOAc in hexanes) to give 42 mg of 

N'-(2-hydroxybenzylidene)-1-(4-methoxybenzyl)-1H-indole-6-carbohydrazide (78%) as an amber solid. 1H 

NMR (500 MHz, CDCl3) δ 12.01 (s, 1H), 11.44 (s, 1H), 8.66 (s, 1H), 8.16 (s, 1H), 7.64-7.69 (m, 3H), 7.53 (d, 

J = 7.2 Hz, 1H), 7.31 (appt, J = 7.1 Hz, 1H), 7.20 (d, J = 8.6 Hz, 2H), 6.94 (appt, J = 8.8 Hz, 2H), 6.89 (d, J = 

8.7 Hz, 2H), 6.58 (d, J = 2.6 Hz, 1H), 5.45 (s, 2H), 3.71 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 159.31, 

135.90, 131.93, 131.80, 131.31, 130.84, 128.73, 128.40, 125.44, 121.04, 119.33, 117.51, 117.25, 114.30, 

110.70, 102.60, 55.29, 49.78 ppm. m/z calculated for C24H21N3O3 [M+H]+ 400.16, found 400.2. IR cm-1: 

640, 662, 718, 754, 795, 828, 855, 923, 950, 1028, 1073, 1125, 1151, 1172, 1246, 1266, 1284, 1318, 

1356, 1435, 1463, 1485, 1510, 1526, 1572, 1610, 1631, 2858, 2915, 2961, 3034, 3097, 3220. 
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Preparation of 1-(4-methoxybenzyl)-1H-indole-6-carbonitrile: 

To a solution of 1H-indole-6-carbonitrile (1 g, 7.03 mmol) in acetonitrile (10 mL) stirred in an ice bath 

was added washed NaH (253 mg) as a slurry in acetonitrile (20 mL). The reaction mixture was aged in an 

ice bath for 30 minutes. 1-(chloromethyl)-4-methoxybenzene (1.4 mL) was added dropwise to the 

mixture and the reaction was raised from the ice bath and stirred at room temperature overnight. The 

reaction mixture was stirred in an ice bath and quenched with saturated NH4Cl solution (10 mL). The 

mixture was diluted with EtOAc (50 mL). The organic phase was dried over Na2SO4, filtered, and 

concentrated under reduced pressure to provide crude product. Product was purified on a silica gel 

column (0-20% EtOAc in hexanes) to give 1.75 g of 1-(4-methoxybenzyl)-1H-indole-6-carbonitrile (95%) 

as a pale orange solid. 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 8.3 Hz, 1H), 7.62 (s, 1H), 7.31-7.33 (m, 2H), 

7.06 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 3.0 Hz, 1H), 5.28 (s, 2H), 3.79 (s, 3H) ppm. 

 

Preparation of 1-(4-methoxybenzyl)-6-(2H-tetrazol-5-yl)-1H-indole (36): 

To a flask containing 1-(4-methoxybenzyl)-1H-indole-6-carbonitrile (65 mg, 0.248 mmol) was added 

TMS-N3 (0.127 mL, 0.957 mmol) and 1M TBAF in THF (0.12 mL). The reaction was refluxed at 85°C for 4 

hours. The mixture was diluted with EtOAc (20 mL) and was washed with 1M HCl solution (4 mL) and 

brine (4 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under reduced 

pressure to provide crude product. Product was purified on a silica gel column (0-70% EtOAc in hexanes) 

to give 15 mg of 1-(4-methoxybenzyl)-6-(2H-tetrazol-5-yl)-1H-indole (20%) as an off-white solid. 1H NMR 

(600 MHz, DMSO) δ 8.20 (s, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.68-7.70 (m, 2H), 7.22 (d, J = 8.6 Hz, 2H), 6.88 

(d, J = 8.6 Hz, 2H), 6.59 (d, J = 2.9 Hz, 1H), 5.44 (s, 2H), 3.69 (s, 3H) ppm. 13C NMR (151 MHz, DMSO) δ 

Appendix Scheme 3 General scheme for nitrile analogs. 
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158.60, 135.35, 131.82, 130.40, 129.73, 128.40, 121.36, 117.78, 113.98, 109.15, 101.45, 55.01, 48.69 

ppm. m/z calculated for C17H15N5O [M+H]+ 306.13, found 306.2. IR cm-1: 722, 740, 756, 813, 881, 1029, 

1055, 1151, 1175, 1244, 1320, 1443, 1467, 1513, 1560, 1612, 2714, 2916, 3060. 

 

Preparation of N-hydroxy-1-(4-methoxybenzyl)-1H-indole-6-carboximidamide (37): 

To a solution of 1-(4-methoxybenzyl)-1H-indole-6-carbonitrile (1 g, 3.81 mmol) in EtOH (4 mL) was 

added hydroxylamine 50% in water (0.5 mL) in a sealed tube. The reaction was stirred at 75°C overnight. 

The solvent was removed under reduced pressure to give crude product. The product was purified on a 

silica gel column (0-50% EtOAc in hexanes) to give 766 mg of N-hydroxy-1-(4-methoxybenzyl)-1H-indole-

6-carboximidamide (68%) as a pale-yellow solid. 1H NMR (500 MHz, CDCl3) δ 7.62-7.65 (m, 2H), 7.36 (q, J 

= 3.2 Hz, 1H), 7.16 (d, 3.1 Hz, 1H), 7.06 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.54 (q, J = 1.2 Hz, 1H), 

5.27 (s, 2H), 4.87 (bs, 2H), 3.77 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 159.22, 154.20, 136.04, 130.23, 

129.72, 129.12, 128.31, 125.82, 121.09, 117.36, 114.26, 107.69, 101.75, 55.28, 49.59 ppm. m/z 

calculated for C17H17N3O2 [M+H]+ 296.13, found 296.14. IR cm-1: 646, 695, 725, 760, 814, 917, 940, 1026, 

1175, 1242, 1304, 1315, 1356, 1371, 1439, 1462, 1510, 1583, 1610, 1633, 2835, 2931, 2964, 3096, 3361, 

3484. 

 

Preparation of 3-(1-(4-methoxybenzyl)-1H-indol-6-yl)-5-(trifluoromethyl)-1,2,4-oxadiazole (27): 

To a solution of N-hydroxy-1-(4-methoxybenzyl)-1H-indole-6-carboximidamide (25 mg, 0.085 mmol) in 

THF (0.5 mL) stirring in an ice bath was added trifluoroacetic anhydride (24μL, 0.17 mmol). The reaction 

was raised from the bath and stirred at room temperature overnight. The mixture was diluted with 

EtOAc (10 mL) and washed with saturated NaHCO3 solution (2 mL). The organic phase was dried over 

Na2SO4, filtered, and concentrated under reduced pressure to provide crude product. Product was 

purified on a silica gel column (0-20% EtOAc in hexanes) to give 22 mg of 3-(1-(4-methoxybenzyl)-1H-

indol-6-yl)-5-(trifluoromethyl)-1,2,4-oxadiazole (69%) as a yellow oil. 1H NMR (600 MHz, CDCl3) δ 8.13 (s, 

1H), 7.86 (d, J = 8.3 Hz, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.24 (d, J = 3.1 Hz, 1H), 7.10 (d, J = 8.5 Hz, 2H), 6.85 

(d, J = 8.6 Hz, 2H), 6.60 (d, J = 2.9 Hz, 1H), 5.34 (s, 2H), 3.78 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 170.21, 

159.30 136.00, 131.75, 130.93, 128.78, 128.34, 121.69, 118.68, 117.96, 114.28, 109.82, 102.32, 55.29, 

49.66 ppm. 13C NMR (126 MHz, CDCl3) δ 170.22, 165.37 (q, J = 44.1 Hz, 1C), 159.33, 136.03, 131.78, 

130.92, 128.79, 128.36, 121.69, 118.69, 117.99, 116.12 (q, J = 273.4 Hz, 1C), 114.30, 109.83, 102.33, 

55.29, 49.68 ppm. 19F NMR (471 MHz, CDCl3) δ -65.39 ppm. m/z calculated for C19H14F3N3O2 [M+H]+ 

374.10, found 374.0. IR cm-1: 612, 632, 661, 713, 731, 755, 769, 817, 871, 947, 992, 1032, 1071, 1109, 

1156, 1170, 1210, 1246, 1305, 1350, 1401, 1440, 1467, 1510, 1533, 1584, 1613, 1634, 2838, 2932, 2963, 

2998, 3372, 3486.  
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Preparation of 3-(1-(4-methoxybenzyl)-1H-indol-6-yl)-1,2,4-oxadiazol-5(4H)-one (34):  

To a solution of N-hydroxy-1-(4-methoxybenzyl)-1H-indole-6-carboximidamide (60 mg, 0.203 mmol) in 

dioxane (8 mL) was added CDI (50 mg, 0.305 mmol) and DBU (50 μL, 0.305 mmol). The reaction was 

heated to 100°C for 1 hour. The solvent was removed under reduced pressure, and the crude mixture 

was diluted with DCM (10 mL). The mixture was washed with 1M HCl twice (5 mL). The organic phase 

was dried over Na2SO4, filtered, and concentrated under reduced pressure to provide crude product. 

Product was purified on a silica gel column (0-70% EtOAc in hexanes) to give 18 mg of 3-(1-(4-

methoxybenzyl)-1H-indol-6-yl)-1,2,4-oxadiazol-5(4H)-one (28%) as a brown solid. 1H NMR (600 MHz, 

DMSO) δ 12.87 (s, 1H), 8.00 (s, 1H), 7.71-7.73 (m, 2H), 7.47 (d, J = 8.1 Hz, 1H), 7.23 (d, J = 8.4 Hz, 2H), 

6.89 (d, J = 8.6 Hz, 2H), 6.59 (d, J = 2.6 Hz, 1H), 5.39 (s, 2H), 3.71 (s, 3H) ppm. 13C NMR (151 MHz, DMSO) 

δ 160.09, 158.64, 158.28, 134.97, 132.18, 130.95, 129.62, 128.50, 121.28, 116.39, 115.64, 113.97, 

108.60, 101.65, 55.02, 48.68 ppm. m/z calculated for C18H15N3O3 [M]- 320.11, found 320.1. IR cm-1: 653, 

686, 721, 758, 815, 877, 968, 1033, 1108, 1173, 1246, 1305, 1353, 1441, 1512, 1551, 1586, 1612, 1749, 

1774, 2833, 2822, 3093. 

 

Preparation of 3-(1-(4-methoxybenzyl)-1H-indol-6-yl)-1,2,4-oxadiazole-5(4H)-thione (35) 

To a solution of N-hydroxy-1-(4-methoxybenzyl)-1H-indole-6-carboximidamide (50 mg, 0.17 mmol) in 

dioxane (2 mL) was added TCDI (51 mg, 0.255 mmol) and DBU (100 μL, 0.677 mmol). The reaction was 

heated to 100°C for 2 hours. The solvent was removed under reduced pressure, and the crude mixture 

was diluted with DCM (10 mL). The mixture was washed with 1M HCl (5 mL), saturated NH4Cl solution (5 

mL). and brine (5 mL). The organic phase was dried over Na2SO4, filtered, and concentrated under 

reduced pressure to provide crude product. Product was purified on a silica gel column (0-70% EtOAc in 

hexanes) to give 11 mg of 3-(1-(4-methoxybenzyl)-1H-indol-6-yl)-1,2,4-oxadiazole-5(4H)-thione (19%) as 

a light brown solid. 1H NMR (500 MHz, CDCl3) δ 8.74 (s, 1H), 8.17 (s, 1H), 7.90 (dd, J = 8.2, 1.3 Hz, 1H), 

7.75 (d, J = 8.3 Hz, 1H),  7.24 (d, J = 3.1 Hz, 1H), 7.12 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.61 (d, J = 

3.1 Hz, 1H), 5.36 (s, 2H), 3.79 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) δ 168.73, 164.32, 159.26, 136.11, 

131.20, 130.40, 128.99, 128.33, 121.48, 119.45, 118.77, 114.27, 109.48, 102.16, 55.29, 49.63 ppm. m/z 

calculated for C18H15N3O2S [M]- 336.09, found 336.1. IR cm-1: 605, 665, 738, 758, 819, 871, 971, 1027, 

1101, 1173, 1245, 1302, 1321, 1347, 1440, 1510, 1529, 1583, 1611, 1634, 2837, 2926, 2957, 3105, 3138, 

3188. 
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Preparation of 1-(4-methoxybenzyl)-6-nitro-1H-indole: 

To a solution of 1H-indole-6-carbonitrile (500 g, 3.08 mmol) in acetonitrile (10 mL) stirred in an ice bath 

was added washed NaH (111 mg) as a slurry in acetonitrile (5 mL). The reaction mixture was aged in an 

ice bath for 30 minutes. 1-(chloromethyl)-4-methoxybenzene (0.62 mL) was added dropwise to the 

mixture and the reaction was raised from the ice bath and stirred at room temperature overnight. The 

reaction mixture was stirred in an ice bath and quenched with saturated NH4Cl solution (10 mL). The 

mixture was diluted with EtOAc (50 mL). The organic phase was dried over Na2SO4, filtered, and 

concentrated under reduced pressure to provide crude product. The product was purified on a silica gel 

column (0-20% EtOAc in hexanes) to give 689 g of 1-(4-methoxybenzyl)-6-nitro-1H-indole (80%) as a 

yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.31 (d, J = 1.7 Hz, 1H), 8.01 (q, J = 3.6 Hz, 1H), 7.67 (d, J = 8.8 

Hz, 1H), 7.38 (d, J = 3.1 Hz, 1H), 7.10 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.63 (d, J = 2.9 Hz, 1H), 

5.33 (s, 2H), 3.79 (s, 3H) ppm. 

 

Preparation of 1-(4-methoxybenzyl)-1H-indol-6-amine: 

To a solution of 1-(4-methoxybenzyl)-6-nitro-1H-indole (70 mg, 0.248 mmol) in methanol (8 mL) was 

added 10% Pd on C (27 mg, 0.025 mmol). The reaction was stirred under a hydrogen atmosphere at 

room temperature overnight. The mixture was filtered through celite and concentrated to give 52 mg of 

1-(4-methoxybenzyl)-1H-indol-6-amine (83%) as a brown solid. 1H NMR (600 MHz, CDCl3) δ 7.40 (d, J = 

7.8 Hz, 1H), 7.05 (d, J = 8.7 Hz, 2H), 6.91 (d, J = 3.2 Hz, 1H), 6.82 (d, J = 8.7 Hz, 2H), 6.56 (m, 2H), 6.40 (d, J 

= 3.1 Hz, 1H), 5.14 (s, 2H), 3.77 (s, 3H), 3.59 (bs, 2H) ppm. 

Appendix Scheme 4 General synthesis for amine analogs. 
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Preparation of 2-amino-N-(1-(4-methoxybenzyl)-1H-indol-6-yl)benzamide (18): 

To a solution of 1-(4-methoxybenzyl)-1H-indol-6-amine (30 mg, 0.119 mmol) in toluene (1 mL) was 

added isatoic anhydride (19.4 mg, 0.119 mmol). DMF (0.1 mL) was added to improve solubility. The 

mixture was heated to reflux and stirred overnight. The solvent was evaporated under reduced pressure 

to give crude product. The crude product was purified on a silica gel column (0-25% EtOAc in hexanes) to 

give 29 mg of 2-amino-N-(1-(4-methoxybenzyl)-1H-indol-6-yl)benzamide (66%) as a pale brown solid. 1H 

NMR (500 MHz, CDCl3) δ 7.92 (bs, 1H), 7.80 (bs, 1H), 7.58 (d, J = 8.3 Hz, 1H), 7.48 (dd, J = 8.2, 1.3 Hz, 1H), 

7.24 (d, J = 8.9 Hz, 1H), 7.10 (d, J = 8.6 Hz, 2H), 7.08 (d, J = 3.2 Hz, 1H), 7.02 (dd, J = 8.4, 1.8 Hz, 1H), 6.84 

(d, J = 8.7 Hz, 2H), 6.720-6.73 (m, 2H), 6.50 (d, J = 2.8 Hz, 1H), 5.48 (bs, 2H), 5.26 (s, 2H), 3.77 (s, 3H) 

ppm. 13C NMR (126 MHz, CDCl3) δ 167.37, 159.13, 136.41, 132.52, 132.37, 130.65, 129.37, 128.39, 

127.16, 125.96, 121.13, 117.91, 117.45, 114.19, 113.78, 102.26, 101.61, 55.28, 49.53 ppm. m/z 

calculated for C23H21N3O2 [M+H]+ 372.16, found 372.3. IR cm-1: 627, 661, 686, 745, 805, 959, 1032, 1109, 

1151, 1173, 1240, 1281, 1304, 1392, 1439, 1485, 1509, 1523, 1578, 1617, 1639, 2832, 2921, 3294, 3415. 

 

Preparation of 2-hydroxy-N-(1-(4-methoxybenzyl)-1H-indol-6-yl)benzamide (19) 

To a solution of EDC HCl (50 mg, 0.258 mmol) in DCM (3 mL) was added DMAP (58.2 mg, 0.476 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

salicylic acid (29.3 mg, 0.212 mmol) was added. The reaction was stirred for 15 minutes in an ice bath. 1-

(4-methoxybenzyl)-1H-indol-6-amine (51 mg, 0.202 mmol) was added, and the reaction was stirred at 

room temperature overnight. The reaction was quenched with 1 M HCl until the pH was roughly 1, and 

the mixture was diluted with DCM (10 mL). The organic layer was washed with saturated NH4Cl solution 

(5 mL), washed with brine (5 mL), collected, dried over Na2SO4, filtered, and concentrated to give crude 

product. The crude product was purified on a silica gel column (0-20% EtOAc in hexanes) to give 37 mg 

of 2-hydroxy-N-(1-(4-methoxybenzyl)-1H-indol-6-yl)benzamide (50%) as a pale-yellow solid. 1H NMR 

(500 MHz, CDCl3) δ 7.98 (bs, 1H), 7.87 (s, 1H), 7.62 (d, J = 8.3 Hz, 1H), 7.52 (d, J = 6.7Hz, 1H), 7.42-7.47 

(m, 1H), 7.10-7.13 (m, 3H),  7.05 (appt, J = 8.1 Hz, 2H), 6.92 (appt, J = 8.1 Hz, 1H), 6.85 (d, J = 8.7 Hz, 2H), 

6.52 (d, J = 3.2 Hz, 1H), 5.27 (s, 2H), 3.78 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 168.22, 161.87, 

159.19, 136.28, 134.43, 131.03, 129.18, 128.86, 128.38, 126.55, 125.24, 121.29, 118.93, 118.85, 114.84, 

114.23, 114.10, 103.11, 101.68, 55.28, 49.67 ppm. m/z calculated for C23H20N2O3 [M+H]+ 373.15, found 

373.1. IR cm-1: 621, 668, 710, 740, 793, 813, 851, 955, 1034, 1096, 1159, 1174, 1192, 1234, 1303, 1363, 

1456, 1511, 1547, 1586, 1609, 2698, 2832, 2905, 2935, 3032, 3317, 3375. 
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Preparation of N-(1-(4-methoxybenzyl)-1H-indol-6-yl)-2-(methylthio)benzamide (20): 

To a solution of EDC HCl (27.6 mg, 0.144 mmol) in DCM (1 mL) was added DMAP (32.5 mg, 0.266 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

2-(methylthio)benzoic acid (18.5 mg, 0.11 mmol) was added. The reaction was stirred for 15 minutes in 

an ice bath. 1-(4-methoxybenzyl)-1H-indol-6-amine (28 mg, 0.11 mmol) was added, and the reaction 

was stirred at room temperature overnight. The reaction was quenched with 1 M HCl until the pH was 

roughly 1, and the mixture was diluted with DCM (10 mL). The organic layer was washed with brine 

twice (5 mL), collected, dried over Na2SO4, filtered, and concentrated to give crude product. The crude 

product was purified on a silica gel column (0-30% EtOAc in hexanes) to give 26 mg of N-(1-(4-

methoxybenzyl)-1H-indol-6-yl)-2-(methylthio)benzamide (58%) as a white solid. 1H NMR (500 MHz, 

CDCl3) δ 8.37 (bs, 1H), 8.19 (s, 1H), 7.75 (d, J = 7.6, 1H), 7.57 (d, J = 8.4 Hz, 1H), 7.38-7.43 (m, 2H), 7.29 (d, 

J = 6.7 Hz, 1H), 7.12 (d, J = 8.5 Hz, 2H), 7.08 (d, J = 3.1 Hz, 1H), 7.00 (d, J = 6.8 Hz, 1H), 6.84 (d, J = 8.7 Hz, 

2H), 6.49 (d, J = 2.7 Hz, 1H), 5.27 (s, 2H), 3.77 (s, 3H), 2.49 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 

159.12, 136.52, 136.46, 135.66, 132.63, 130.90, 129.41, 129.18, 128.53, 128.29, 128.21, 125.84, 121.07, 

114.18, 112.97, 101.60, 55.28, 49.49, 17.10 ppm. m/z calculated for C24H22N2O2S [M+H]+ 403.14, found 

403.0. IR cm-1: 620, 687, 726, 780, 812, 857, 957, 1029, 1057, 1110, 1168, 1248, 1274, 1302, 1408, 1432, 

1464, 1488, 1513, 1546, 1588, 1619, 1638, 1651, 2833, 2917, 2959, 2991, 3032, 3076, 3124, 3261. 

 

Preparation of N-(1-(4-methoxybenzyl)-1H-indol-6-yl)picolinamide (31): 

To a solution of EDC HCl (50 mg, 0.258 mmol) in DCM (3 mL) was added DMAP (58.2 mg, 0.476 mmol). 

The mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 

picolinic acid (25.2 mg, 0.204 mmol) was added. The reaction was stirred for 15 minutes in an ice bath. 

1-(4-methoxybenzyl)-1H-indol-6-amine (50 mg, 0.198 mmol) was added, and the reaction was stirred at 

room temperature overnight. The reaction was quenched with saturated NH4Cl solution (2 mL), and the 

mixture was diluted with DCM (10 mL). The organic layer was washed with brine (5 mL), collected, dried 

over Na2SO4, filtered, and concentrated to give crude product. The crude product was purified on a silica 

gel column (0-20% EtOAc in hexanes) to give 19 mg of N-(1-(4-methoxybenzyl)-1H-indol-6-

yl)picolinamide (27%) as a pale brown solid. 1H NMR (400 MHz, CDCl3) δ 10.10 (bs, 1H), 8.62 (d, J = 5.6 

Hz, 1H), 8.28-8.32 (m, 2H), 7.91 (appt, J = 7.0 Hz, 1H), 7.60 (d, J = 8.1 Hz, 1H), 7.47-7.52 (m, 1H), 7.20 (d, J 

= 1.6 Hz, 1H plus CHCl3), 7.12 (d, J = 8.5 Hz, 2H), 7.08 (d, J = 3.0 Hz, 1H), 6.84 (d, J = 8.7 Hz, 2H), 6.50 (d, J 

= 3.0 Hz, 1H), 5.28 (s, 2H), 3.77 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 161.69, 159.11, 150.14, 147.88, 

137.72, 136.50, 132.56, 129.46, 128.43, 128.23, 126.23, 125.67, 122.27, 121.11, 114.19, 113.02, 101.65, 

101.08, 55.27, 49.46 ppm. m/z calculated for C22H19N3O2 [M+H]+ 358.15, found 358.2. IR cm-1: 620, 671, 
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724, 747, 805, 853, 925, 953, 994, 1027, 1107, 1173, 1245, 1290, 1323, 1351, 1431, 1458, 1494, 1511, 

1527, 1576, 1612, 1669, 2844, 2923, 2965, 3061, 3338. 

Appendix Scheme 5 General synthesis for methyl acetate analogs. 

 

 

 

Preparation of methyl 2-(1-(4-methoxybenzyl)-1H-indol-6-yl)acetate: 

To a solution of methyl 2-(1H-indol-6-yl)acetate (800 mg, 4.23 mmol) in DMF (12 mL) was added 1-

(chloromethyl)-4-methoxybenzene (0.57 mL, 4.23 mmol) dropwise. K2CO3 (1.17 g, 8.46 mmol) was 

added, and the reaction was stirred in an 80°C bath overnight. The reaction was quenched with 4 N HCl 

until pH ~ 7. The aqueous layer was extracted with DCM twice (30 mL). The organic layers were 

collected, dried over Na2SO4, filtered, and concentrated to give crude product. The crude product was 

purified on a silica gel column (0-20% EtOAc in hexanes) to give 580 mg of methyl 2-(1-(4-

methoxybenzyl)-1H-indol-6-yl)acetate (44%) as an orange oil. 1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.1 

Hz, 1H), 7.22 (s, 1H), 7.06-7.08 (m, 3H), 7.02 (dd, J = 8.1, 1.4 Hz, 1H), 6.83 (d, J = 8.7 Hz, 2H), 6.49 (d, J = 

2.6 Hz, 1H), 5.24 (s, 2H), 3.77 (s, 3H), 3.70 (s, 2H), 3.66 (s, 3H) ppm. 

 

Preparation of N-hydroxy-2-(1-(4-methoxybenzyl)-1H-indol-6-yl)acetamide (24): 

To a solution of NH2OH HCl (449 mg, 6.46 mmol) in MeOH (3 mL) stirred in an ice bath was added KOH 

(453 mg, 8.08 mmol). The mixture was stirred in an ice bath for 1 hour. The mixture was filtered and 

added to a solution methyl 2-(1-(4-methoxybenzyl)-1H-indol-6-yl)acetate (95.6 mg, .309 mmol) in MeOH 

(2 mL). The reaction was stirred at room temperature for 2 hours. The reaction was quenched with 4N 

HCl until pH ~ 7. The cloudy solution was extracted with EtOAc twice (30 mL). The organic phase was 

dried over Na2SO4, filtered, and concentrated under reduced pressure to give 56 mg of N-hydroxy-2-(1-

(4-methoxybenzyl)-1H-indol-6-yl)acetamide (56%) as a yellow solid without further purification. 1H NMR 

(500 MHz, DMSO) δ 10.59 (bs, 1H), 8.75 (bs, 1H), 7.46 (d, J = 8.1 Hz, 1H), 7.40 (d, J = 3.2 Hz, 1H), 7.34 (s, 

iPrMgCl 
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1H), 7.15 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.0 Hz, 1H), 6.87 (d, J = 8.6 Hz, 2H), 6.42 (d, J = 3.0 Hz, 1H), 5.30 

(s, 2H), 3.71 (s, 3H), 3.33 (s, 2H plus water) ppm. 13C NMR (101 MHz, CDCl3) δ 159.23, 136.50, 129.03, 

128.91, 128.67, 128.35, 128.25, 125.75, 121.76, 120.89, 114.25, 110.66, 101.60, 55.29, 49.64, 40.97 

ppm. m/z calculated for C18H18N2O3 [M]- 309.13, found 309.1. IR cm-1: 608, 662, 714, 757, 818, 872, 974, 

992, 1033, 1155, 1210, 1246, 1305, 1350, 1402, 1441, 1469, 1510, 1533, 1584, 1613, 1633, 2838, 2904, 

2997, 3167. 

 

Preparation of N-methoxy-2-(1-(4-methoxybenzyl)-1H-indol-6-yl)-N-methylacetamide: 

To a solution of methyl 2-(1-(4-methoxybenzyl)-1H-indol-6-yl)acetate (101.2 mg, 0.327 mmol) in THF (2 

mL) was added N,O-Dimethylhydroxylamine hydrochloride (50.4 mg, 0.517 mmol). The mixture was 

stirred in a -30°C bath. Isopropyl magnesium chloride (0.5 mL, 1.0 mmol) was added dropwise to the 

solution and the mixture was raised from the bath to stir at room temperature for 30 minutes. The 

mixture was quenched with saturated NH4Cl solution (5 mL), and the aqueous layer was extracted twice 

with EtOAc (20 mL). The organic layers were collected, dried over Na2SO4, filtered, and concentrated to 

give crude product. The crude product was purified on a silica gel column (0-35% EtOAc in hexanes) to 

give 64 mg of N-methoxy-2-(1-(4-methoxybenzyl)-1H-indol-6-yl)-N-methylacetamide (59%) as a brown 

oil. 1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 8.1 Hz, 1H), 7.18 (s, 1H), 6.96-7.00 (m, 4H), 6.75 (d, J = 8.7 Hz, 

2H), 6.41 (d, J = 2.8 Hz, 1H), 5.17 (s, 2H), 3.78 (bs, 2H), 3.70 (s, 3H), 3.41 (bs, 3H), 3.09 (s, 3H) ppm. 

 

Preparation of 1-(1-(4-methoxybenzyl)-1H-indol-6-yl)butan-2-one (23): 

To a solution of N-methoxy-2-(1-(4-methoxybenzyl)-1H-indol-6-yl)-N-methylacetamide (30 mg, 0.089 

mmol) in THF (1 mL) stirred in a -20°C bath was added ethyl magnesium bromide (0.1 mL, 0.3 mmol) 

dropwise. The reaction was aged in an -20°C bath for 30 minutes. The reaction was quenched with 

saturated NH4Cl solution (2 mL), and the aqueous layer was extracted with EtOAc twice (20 mL). The 

organic layers were collected, dried over Na2SO4, filtered, and concentrated to give crude product. The 

crude product was purified on a silica gel column (0-20% EtOAc) to give 17 mg of 1-(1-(4-

methoxybenzyl)-1H-indol-6-yl)butan-2-one (65%) as a clear oil. 1H NMR (500 MHz, CDCl3) δ 7.58 (d, J = 

8.1 Hz, 1H), 7.13 (s, 1H), 7.05-7.08 (m, 3H), 6.95 (dd, J = 8.1, 1.2 Hz, 1H), 6.83 (d, J = 8.7 Hz, 2H), 6.50 (d, J 

= 3.1 Hz, 1H), 5.23 (s, 2H), 3.77 (s, 3H), 3.74 (s, 2H), 2.43 (q, J = 7.3 Hz, 2H), 0.97 (t, J = 7.3 Hz, 3H) ppm. 
13C NMR (126 MHz, CDCl3) δ 159.17, 136.63, 129.34, 128.29, 128.25, 128.00, 127.76, 121.20, 121.16, 

114.18, 110.28, 101.48, 55.28, 50.50, 49.54, 34.76, 7.81 ppm. m/z calculated for C20H21NO2 [M+H]+ 

308.16, found 308.2. IR cm-1: 614, 659, 718, 761, 799, 813, 943, 1030, 1107, 1175, 1244, 1304, 1318, 

1346, 1462, 1511, 1585, 1612, 1706, 2835, 2934, 2971. 
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Preparation of 6-bromo-1-(4-methoxybenzyl)-1H-indole: 

To a solution of 6-bromo-1H-indole (2.0 g, 10.2 mmol) in DMF (20 mL) stirred in an ice bath was added 

60% NaH in mineral oil (800 mg, 20.4 mmol). The mixture was stirred in an ice bath for 30 minutes. 1-

(chloromethyl)-4-methoxybenzene (1.5 mL, 15.3 mmol) was added dropwise and the reaction was 

stirred at room temperature overnight. The reaction was quenched with saturated NH4Cl solution (10 

mL), and the aqueous layer was extracted with EtOAc twice (30 mL). The organic layers were collected, 

dried over Na2SO4, filtered, and concentrated to give crude product. The crude product was purified on a 

silica gel column (0-5% EtOAc in hexanes) to give 2.75 g of 6-bromo-1-(4-methoxybenzyl)-1H-indole 

(85%) as a dark amber oil. 1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 8.4 Hz, 1H), 7.45 (s, 1H), 7.19 (dd, J = 

8.4, 1.5 Hz, 1H), 7.07 (d, J = 3.2 Hz, 1H), 7.05 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 6.50 (d, J = 3.0 Hz, 

1H), 5.21 (s, 2H), 3.78 (s, 3H) ppm. 

 

Preparation of N-methoxy-N,5-dimethylisoxazole-3-carboxamide: 

To a solution of EDC HCl (393 mg, 2.05 mmol) in DCM (3 mL) was added DMAP (654 mg, 5.35 mmol). The 

mixture was stirred at room temperature for 5 minutes. The mixture was stirred in an ice bath, and 5-

methylisoxazole-3-carboxylic acid (200 mg, 1.57 mmol) was added. The reaction was stirred for 15 

minutes in an ice bath. N,O-Dimethylhydroxylamine hydrochloride (153 mg, 1.57 mmol) was added, and 

the reaction was stirred at room temperature overnight. The reaction was quenched with saturated 

NH4Cl solution (2 mL), and the mixture was diluted with DCM (10 mL). The aqueous layer was further 

extracted with DCM (10 mL). The organic layers were collected, dried over Na2SO4, filtered, and 

concentrated to give crude product. The crude product was purified on a silica gel column (0-30% EtOAc 

in hexanes) to give 191 mg of N-methoxy-N,5-dimethylisoxazole-3-carboxamide (71%) as a clear oil. 1H 

NMR (500 MHz, CDCl3) δ 6.32 (s, 1H), 3.79 (s, 3H), 3.39 (bs, 3H), 2.48 (s, 3H) ppm. 

 

Preparation of (1-(4-methoxybenzyl)-1H-indol-6-yl)(5-methylisoxazol-3-yl)methanone (28): 

To a solution of 6-bromo-1-(4-methoxybenzyl)-1H-indole (167 mg, 0.528 mmol) in ether (5 mL) stirred in 

a -78°C bath was added t-butyl lithium in hexanes (0.66 mL, 1.06 mmol) dropwise. The reaction was 

stirred in a -78°C bath for 30 minutes. A solution of N-methoxy-N,5-dimethylisoxazole-3-carboxamide 
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(30 mg, 0.176 mmol) in ether (1 mL) was added drop wise and the reaction stirred in a -78°C bath for 30 

minutes. The reaction was quenched with 1 M phosphoric acid (2 mL). The mixture was diluted with 

EtOAc (20 mL) and washed with saturated NaHCO3 solution (2 mL). The aqueous layer was further 

extracted with EtOAc (20 mL). The organic layers were collected, dried over Na2SO4, filtered, and 

concentrated to give crude product. The crude product was purified on a silica gel column (0-15% EtOAc 

in hexanes) to give 10 mg of (1-(4-methoxybenzyl)-1H-indol-6-yl)(5-methylisoxazol-3-yl)methanone 

(16%) as a yellow oil. 1H NMR (500 MHz, CDCl3) δ 8.48 (s, 1H), 8.04 (dd, J = 8.4, 1.4 Hz, 1H), 7.70 (d, J = 

8.4 Hz, 1H), 7.30 (d, J = 3.1 Hz, 1H), 7.12 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 6.58 (d, J = 3.1 Hz, 1H), 

6.49 (s, 1H), 5.33 (s, 2H), 3.77 (s, 3H), 2.53 (s, 3H) ppm. 13C NMR (126 MHz, CDCl3) δ 185.84, 169.84, 

162.69, 159.34, 135.70, 133.35, 132.32, 129.48, 128.76, 128.62, 121.65, 120.77, 114.29, 113.95, 102.79, 

102.24, 55.29, 49.80, 12.21 ppm. m/z calculated for C21H18N2O3 [M+H]+ 347.13, found 347.2. IR cm-1: 603, 

630, 657, 678, 727, 761, 773, 821, 861, 909, 953, 1030, 1080, 1124, 1175, 1191, 1245, 1271, 1318, 1355, 

1445, 1496, 1512, 1559, 1602, 1646, 2851, 2922, 2955. 
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